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SUMMARY 

The five primary objectives of the U.S. Gaologid Sumy North Slope Gas H y W  Roject 
vat to: (1) Decamine possible geologic mtmh on the oecwence of gas h y m  (2) l a t e  and 
evaluate possible gas-hyw-bearing m o i r s ;  (3) estimate the volume of gas within (he hydrates; 
(4) develop a model for gashydrate f-, and (5) select a coring site for gas-hy- sampling 
d d y s i s .  

Our studies of tk North Slape of Alaska suggesf that the m e  in which gas hydrat~  stable 
is maolled primarily by subsurf~~e tempaa~uns and gas chemisrry. Otha factors, such as pore- 
prwne variations, p e - f l u i d  salinity, and wewoir-rod: grain size, appear to have little effect on gas 
hydmte stability on the Nonh Slope. Data necessary to determine ihc limits of the gas hy- s a i l -  
ity field are difficult to obtain. On rhe basis of mud-log gas chromatography. core data, and cuttings 
data, m d m e  is the dominant species of gas in the near-surfge (0-1500 m) sediment Subsurface 
mperature information. Wried from 46 high-resolution quilibrated well-bore surveys and from 
stirnates W on well-lo~identificaticm of ihe base of ice-bearing permafrost in 9% other wells, in&- 
cattthatthedeprtrofthe0 C i ~ 0 t h e m h c r e a s c s h a n h ~ w a y ~ 2 2 0 m i n t h e s w t h t o a s  
much as 660 m near the coastline at Prudhoe Bay in tht north. Fonndm-water samples and well-lag 
calcdations indicate low pore-fluid salinfties (fresh to bnckkh), ranging fmn 0.5 to 19.0 ppt. 'Fhe 
maximum recorded salinity wodd only fl~ppress methane hydrate stability temperatures by approxi- 
mately 1 .o'c. Pressure data, obtained fmm drill-stem resting and well log calculations, indicate a 
hydrostatic pore-pressure gmlient wilhin the near-surfwe sedimemw rocks, thus having minimal 
effect on gas hydrate stability. In the near-surf'= coarse sandstone and cmglomre of the Prudhae 
Bay area, grain size has little effect on gas hydrate stability; however, in the more clayrich sedimen- 
tary rocks near Harrison Bay the e i n g  p i n t  of water may be depressed by several d e w s  Celsius, 
resulting in a shallower gas hydra& stability field. Our analyses indicate that Ihe region in which 
methane hydrate is stable is amally exknsive bneath the coastal plain province, with thichesses 
gna?er than 1,000 m in rtse m o e  Bay m. Thermal conditions, however, preclude !he occurrenee 
of gas hydrates in the north-central  par^ of the Narional Petroleum Reserve in Alaska and in the 
foothdls east of Umiat. 

Gas hydrates were identified in 34 weIls utilizing wellfog r e p a s  calibrated to the ~esponse 
of an in~erval in one well where gas hydrates were rmetually recovered in a mre by an oil: company. 
Most of the well-log idenued gas hydtates acur in six laterally continuous Upger CFetaeeous and 
lower Tt- sandstone and conglomerate units, and arc geographically restricted to the castem  par^ 
of the Kuparuk River Unit and !he west#n part of the haoe Bay Unit, All of she mapped 
ocemnces are straripphicdly below a regionally extensive siltstme quence, deps i td  d&g a 
regional marine msgression in Eoccne them The total mappad area of thest six occurrences is abut 
380 h2. 'Ihe thicknesses of the idenGed individual gas-hydrate-bearing sequences range horn 2 to 
28 m, and mcwoir porosities average approximately 40 pzcent. Well-log analyses suggest that the 
identified reservoirs are about 85 percent sahmed with gas hydrate. If theoretical minimum and max- 
imum hydrate numbers are assumed, then the volume of gas within the identified gas hydrates of the 
Nonh Slope is approximately 2.4 x 10" to 2.9 x 10" m3 (STP) [qpximattly 8 to 10 tcf of gas], or 
about one-third of ttre volume of conventional gas in the Prudhoe Bay field. Because of zhe low dril- 
ling density outside of the Prudhm Bay-Kuparwk River area, many more gas hydrate munences may 
wist. 

A possible scenario thcriibing the origin of the i n f d  gas hydrates on the Nath Slope 
involves the migration of thennogenic solution- and k - g a s  from deeper ramoh upward along 
WE into the ovalying stdimentaq rocks. As the gas migrated into the vpptr horizons it was either 
W t l y  converted to gas hydmte or first mcentrated in existing slnxQualSslrati%raphk traps and later 
mvertcd to gas hydrate. Major climatic chanss may have influenced the depth limits of the gas 
hydra& occurrences. 

We have identihi two (dedicated) muhole sites, the Eileen and dme Soufi-End am-holes, at 
which thee is a high probab'ity of m e r i n g  a sample of gas hydrate. At the Eileen core-hole site, 
at Scast throe d g r a p h i c  units may contain gas hydmte. The Swlh-End --hole site provides an 
opportunity to study me spseific f ~ c k  unit that appears to contain b t h  gas hydrate and oiL 



CHAPTER I. INTRODUCTION 

3hc main goal of the U.S. GeoIogicaE Smey North Siqx A b h  Gas-Hydrate A o j a  is y 
aamint aU data from e r n  Alaska pertaining to gas hydrates in order to achieve the foUowing 
obja i~es:  

1. Evaluate plogic controls on gas-hydrate o c m n c e s .  
2 D e h e  and evaluate possible g a s - h y h - e n g  reservoirs. 
3. Estimate the volume of gas within the gas-hydrate a = c m c e s .  
4. Develop a model for onshore gas-hydrate farmation. 
5. Select carehole sites for ps-hyhte study. 

T%e approach to the North Slope gas-hydtate evaluation problem is outfined in table 1-1; wr program 
was systemt idy construezed to develop a data-base which enabled us to produce deliverable items 
over the dumian of the project. The pmjec~ 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 
examined tk gdogic h e w o k  in which gas hydrates c d d  exist. Sections 3 and 4 included the 
identifidon and evaluation of in-situ gas hydrates. 

The stmctwre of this qmt is similar to the project outline kusd abve; bwwer, the 
repatt is fwhx subdivided into 7 chaptars. Chapter I describes the project md discusses p~evious 
work. Chapter II W s  with the evaluation of the physicat paramems that contmE gas hydrate 
stability on the North Stope. Chapter III describes the near-surface stnrc~sm.tigraphic h e w o r k .  
Chapter IV describes the gas hydrate ocelarences, and Chapter V m n t s  mockis explaining the 
origin of Be occurrences. Chapter VI estimates the volwne of gss in these occwcnces. 'lhe ~ p r t  
conclu&s (Chapter VII) with a descrirption of the recommended sites for recovering gas-hydrate cures. 

I.B. PREVIOUS WORK 

Gas hydrates are crystalline sub- c o m m  of and gas in which a solid-water 
W e e  accommodatts gas molecules in a cagelike structure, or clathrate. Gas hydrlues have k e n  
known as laboratory curiosities since about 1810. Detailed studies of hydrates and their physical 
prq~rcies w e n  not undertaken mtil Hammaschmidt (1934) published data pntaining to the plugging 
of natural-gas piplines due to p-hydrate fontmion. 7lw, g601ogical occurrence of gas h y c h t a  has 
k e n  h m  since the mid 1960's, when gas-hydrate fields were discwered in the U.S.S.R. (sec: 
Makogm, 1981 for a review). 

The pressure and tmpmtllfe mditims suitable for the formation of gas hydmta are found in 
high latitude regions of p m a h t  and beneath the sea in outer continental margins and man basins 
(Kvenvolden and McMenamin, 1980). Zhe fact that temperatures and pressures associated with 
p m a f m t  may fall within lfic stability field of gar hydrates (fig. 1-1) was k t  recognized by Katz 
(1971). Gas hydrares can bccur not only in permafrost but also below the best of permafrost at 
temperatuns above the freezing point of water. 

Sigru6cant quantities of gas hydrates have been daected in several permahost regions of drie 
world, including westan S i b  (Malrogon, 1981), the Mackenzie Defta of Canada (Bily and Dick, 
1974), and the Nwth Slope of Alaska (Galate and Goodman, 1982; Collett, 1983a). Estimates of 
worldwide gas hydrate resocnces in permafrost regions are as high as 1016 m3 of muhane (Rtcntial 
b Agency, 198 1). an &ate large enough to stimulate intaest in gas hydrates as a possible energy 
lource. Gas hydrates also may be a potential drilling hazard because they ean cause &ent 
instability and high ptessum in a bwehok. 

LB.1. RECOVERED GAS HYDRATE 
Direct evidence for gas hydrates on the Nonh Slope comes h m  core-tests, snd indirect 

evi- coma fran drilling and open-hole geophysical well logs which suggest the pwcnce of 



Tabk 1-1. Nonh Slope Gas Hydrate Project outline. 

Seetion 1. F ~ t o r s  affecting gas-hyhte stabidity 
loe-bearing pe-st 
G o ~ t h d  @ent 
Gas chersrisltry 
Porewater salinity 
Pm-pressllfe 
M c l e  --size 

Seetian 2. Geologic framework 

Section 3. Gas-hydrate identification 9nd distribution 
Well-log evaluation 
Map in-situ gas hydrates 
Gmlogic ccmtmh 

Sectioa 4. Gas-hydrate evaluation 
R€soum estimation 
Coae-hole l o d m  
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Figure 1-1. Phaw boundary diagram showing free muhano gas and me- hydme (below the 
HYDRATE-GAS PHASE BOUNDARY) for a &&-water, pure methane system. Mdirion of &um 
chloride lowers the temperature of hydrate formation. shifting thc stability curve oo the kk Addition of 
carbon dioxide. hydrogen M d e ,  propane. a Uhane raises the temperature of hydrate fomtion, shift- 
ing the stability cum to the right (from Kvenvolden and McMenamin, 1980). 
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numerous gas-hydrate hym in the ma of the Kuparulr River oil field (CalUett and Kvenvolden, 
198'7). nie identifwd gas hydrrata a p p r  to b lateral.1~ continuous and exmsive; this widespread 
distribution of in-situ gas hydrates m the North Slope suggests that they may be an mamventisnal 
mmce of n a m  gas, 

The only confumed natraal gas hydrate on the North Slope was &mined in 1972, when ARCO 
md =ON suc~essfully m v d  a care canhning ahis substance (Collett and Kvenvddal, 1987). 
Tb ssmple was from a depth of 666 m in the Nwthwest Eileen State-2 well (fig. 1-21, Sbcatad nmr 
Rudha Bay. T k  prescme of gas in a hyhated state was confirmed by a pressure tesr while the core 
was maintained in the core bgnel at a temperature of about 1.0 'c. As gas was wihdrawn han the 
cae bmel, the pressure dmpped, b t  it subsequently rose to the gas-hydrate tquilibrium pressure 
when the system was closed. This p r a m  qmnse has bccn disc& by Hunt (1979, p. 167). If the 
core had contained only h g a s ,  the pmmm in the kame1 would have dmeaml as gas was 
withdrawn md the prcssurc would not have bmeasd when the system was closed. 

Data from driller's and apen-hole gqhysical.  well logs (fig. 1-2) also strongly suggested the 
pnsene of naturally occming in-situ gas hydrates. The mud log indicates that a significant amount 
of free gas was hkated h m  the hydratecontaining intmal during drilling. Lngs, such as: resistivity 
am! acoustic -it-time, indicate the presence of gas hydrates by 8fiomlously high resistivities and 
short transit-times within the suspectPld gas-hydrate occmce.  The recovered gas-hydrate sample had 
a gas cornpition of 92.79% me*, 7.19% nitrogen, and also had minu m s  of m n  dioxide. 
tthant, and propane (pmnd communication, P. Barker, ARC0 Alaska hc, Anchmge, Alaska). 

LBJ, GAS m R A m  STABmm 
As ~~ earlier, gas hydrates exist unda a limited rangc of temperabum and pressures 

(fig. 1-11. The depth and thichess of the zone of potentid gas hydrate stability in p e r m h  regions 
can be &dated if the geothermal grdent, pressure gradient, md gas density are hown (Bily a d  
Dick, 1974). The geothermal gdients needed to W c r  the thic- of the gas hydrate stability 
zone are nd easily obtained, espia l ly  if ~rmafmt is present. ILachenbnrch and others, (1982) 
published a series of geothermal gmdien~s reeded on the Nwth S lqx .  Theu reparted gradients show 
great h w d  variation in the Rudhaz Bay region; this variance indicates that an avaage r e g i d  
gradient can not b use4 to ealcuhte the t h i c k =  of the gas-hyhte staWity field. A method was 
&veloped m evaluate IocaI geothermal gdients on a well-by-well h i s  (CoUett, 1983a). In this 
procedure, individual geoshed gradients for cach we1 were pjected h m  the base of the ice 
btarEng pennabst to the surface. Becaust of a change in thermal conductivity, the geothermal 
w e n t  changes abruptly at tbe base of the iee-baring permafrost, and this change in the gradient 
must tK accounted for in my gas-hydrate stability caIcdatiion. In Collett (19831, a fxtar, deveIoped 
by LPchenbruch snd h a s  (19&2), was used to carect for this change in the geothermal m e n t  

The methane hydratEstgbiZity curvt; and the depth to the base of the icebring pemubst 
was d t determine tk depth and thjcbms of the potential methamhydrate zone at the Northwtst 
Eileen Smte-2 welt {fig. 1-3); na effort was m& here to correct for the effect of the nitrogen in the 
methane. The fdlowing information was obtained &g W a f s  (1983a) method: In this example, the 
depth to the bse of the b W n g  pemafmst is approximately 530 m. Temperature sutveys from 
wmounding wells suggest that the mean-annual surface temperature at fie Eilcen well is - 1 1.0 OC and 
tk he of ice-bearing pamafrost is at -1.0 'c. These temperatun data have been used to project a 
gedwmd p&ent  that intersects h methane-hydrate stabiiity curve at 180 m and 960 m, 
&hating a 780 m zone in which methane hydrate would be stable (fig. 1-3). This proeedm will be 
d i s c ~ i n m u r e ~ h ~ t e r I I o f t h i s r e ~  

After evaluating logs from 125 wells m the North Slope, Couttt (1983a) d c t c ~  that in 
m h  to have an intersaction ~ w c m  the methane-hydrate stab'ity m e  and a geothermal ~ ~ t ,  
the projected @ a t  within the b b r i n g  pcmwhst must be c q d  m or less than 43'~/100 rn 
(Cdlett, 19839). Lt the geotthed gradient rud the methane-hydrate stability m e  do not intersect, 
in-situ jps b y h k s  dl not be stable and will: not be present. Given this gcothemd @eng s 
maximum j c e h r h g  pemafmi~ depth d d  k 274 m. In other words, metham hydrate M d  not 
be pxesart in North Slop sediment when temperatures arc such that ice-Wng is less 
dm 274 m thick. The shaded area in figure 14 indicates the region in which methane hydrates wwld 
be potentialIy stable, and the dashed line r e p m a t s  the southem limit of the 274 m ice-hmng 
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Figure 1-3. Gas hydrate phase diagram apptitd at Northwest Eileen Slste-2. 
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Figure 24 .  b c a h s  of North Slope wells having tridenec for in-situ gas hydrates. The i n f d  
southern limit of thc methane hydrate stability field is shown by a dashed line (Collett, 198%). 



p m a b s t  depth contour. The northem baurdary of the muhane-hydras Wity field lies offshore 
lmeatfi the shelf, but its exact position is unce*. 

LB.3. INFERRED GAS-HYDRATE OCCURRENCES 
Galate and Godman (1982) examincd 17 wells fmm the National PetruIeum R- in 

A W h  (NPRA) for evidence of in-situ gas hydrates. For this study, they w i d  all available nconds 
mch as drilling plans, wet1 hktmks, daily drilling rcprts, mud repdrts, geologic data fa the m 
oaring information. end gscrphysical well logs. Of the 17 wells investigared. they reponed that 3 (fig. 
1-5) showed signi6cant evidence d gas hydrates, end 5 showed same evidence of gas hydrates. 

Detaiicd analysis of a series of open-hole gaaphysicd wcll logs fmm 125 wells in the area of 
Ihc Prudhoe Bay and Kupuk River oil fields suggests the presence of 102 gas-hydrate acumnces in 
32 diffecent wells (Colley, 1983a). Gas hydrates are present in relatively perous, discrete sedimentary 
units and in many wells in multiple zones; the individual mas range fmm 2 to 28 m in hichess. 
Most of the gas-hydra& occurrences appear to be geogxaphicaUy restricted to the Kuparulc Field, west 
of hudhm Bay (fig. Id). 

En the KuparuL Rim ail field area, hydrates a present m abut  four to six W l y  
eontbuous units that can k delineated in crrass section (fig. Id).  The gas hydrates are d c t e d  to a 
series of sandstme and conglomerate units which are interbedded with mdtiple, thick siltstone units. 
The gas-hydrate bearing sandstone and conglomerate represent e marine ta non-marine delta fmnt to 
delta plain depositional package (Collea, 1983a). 

The presence of Lhick coal units in this sequence is consistast with a deltaic environment of 
dtposition The mal may atso m e  as a: source of the methane necessary far the fi#marion of gas 
hydrate. Heavy oil, present within this shaUow sequence, may also have been a source of nrethane and 
heavier m, such as propane, because dissolved gases are commonly associared with oil 
accum ular ions. 
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Figure 14. East to west geologic cross-section through six web of the Kupmk River oil field area; 
well locations are noGed by Section, Township, and Range (Collett, 1983a). The stmigraphic framewodc 
as depicted is defined by a series of geologic markers (shown as m m o n  lines). Also shown ate the 
individual gas hydsate occurrences and relative concentrations, fithe base of ict-hrbg permafrost 
(BBPF'), top (HI) md bottom (ID) of the methane-hydrate stability zone, and the id& depositional 
environments fm the reservoir rocks. w t i o n  of section shown in figure 1-4). 
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CHAPTER IE, GAS-HYDRATE STABILITY 

II3A. STABILITY CONTROLS 

Chapter II is divided into two sections: Section "A" deals with the eratuation of the physical 
-rs that mnm1 gas-hydrate stab'ity, and in Saction "B" the Woretical distriburion of the 
mcthanehydmte stability field is mapped. 

There are five m o i r  and fluid m e s  that affect the stability of in-situ gas h y b t s - -  
g d m m a l  @em, gas chemistries, pore-fluid salinities, porepresmres, and resewok-rock grain 
sizts (table a-1). The t w ~  primmy factors arc geothermal gradients and gas chemistries. The other 
three variabks are difficult to quantify and often have litile effect. Xn figme n-1 methane-hydrate and 
propanehydrate stability curves have ken shown along with gearhtnnal merits assumed for the 
Northwest Eileen State-2 well an Ihe Norlh Slop.  The plot of the two stability ctlnes dmnaticd'ly 
Uwmtes how different gas chemistries can influence the thickness of the gas-hydrate mbility field. 
h LhiS display, the geothermal gd ien t  intemts the methane-hydrate stability c m e  at 210 and 950 
m, delineating a methane-hydrate slability field that is 740 m thick However, the consmted 
g6othermaI gradients intersect the propane stability c m  at 60 and 1330 m, thus delineating a gas- 
hydrate stability 6eld tha is 1270 m thick. This cliffemice in the thiclcnesses of the gas hydrate 
stability fields is a sesult of the differem in stability of the cage-stmcture f m s d  by propane or 
methane. large gas mdecdes, such as pqme, fonn a different gas-hydrate cage structure (S trueture 
II) rhan do smaller methane gas moIecuJes (Stmcturc: I). The larger cage s#mchue is stable at high= 
r c m p m t m s  and presslrres (Makogon, 19813, rtsdting in a thicker gas-hydrate stability zone. 

Subsurface temperature data required to calculate regionat geothermal g d i e n t s  are mcdt to 
obtain. 'Ihese data can be themtically derived, but this derivation requires a complete undentmding 
of subsurface r e g i d  heat-flow, existing thermal conductivity characteristics of Lhe basin-filling 
sediments, and mean-mual surface mperatms (Uchenbruch and others, 1982). GeolhermaZ 
m e n t s  can also bc calculated h mperature data maom-hale temperature mmmments) 
obtained during n o d  well-loggmg operations (Edwardson and orhas, 1962). UnfmtunateIy, drilling 
aetivity can significantly disrupt subsurface equilibrium temperatures, and it may not b passible to 
carecz ~e recmded temperature because of insufficient infodon.  The most accurate rnethd of 
determining 1mal and regional gabthwmal Wents  is by mnducting high-remlution temperature 
m y s  in wells that have k e n  kft undistlrrbed fw a sufficient period of time to d o w  Lhamal 
equilibratim in the wellbore, These surveys, however, arc not often available; therefore, an a l m e  
method of using known ice-bearing permafrost d e w  to project Id geothermal pabents has been 
developed; this mew will k dimmed later. 

SalS such as NaCl, when added to a gas hydrate system, lowers the temperature at which gas 
hydrates form (Emnos and others, 1971). The salinity of the water in contact with the gas during the 
formation of gas hydrate can reducc the freuing p i n t  about 3' to P C per 100 ppt dissdved salt, 
shifting h e  stability clwes in figure n-I lo the kft, and thus reducing the chidnws of the gas hydrate 
ability field. 

The effect of grain-& miations and ahorma1 prepressltrc conditions on gas hydrare 
cquiIibium is unclear. It is horn from studis of permafrosr, however, that vsriations in grain sizes 
and pore pressures a f k t  the frewing point of ice ( A n d m  and orhers, 1973; Osterltamp, 1975; 
0s-p and Payne. 198 1). Particles with large surfam area relative to grain s h ,  such as clay, can 
d u o e  the fmzthg p i n t  of water by several Celsius, apparently bacause of rnolembr 
bonding of (he wata to the panicle (Anderson and others. 1973). A similar relation is thought to 
exist between grains of high surface area and gas-hydrate equilibrium temperatuns (oral 
communication. D. S l m .  Colorado Schod of Mines, Golden. Colorado). Abnormal fumrion 
p r c s ~ c s  will affect gas hydrate stability mditims in a manner unlike lhat of iw. High pore- 
ptssure conditions increase the sebiity of gas hydrate. but depress the freuing point of ice (Hdder 
ud others, 1985). In genaal. the higher the pressure gradent the thicker the stability zone of gas 
hydrate. 



Table n-1. Variables influencing the limits of the in-situ gas-h ydras stabsty field and SO-s of dm 
nccessasy for evaluating variabks. 

b t h d  G d h t  'Shmticd derivation; weU log- 
ging opaatiom; high mhrim 
eguih'brd t m p m t ~ ~  suncy~; 
projection b m  base i a - M g  
F ~ L  

Glts manis~  Mud lag; d x i l l c u ~ ;  corc m- 
ples, dri l l -sm-t~st;  pdwtion 
ampls .  

Pm-Fluid Salinity WeU lop; dr i l l -m-t~sr ;  
production smples; owt lmp1~6. 

Pm-Pr- Ml. l -s tem-t~st ;  well logs. 

G f h - S b  rhi lc~h~;  #Ire; well lap. 
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TEMPERATURE ('c) 

Bars Ice-Bearia1 
I 

Pemsf ror  t \ -600 

Figore fl-1. Phast &gram iflustrating the influence of gas chemistry (methane vs. w e )  on the 
zone of gas hydrate stability. Geothermal gradients are those predicted for Lhe Northwm Eileen State-2 
well. 
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IZA.1, DISTRIBUTION OF ICEBEARING PERMAFROST 
Baame gas hydtatts form within a limited tempatme range, subsurface equilibrium 

~cmptra~ure dam are n~ecessary to calculate the depth and hichess of the gas-hydra& stability field. 
Acquiring these data is difficult becaw d d h g  a~tiviay often disrupts equilibrium temperatures in the 
subs&ace, and e well must lie undistudxd until thermaE quilibrium is relestablished w h e n b m h  
and Brewer, 1959). On the North Slope of Alaska, a series of 46 oil and gas explmtory web, which 
wac considered to b near thermal equilibrium W h e n b m h  and ochers, 1982; Egchenbruch and 
others, 19873, wae surveyed with high-resolution temperature devices (table II-2). Howera, several 
thausand other exploratory and productim we& have been drilled an the North Slope and, although 
they do not have temperature profiles, their geophysical logs often allow discrimination between ice- 
bearing and nm-ice-bearing s- At the w&& of this study, the mincidence of the base of ice 
bearing strata and h e  depth of the 0' C isotherm at Rudhae Bay (Lschmbruch and ahas, 1982) 
a p p a d  m offer an apportunity to expand quickly and inexpensiveIy the size of our subsurface 
temperature data base m e ~ l y  by using well logs to identify the b e  of the i c e - e n g  strata. 

AccordingIy , the log suites of more than 440 publicly availabf e, Norih Slope exploratory and 
production wells were examined. Of these, 156 wells have log m p n s e s  dowing &rimination of 
icekaring strata, and these log responses were used to map h e  depth to base of the d e t p t  i c e  
bearing strata. In wells outside the Prudhw Bay area, a considerable difference exists Ween the 
depth of the 0' C isotherm and the base of icc-bearing strata. This discordance is great enough to 
diminish the reliability of using well logs alone for estimating the depth of the 0' C isolherm. 
NevetiheEess, understanding the distribution of ice in the subsurface, as detemined by well logs, is 
important for meting the presence of n d  gas hydrates. 

In arctic environments, where subsurface temperatures below 0' C persist, a m c  
oamindogy is used to d&be tempatms and the physical state of pare-filling water in the 
subsurf8ce. This terminology, however, is often incmsistent ( I k s a i  and Moore, 1%8; Hoyer and 
d e n ,  1975; W a k a  and Stuart, 1976; Osterkmp and Payne, 198 1); thaefore, pamdiw, ice 
bearing permafrost, and ice-rich pe&t are defined below. 

Permafrost is the thermal condition in soil or rock having tcmpenuures below 0' C which 
wts over at lmt two consecutive wintas and the intemening summer (Brown and Kupsch, 1974). 
The p m n c e  or absence of water or ice is not included in the definition of permafrost, and the depth 
to the base of permahst is the depth to 0' C. 

Ice-bearing permafrost refers to soil ar toek drat cmtains or is inmpmecl to contain ice that 
can be detected by subsutfacc well logs. Contours on the map in figure II-2 illustrate th depth to the 
b e  of the deepest ice-bring permafrost as duPmined fmn subsurface geophysical well logs 
(exclusive of temperature lop) fa 156 exploratoly and devclopnent wells on che Nonh Slope of 
kiaslra 

Ieeyrkh permsfrast can be identified when high-resolution subsurfgee ternpaatme surveys arc 
available. Using equilibrared well-bort tempaatlnc meys ,  Lachenbnrh and olhers (1982) were 
able to  differentia^ thawed. water-beaing sedimentary roclrs from icerich horizons by idcntifylng a 
"Irinlr" in their tempcratllre pfiles in the Rudhoe Bay a The geothermal gmhent of sediments 
with ice-filled p e s  is generally different fiom the geuthermal gradient in sediments with water-Wed 
p s .  This diffaem in gmthamal m e n i s  is a conspicum indicator d the basE of ice-rich 
pmfmt. In the near-surface, high-porosity ssndstme and conglomnate units of the Rudhoe Bay 

the discontinuity in the gebthamal g d e n t  represents the &water phase bun- at the base 
of the icerich pesma;lrost ( h k n h c h  and othecs, 1982). However, changes in the geaUlermd 
gradient in the finer grained sediments arcst of Rudhoe Bay in the NPRA are not as pronounced and 
c u n d y  are nut prestnt (Ishenbruch and othefs, 1987). 

In the =tion below are terms and merhods used to study icebearing permafrost and to 
iatcrpct the well-log responses. Ihe refations of pamafiost, icerich parnabst, and ice-baring 
permafrosl, on the North Slope of Alaska are also discussed. 

PEUMAFROST 
Pemafrost, or perennially h z c n  p m d ,  is widespresd in arctic regions and undalies 

qqmximatel y 20 percent of the land area of the world (Fe& and others, 1969). Information about 
pamafrost thickness and W i h t y  in canposition is necessary to solve engineering and scientific 
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- Table II-2. North Slope wells fa which tempratwe profiles were made aftg the well-bore had 
reached near thematiequilibrium conditions. [See table 11-5 for comparison of depths of ice-bearing 
permafrost (IBPF) h m  well logs with depths m base of pamafrost (0 OC) and &rich layer @(L) 
w here.] 

A* 
B 
C 
D 
E 
F' 
G 
Ha 
1 
J 
K 
L 
M 
N 
o* 
PL 
Q 
a 
s* 
T 
U 
V* 
W 
X* 
Y 
z 
M 
BB 
CC 
DD 
EE 
FF 
GG 
HH* 
II* 
DL 
KK* 
lL 
MM 
NN 
00 
P F  
QQ 
RR* 
SS 
TT 

!hpm Cat Tat-13 
Simpar Cae Tut -2 l 
Simpcln Cae Tert-28 
Srmpcla Car Ten-29 
Swtb Brma Tut W d - l  
b t h  Burow Test Well-3 
u!n&-r1 
Ean U&-1 
Topgonrlt-I 
Wrk- l 
BP 33-12-13 
BP 04-1 1-13 
BP 19-1G15 
BP 23-1 1-13 
ARC0 N Prud10~ b y  St-1 
BP 08-1 1-13 (P.B.U. N-1) 
BP 31-11-14 
BP 11-1 1-13 
BP 12-11-13 (P.B.U. F-3) 
BP 27-1 1-14 
ARC0 E Bay 3 - 1  
W g & - 1  
W u l  Durt-1 
I.W. h h u l - 1  
w i k -  1 
lPurd &y-1 
Kugrur- 1 
Swtb MwIe-l 
Kuy~rrlr-1 
Eut Simp-1 
Ikpikpk-1 
J h w  P a - 1  
East Tesb&pk-l 
NO* W p k - 1  
Rsh C d - 1  
b t h  ~urizcm gay-s 
Atigllu P d - 1  
Awuru-l 
lirbum- I 
Kohhk-1  
seabe 'rut Wd-1 
SkhirIBP Klpmk-1 
b u t  Oil Luprae-1 
Mobil mooicr-1 
Exxar m g  h A-l 
Umiu-9 

Brr!vct, 1958 
do. 
do* 
da 

M.ccurby, 1952 
&. 

m r ,  1965 
do. 
Q. 
do. 

M h c h  and dm, I982 
do. 
do* 
do, 
Q. 
&. 
Q, 
Q. 
&. 
do. 
da 

m c h  and orhm, 1987 
do. 
do* 
60. 
do. 
&. 
do. 
do. 
&. 
do. 
&. 
do. 
do. 
do. 
&r. 
&. 
do. 
&. 
do. 
do. 
do. 
&. 
&. 
do. 
dc. 

Ye# 
Y u  
Y u  
Yen 
Y u  
Ye8 
Yel 
Yes 
Y u  
Y u  
No 
No 
No 
No 
Yer 
Ycr 
No 
No 
Yea 
No 
No 

Y a  
Yel 
Y u  
Ytu 
Yes 
Y u  
Yer 
Ye8 
Yu 
Yes 
Y u  
No 
Y u  
Ye8 
Yu 
Yea 
Y u  
Y u  
Y u  
Ye8 
Yer 
Yu 
Y u  
Y u  
Ycl 

' ~ ~ - ~ a m ~ ~ d i d m t i g ~ - ~ ( ~ ~ ~ ~ ~ i l d ~ u ~ o a v r . ~ i m ~ I ~ m l ~ m c ~ r i v e *  
Ancbargt, Aluly 9501). 

'J ~cphs r n d  imm 8-d ~ v c l  
3 ~ ~ o b u c d . n k - r i & ~ y c r ~ ~ m p n m r r p m m u ( - ~ ~ a d ) , m e u m d h o m p m a d M . I f M m l r  

no ALE repwttd. 
4J For M I ~ C L .  nfemoc Ref- cimd 
5j  ksifiu w e d  using crnvsnimm~ wirrlia. M r  in iat- 
* S e ~ u b k ~ 4 f o r t b t ~ t o r h e b l l E d 5 & i # - b t r r i n g ~ 1 r ~ m b d f m r u M y x d ~ ~ .  
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problems s w h  as: (1) Comcting seismic-rePlectim velocity data; (2) developing safe @ms far 
oil-well drilling, ~~llp1etion, and production in phst;  (3) developing regional ground-water 
d e l s ;  and (4) -sing the diaiburim of gas hydrates within or beneath the permahost sequence. 

Study of the thermal regime of North Slope pemafrost using serial temperature prufdes in web 
dates h n  early days of txploramy ddling in this region. These data and permahst thichasa are 
rqmrted by MacCarthy (1952). Brewer (1958). Ferrians (1%5), Lachenbruch and others (1966), 
btchenbmch and M a d d  (t%9), Stoneley (1970), Howitt (1971), Gold and hhenbrucb (19731, 
khenbnach and others (19823, Lachenbrwh md ot?ms (1987). Temperatwe profiles from 46 wells 
tha are mar thermal equilibrium constitute tbe temperature data biw for tbe North Sfope (table II-2), 
~ ~ s h o w ~ t ~ 1 r a n g e s ~ ~ r n r o a 6 0 m i n ~ c l o l ~ .  ? h e w e l l s ~ w i t h a n  
a s e  in Table 3I-2 have been used to inkfpret wireline well-log responses and are described 
below. 

ICEIRICH PERMAFROST 
Laehenbmch and others (1982) noted a dexm cs change in the f m d  of thc tempmature 

profiles at e dqxh of about 580 m and a tunmure of approximately -1' C in a scries of wcUs h m  
the hdhm Bay a m ,  They attributed the change in the temperasure profile to a discontinuity in the 
I h e d  conductivity caused by ice-iiUed pores h v e  580 m a d  water-filled pres 'below tirat This 
jedwater interface, as i n f e d  from b e  gradtent discontinuity in the tmqxrature profiles, defines the 
base of ice-rich permahst ( h c h e n h h  and others, 3987). The b of icerich permafrost will not 
coincide exact1 y with the base of the pamafrost (0' C isothemt). but will usually be in equilibrium at 
lanperatlnes lower then 00 C. The icehater phase boundary was not obsmBd in the rrcovaed cares 
of the Prudhoe Bay wells; however, analysis of the retarding effects of latent heat on tb dissipation 
of she Grilling disturbance indicates that the chmntinuity in recoded tempatwe profiles represents 
an i w a t e r  interfm Qchenbnrch and othtrs, 1982). This observation is t r ~  only for tht Prudhcx 
Bay a m  wells; the dam m inconclusive for the NPRA. The depths to the bs? of an ice-rich layer 
wenc reported by Lachenbh and others (1982), and Lschenbmch and &as (1987) for 22 of the 46 
welb listed in table II-2. The= reported depths may in some cases -sent the base of the deepest 
ice-rich layer, thus representing the base of icerich pamafnsst. 

ICE-BEARING P ~ A F R O S T  
As dehed earlia ice-bring prmfmst refers to strata containing a mcient volume of ice 

to be detected on geophysical weLl logs without the aid of kmperatm data. The minimum mount of 
ice necessary for detection by well-logging devices is mhown. Welf-log m s  med to 
dttermine the base of the iee-baring perm- are smmnuized in a l e  Ii-3, 

The temperatllre at the base oi ice-bearing pamafrost is always at or below 00 C: thenfore, 
the depth to the base of the ice-bearing pamafrost is always st or above the &pth of the 0' C 
Wm. Within the thick ice-bearing permafmst sequence, I d y  found an the Narth Slope, 
multiple h x n  and thawed tmizm are W n t  In h i s  study, the b of the Icebring pemdbst 
Is interpied as the d-t o h e d  fmzcn-&thawed phase born- that may exist in any 
garticlliar l d m .  

msai and Mmre (1968) were the to rqmrt that an i c e - W g  horizon exhibits physical 
characteristics that can IE dezected with sub&= geophysical devices. They demonmated that 
pmprtics such as electrical resistivity md acoustic transit time are affected by the prexnce of ice 
within the sediment Others have shown that the ice-bearing prmafrost thickness can be determined 
from well logs (Swneley. 197Q Howitf, 197 1; Hoyer and others, 1975; Walker and StuarS, 1976; 
Ifnatiuk and Randall, 1977; Omfkmp and hp, 1981; Osterkamp and others, 1985); the. tcrm ice- 
b r i n g  pemutfmt was used first by Ostcrkamp and hyne (1981). Their predmm used the t ~ m  
-st IO describe both tempmture conditions and the presence of ice within pre s p a  

D e e  and Moofe (I%8) demonstrated that the spontaneous potentid, resistivity, and acoustic 
bgs show siwcanr deflections at the base of the ice-bearing pemafmt (cafled permafrost by the* 
authors) in an 2tnidwrti6ed well on the North Slop of Alaska. They observed a significant in 
electrid resistivity, d m  in acwaic transit time, and a pronounced drift in spontaneous ptmtial 
fmn less negative to increased negative values after crossing the boundary from non-icehrhg to 
*bearing permfrost. Stoneley (1970) illustrated similar log responses in Put River-1 (well no. 18, 



Table IX-3. Comparison of well-log nsponses within icc-bearing permafrost (IBPF) with tho= below 
the base of XBPF in a porous sandstone lithology. 

In Below 
IBPF IBPF 

Remarks 

Resistivity (Re)--Substantid drop >I000 Rmrn 5-15 nmm 
~JI resistivity; the long- 
nmd curve separates from 
the short-normal cllrve within 
the IBFE. 

Acwstic Transit Time ( A m -  
Significant increase in 
msit time. 

Caliper (Gal)--Often shows farge 
variations above the IBPF. 

Spantanmu Potential (SP)-- 
Drift frm negative to 
positive below the IBPE, 

Drilling Rate @ I t ) - - I n d  
drilling rate is often 
observed below the IBPF. 

Gas Chromatograph (m- 
Ammalous pressures or a 
release of &-gas may be 
detected at base IBPF. 

m e r  srrl3IIer Relative change, depcndcnt 
on engineering param-Is. 

more mom 2 0 t o 3 0 m V ~  
negative positive 

slowes faster Relative rate dEptnding 
on geologic cx3nditiuns. 

no gas gas detection Gsologically CleqmckIlk 

densities from above to 
blow the IBPF. 

Density @lea)--Incr&~ in m d e d  2.1 gm/c3 2.4 pn/c3 

Neutron Porosity (NP).-Small rn 
no reduction in calculated 
apparent parosities, often 
masked by geologic 
conditions. 

Gamma Ray (GR)-Small deflection lower higher 5- to IO-API w t  be&ection. 
to higher API values. 



tabre I341 in the hdhoe Elay air field, which he also atlhbutcd to the m c e  of ice. He bwd this 
interpretation on cwes recovered from lthe BP 12-10-14A well which repprtedly cantained sandstone 
and cmglomttata that were bounded by ice downward almost to the same depth as suggested by the 
well logs. Stoneley's (1970) obsmations of icebounded cores represent the only direct evidence that 
va i f i e  the accuracy of well logs as icedetection devices. Also, Howitt (1971) noced that the 
daivity-log pick for the basc of the ice-bearing permha in the Put River 19-10-15 well is d the 
gamt kvd as the flexure in the temperature profile rtp~es#lting the bsst of ice-rich permafrost, 

Ostcrkamp and Payne (1981) examined etezeicd-rtsislivity and acoustic-transir-time we111 lags 
fhm 61 wells on the Narh S l o p  in order to develop a map of the depth to the h8se of the deepest 
i c t ,Wng pmwfrwt. Their map indicates drat the depth to the b s e  of ice-Imhg permafrod varies 
frun nmc than 610 m in the hdhoe Bay mu to 120 m or lws in the NPRA. The data used by 
Osmbmp and P a p  (1981) are listed in thc last c01umn of table B4, 

I M E R P R E T A T .  OF WELL LOGS 
WITHIN THE I C E - B E W G  P E R W R O S T  SEQUENCE 

Duting drilling of explmtcq and pduction wells on the North Slope, the well €me is 
sumeyed with a series of well-logging dewices that can be used to detmmine the physical state of the 
pare waters. Logs used in this study included resistivity, acoustic transit time, spontaneous potential, 
p m a  ray, caIiper, n e u t m  pohosity, density, and the W n g  tate and gas chromatograph cuwes on 
the mud log. In many wells, the permafrost intefval is logged with mly me or two of these devices 
or not logged at atla The lack of well-log data limits the n u m b  of Nmth Slope we& from which *e 
base of ice-bearing p e m a h t  can be &mined. Each of the 156 wells selected for this project has 
a I t s s t  a resistivity m e y  within the shaltow substrate. The electrid-resistivity and amustic-transit- 
t h e  well togs were found to be the most useful in detecting the hase of the i c e -Mng  permafrost. 
However, we do not have independent evidence that the well-log pick for the b e  of the ice-bearing 
permafrost is the depth of the actual phase boundary -en the i c e - M g  and water-saturated 
mta. Short descriptions of the well-log reqms within and below the i c ekahg  permafrost, in 
order of i m m ,  ate as follows: 

R d v i t y  @-)--The W of the ice-bihg pclanafbt commonly extribits a substantial resistivity 
decrease fmm wishin to below the i ce-Mng permafrost sequence. Ice exhibits relatively high 
electrical resistivity in c o m ~ n  to water. 

AGoustie d t  time (A--A si@coult ltransit t h e  change g d y  marks the base of the ice 
b r i n g  pemdmst. Ice is characterized by relatively high -tic velocities in m p k m  to water. 

Caliper (W)-The caliper log eammonIy indiEasts an znIarged b hole within the pcrmafIost 
bariun which ean be amibuttd to caving associated with thawing of ioe-bearing sediment 

Sptaneaus pantiat (SPkThe spantanews potential lag gentrally shows a pronomccd drift fmm 
negative in the i c e - m g  ptmsafrost sequence to positive k l o w  the lmc of ice-haring permafrost. 
This drift can be attributed to the increased concentration of the remaining d r  particles in she 
u n h z e n p o r e ~ o f t h c i c e ,  

Drilling rate @R)--In many wells a significant in- in h e  drilling rate oeem below the ice- 
bearing petmafrost Ice-bearing sediments a m  tly exhibit properties similar tu a well-cemented 
rmk unit with a ftIativdy slow drilling rate. 

Gas dvanatogmphy (GC)--Because of the relatively impcrmable nature of the icc-bearing 
pmdnst, free gas can be trapped at its hm. This b - g a s  q n s e  was okmed in 31 wells. 

Deasity (Dm)--The density log shows a slight deaeesc in density within ice-bearing permahst 
relative to thc section klow. Ice has a lower density than water. 

Neubran porosity 0 - - I n  several wells, Lhe neutron parosity log s k w s  a slightly lower mcmM 
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Tabk II4. Depth in meters to base of ice-bearing permafrost (IBPF) as inferred from well-log 
responses in North Slope wells. These wells (except unnumbered wells) were used to consrmct contour 
map of the base of i c e - M n g  pemdmst (fig. 11-2). 

Simpsm CosF Tm 27 1 f9N 
Simp~m Cott Ten % 6 19N 
~~1 22 P N  
South Burow T#t Wd 3 24 21N. 
South Burow Tmt Well 4 14 22N 
Zlco 1 16 21N 
SartbButowTertWcllI3 14 22N 
SauthBmmTertWcll14 25 22N 
South Bmrrow Ten Well 17 30 UN 
W* f 9 m 
SourbBurr~r~TmtWell20 26 22N 
Sauth BurowT#tWtlllS 23 22N 
SruthBurowTatWell18 24 22N 
Tulquk I 7 21N 
W*2 31 20N 
h d h o e  Bmy 1 10 11N 
sag Rivm I 4 1aN 
~ S t u c 1  10 IQN 
Tmlik wad 1 4 m 
m~ivtf~ n IIN 
Soul 31-25 25 1lXN 
Kuplrcrlr Swe 1 21 11N 
Nortbwen Eilcm Swt 1 28 12N 
Wtn Kupuulc 3-11-11 3 11N 
Hcmi 3 -9- 1 1 3 9N 
Frudhoe Bay Udir 1-1 9 1lN 
KdRiYerl 4 8N 
Hull 5-1P-13 5 1anV 
bvunlr Pains 32-25 25 13N 
Ue79Fadtrrll  1 8N 
N d  Ktpmd 2612-12 26 f2N 
T d i k  M m d  2 5 8N 
h & o e  Bay Unit M-l 1 11N 
Pludh~e Bmy Unit 1 - 1 8 ION 
Nonb Rudhoe Bny Strtt 1 23 22N 
Twlik M u d 3  4 %N 
M M m  Bmy 13-9-19 13 9N 
K u p d  Sutc 7-11-12 7 11N 
Kup Dehr 51 -1 I1 12N 
M h t  Point 18-1 11 13N 
hdtroc  Bay U d  4-1 34 1fN 
BP 08-11-13 8 11N 

Bmy Unii P-1 2 11N 
WenS8kRivaStr t t1  2 11N 
Prudboe Bmy Unit H-1 21 11N 

Bay Unit A-1 35 1 IN 
Prudhoe Bay Unit 4-6 34 1QN 
Nonhwut E h  Swc 2 28 12N 
h d b a  Bmy Wail C-1 19 11N 
North F m d h  Bluffs 1 20 %N 
W e n S l l t R i w S w e 2  22 11N 
W a S r k R i v a S u t e 3  26 1lN 
W#t Slk Riwm Sutt 5 11 IaN 

11 W 
SOW 
f8W 
18W. 
-1 8W 
16W 
18W 
17W 
16W 
19W 
1 7W 
17W 
S7W 
14W 
19W 
14E 
15E 
1% 
15E 
I4E 
14E 
12E 
1 IE 
11E 
11E 
13E 
1 BE 
15E 
1 OE 
1 7E 
1 2E 
12E 
12E 
1% 
14E 
9E 
19E 
12E 
13E 
10E 
15E 
13E 
13E 
IOE 
13E 
13E 
I SE 
11E 
1 4E 
14E 
1 OE 
9E 

1 QE 
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Table I14. Depth in m e w  to bzw of i ce -Mag  pamafrost (IBPF) 8s inferred from well-log 
responses in North Slope wells. These wells (exeepr u n n u m M  wells) were u d  to consfmet contour 
map of tbe base of ice -Mng permafrost (fig. II-2),-Continued 

well well ~ 8 m e  hih l l ~ r  4 IBWJ SSMJ I B P ~  
Iadex SdE. T. R. InterpM Corrrbd -mp& 

h y a t  (1981) 

WertSkRiw.Sl lre6 29 
klmd h y  St.& 1 I9 

wdyr h t h  1 8 
Nkkuk 1-A 26 
Kupuult 9-11-12 9 
h d h o e  Bny Uait E-1 6 
Slg Dtlu 33-12-16 4 
Suttl  2 
'Rudhoe b y  unit w 2 
Kuplnrk 30-11-13 30 
Gull U d  Surt 2 23 
HqMrnd Sutt 1 24 
AM s ~ t c  1 n 
Rudhoe Bay Unit NGI-7 12 
BP 12-11-13 12 
Rudhoe Bmy Unit 9-7 2 
Prudhoe Bay Unit 3 4  I I 
Rudhoe b y  Unit G-4 2 
sl8 Delu3 35 
S l g D t l u 2  10 
Kqmruk Eva Unit 1B-5 9 
Point Mcliltyre 2 16 
K q m d  Riva  Unit 1D-8 23 
West Sllr River Swtt B-10 23 
West Slr River Swe 9 3 
West Sak R i m  Swe 1 1 36 
Wcsi Mikkehea Sutc 1 32 
I h k h d U n i t  1 8 
h d h o e  Bmy Unim 1-16 8 
R u b  Bay Unit 7 6  33 
Kqumk R i v a  Unit 1A-8 5 
hdhoe Bay Unit Q-3 16 
R u b  Bay Unit 13-2 14 
Prushoc B*y Unit 14-5 9 
Reindeer Erhd SIRAT TEST 1 18 
Wca S& R i m S w e 4  7 
Nlrlculr 3 13 
R u b  Bmy Unit TERM* 20 
Rudhoc Bly Unit ?73tM€ 3 
West Mikkdsm Unit 2 13 
G w y d y r h y  S- 1 9 
Milnt Point 1 23 
Prudhoc Bmy Unit 12-3 18 
Kuprruk E v a  Unit CPF I@-9- 1 1 )  9 
h d k  Bay Unit X-1 8 
KUp.ruk Rivu U n i ~  ID-1 14 
Rudhoc Bay Unit Y-1 34 
Gwydyr Bay Sutt Unit 1 2 
hdhot  b y  Uair TERM-A 53 
K q m d  River Unit 1Q-5 23 

I IN 
11N 
12N 
12N 
11N 
11N 
1 IN 
ION 
ION 
11N 
IW 
1lN 
1m 
1 IN 
11N 
ION 
ION 
ION 
1 2N 
11N 
11N 
12N 
l1N 
10N 
1 IN 
l2N 
10N 
1 IN 
10N 
1 IN 
11N 
11N 
1 ON 
ION 
13N 
ION 
12N 
11N 
1 IN 
ION 
12N 
13N 
ION 
1 IN 
ION 
1 lN 
11N 
12N 
12N 
11N 

53 1 
522 
557 
530 
562 
SIB 
So3 
510 
580 
61 8 
534 
564 
55 1 
550 
604 
554 
589 
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Table a-4. Bpth in meters t6 base of icebaring -tost (IBPF) as i n f d  from well-log 
scsponses in North Sfope wells. These wcUs (except unnumbered wells) wete wxl to construct contour 
map of the base of icebesting p m d m s t  (fig. ll-2)rContinued 

WutS&Ri~iv#Strtc14 19 11N 
Naminuim 1 34 SIN 
k q m l k  Riv#Unlt IE-1 16 11N 
Kupruk R i w u  Unit 1 B-I 9 SIN 
Rudboe Bay Unit 17-1 22 ION 
R u b  Bmy Unit 1 1 4  34 1lN 
%dyr% s-2 11 12N 
R u d k  Bay Unil 16-1 1 24 ION 
4 - 7  36 12N 
h - 8  27 12N 
KupruL River Un$ 1C-1 12 11N 
PN* S.r Uait TR 15-11-12 9 11N 
S&l-5 36 12N 
MP TM (43-31-1 1-13} 5 ION 
WatS l l rRiwr  Unit16 36 11N 
W c n U R i w u U n i t 7  26 13N 
MP TM (22-31-1 1-13) 30 l l N  
MP TW (32-W11-13( 30 11N 
Pmd&re Bay Wait TR T-X: 17 i l N  
Kopnhr River Unb 1C-8 12 1lN 
Wert U Rim Unit 23 7 12N 
WcnSuintr 1 18 9N 
KutMikkclrmBly 1 7 9N 
M r  ~ u t e  A-I n ION 
Wut Stlines Sure 2 25 9N 
~ t h u m U n h 1  32 ION 
FoiDt7hnmUnit2  3 9N 
Point 'lbansa Unit 3 34 ION 
ALulu S ~ l e  C-1 16 9N 
QAmgcLkndl 8 ION 
Fh C d  1 15 11N 
WvdkDeb.1 9 13N 
&pHdkettl 5 16N 
~ H u r i r o o 3 m y I  
&110 Point 1 
West Firb Cr#k 1 
W.T. F- 1 
N d - 1  
Wen s& River unit 1s 
w u l u  Rimunit20 
Wen !U Riwr Unit 18 
ButKufi lpUnit l  
- 1  
BeliUnirl 
b v i k  Unit 3 
chain# River Unir 3-1 
Surie Unit 1 
-unit1 
Ad& Unir 1 
lvirhlr Unit 1 
simpmCoreTm1 
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Table II4. h p h  in meters to base of &Wring prmdmst (IBPF) as in f ed  6rtwn well-log 
responses in North Slope wells, These weUs (exep unnumbered A s )  wem used to construct eontour 
map of the base of ice-kmng permafrost (fig. IL-Z).-Continued 

Well Wdf Name ]C#rtion APE #=J l%wJ I B ~  IBW'j 
ledex SbE. T. R. Ia- Cwrsctsd W e a m p &  

hj.t (1981) 

Simprcm Cort TUI 17 24 19N 1iW 
SieRplmCareTrn20 18 19N 10W 
J.W. DJm 1 14 I8N SW 
DrmPOi3PtI a6 18N 8W 
E.n S i m p  2 23 19N IIW 
umht 1 35 IN 2W 
Umirt 2 2 IS 1w 
I h t U m i a i  I9 1s 2E 
Sbrle Wall Unit I 2 5s SE 
Kuplmlr Unit1 1 2s 5E 

25 7N 34w 
h~!Hut iroahpSut t1  10 13N 8E 

1J Amenan ~~ 3nn;tue mll: ideatifimtioa mmber. 
2J; E P F  -d d - d e p h  in- fmn d l q s  (thin msdy], 
31 l B P F ~ # I r r e d a d t o g r w n d d ~ f f b y n r b v r d i n g ~ b a r ~ s e a ~ ~ d g d ~ r t m f m t b e ~ -  

pretcd IBPF m21-log kph. 
4J W a r  witbout Map n u m b  mrt n a  u d  to wamr. 
+ T c m p a u m  m u r u d  rfter well 'bore d c d  nur-thmd squibrim #mdiriaar ( ~ s e  W e  11-21. 
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porosity in Ihe h - b r h g  perm-t, apparefitty kause  of the density Wmnce W e e n  iee and 
water which W t e s  to a hydrogen density diffmce between a unit s a t d  with water and one 
mulining ice. 

Gamma ray (GR)- The gamma ray deviee shows a s m d I  deflection b m  lower values h ict-g 
p m f b t  to higher values below, q p m n t l y  because of a high mnczneation of potassium ions 'in 
mlution as tbe b d n g  front. 

Ideal id log responses at the base of ice-bdng permafiost are shown in figure II-3 in which a 
unifm sandstone lilhology is assumed; the magnitude of log shifts ate s u r n m ~  in table JJ-3. The 
V n c e  of inletbedded shales within an i c e - m g  petmafsost sequence, lmwtver, affects the well- 
lug responses, making the interpretation of the depth to the k of the ice-bring pamafrost 
difficult. Tbe 156 wells and log-determined dcpths to the base of the icebearing permahst shown on 
the map in figrue II-2 are listed in table II4. 

REL4770NS OF PEUMkFROST, ICE-BEARING 
PERMAERQST, AND ICE-RICH PERMAFROST 

Physical factors that conml the response of a weU log within a stratigmphic section include 
m i n d g y ,  pmsity, tmpcrsuure, p e  fluids, and, of special concem for this study, the physical state 
of the pcxe &ui&. 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 IJR volume of ice within the: rmk. 
Obmatims made using well logs h r n  the North Slope indicate that a substantially thick wedge of 
iceMen strata is present in the Prudhoe Bay area (discussed below). The base of the i w h r i n g  

in the high-porosity sandstone and conglomerate units of the Phdhoe Bay mgion is easil 
dmcted, and the log responses are similar to the W e d  ones (fig. II-3). Here the depth of the 0 B 
C huthum is at approximately the same dcptth as the base of ice-bearing pennafms?. However, in 
m a n y  of rhe wells from the NPM, in which the shallow, potentially ice-bearing sequcnw are 
charaFtcrized by siltstone m d  shale Lithologies, me weU logs fail to indicate ihe presence of ice, even 
though the depth of the o°C isohem commonly extends deep inb the Lithologic stction. Also many 
of the UPRQ welt-bore tempaature surveys fail to reveal a discontinuity in h ~ear-sutf~ee 
geothermal gradient like that observed in the Pndhoe Bay a m .  In these wells, either ice does nat 
exist within the pamafrost sequmce (above the 00 C isahenn), 5 ihe volume of the port-filling ice 
and related phys id  characteristics were swh that the well-logging devices did na rtspand as 
expected. Shales (hat have not been deeply buried generally have high pomsiiy and fluid content; 
however, wates associated with shales are ionically bonded to the clays, preventing the formatian of 
ice (Anderson and others. 1973; OsterLamp and Wyne, 198 1). -fore, ice may n~ wrist within a 
section where clay-rich mks arc found, even lhough water and mbOo C temperatures are presenL 
Thc rhick shale sections psent  within rhe shallow substrare of parts of the NPRA may aIfect pore- 
hlling ice conditions. but nvrently then is no direct evidenee to s u m  this contention. 

The Lithologic variability that hatplicates selecting the bzw of i c e b r i n g  permafrost frun 
well logs is shown for 3 wells located across rhe Nonh Slope (fig. II4); each well is regresenred by a 
rtsistivity and gamma-ray log. 'Ihe rsistivity log was selected because of its ability to meal h e  
presence of ice; the gamma ray e w e  was used to add relative lirhologic m d  adgraphic data The 
depth of the base of the ice-bearing pcmdimt, as pickcd f b n  the well-log dam (fig. D4), was 
c ~ n p a r e d t u t h e d e p c h o f r h e ~ ~ ~ ~ .  

In section A-A' (fig. lI4). tbe b of the icc-bearing pamafrost has been identified in all 3 
wells in the BP12-10-14A rhc apparent b of the ic~bearing p m a b s t  is intrrpeced UJ be at 562 
m, ntar the base of a long transition zme from resistive to conductive strata We have d r e e d e d  
temperature data from 3 nearby wells in estimate the depth of the 0 ' C  isotherm in BP12-lb14A at 
623 rn. In South Harrison Ray-1 the base of icebearing prrmafrost is uncatively placed at the 
resistivity deflection at 275 m. The depth of the 0 OC isotherm is at 375 m. In J.W. Daltm-l the base 
of che icebeering pmafha at 270 rn a m  to coincide with a distinct Lirhologic contact, and the 
depth of the 0 OC isotherm is at 410 m. The plot of the 0' C isolherm on cross section A-A' reveals 
rhe dismpancy h e e n  the well-log pick for khe base of ihe ice-bearing - h a  and the 00 C 
equilibrium isotherm. The differences in thickness between tkw horizons are variable. 
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Well 1 Well 2 Well A 
A 

J.W. Dalton 1 South Harriaoa Bay 1 BP 12-10-14A A' 

Gamma Ray Resintioi ty Gamma Ray Reaistivity GammaRay Resistivity 
I I I 1 I I 

DEPTH 100' ',2 2000 0 100' l.2 2000 0 100' j.2 2000 

Figure 114. Selected Nonh Slope wells illustrating relationship of pamafrost depth (Cfk isotherm). 
base of ioe-bring permafrost (from resistivity-log nqmnse), and genera1ized inteqmted lithologies. 
Depths measured h m  ground surface. Icc-bearing permafrost depths horn table 114. Depths of O'C 
isotherm from table 11-2, exwpt for wet1 A where depth is a mean value determined from 3 nearby 
wells. Well locations shown on figure 11-2. 



h BP12-10-144 this d i f f m t  is 61 m, b t  in J,W, Mtm-1, the diffcfmcc is approximately 140 m. 
A surnmaty list of all North S l o p  wells, w b  cornpisus of this type can be made, is shown in 
mble II-5, md, for 7 of the 14 wdls Zhe deprhs to the base of an ict-rich lay= (IRL), as intapteted 
f r m  2~npratrm pf i les  (khenbruch 9nd others, 1982; L 9 c h e n h h  and others, 1987)- are 
indicated BP12-1G14A is not included in table Z1-5, because tht ternpetatwe &ta used ?o estimate 
Ihe dcph of the 0 OC W r r n  was from nearby wells 

I C E - B W N G  PEWAFROST THICKNESS 
~wtUs~~mapthebaseofthticc-Wngpermafrosrwatdce~onrhtMsofthc 

quality of the log &U and gao1ogic infanatEon. Well I d t i c s  arc UiW into (1) wells in which 
dcpths to the base of i c e - M g  pamafrost have ben  oblained (table 134); (2) weUs for which bth 
wcll-1 og picks for ice-beating pama.fmt and tmwratm surveys are available (tables II-2, Il4, and 
D-5); and (3) wells for which r w n p t u r c  but no wtll-log picks are available (table D-2, not 
usid to & m i n e  oon~om). Of Ihe 46 wells W in a l e  II-2 arly 14 have well-log picks for the 
h e  of the ict-bearing permafrost (table D4), w h e w  tk ~maining 31 wells w a t  not lagged, u the 
confidence level was Iow in the selection of rn m e  well-Iog pick for the b of ice-bearing - 

The &phs to the base of zhe ict-bmhng W t  as sclaetd by OsWbnp and Paynt 
(1981) (table 11-41 ampare closely with ik r4cms we obtained in am study. However, 12 of 61 
wells used by O s t d m p  d Paync (1981) were not incorpotatbd into our work Wuse of lack of 
well dam in aur study or rrncatain reliability of the well logs. In addition to the 49 wells ustd fmm 
Osmkamp and Payne (1981). we have added I07 w t b  to the data base which allowed us to d u c e  
zhe con- intcrvd from 200 m, as used by Oslerlrampand Payne (1981). to 50 m (fig. II-2). 

h the central and southlctntral parts of Lhe WRA, no ice-bearing permafrosz &@IS could be 
dct;ermined -use of problems in well-log inkqmtation. The m n c e  of near-sdace, thick shale 
scquenees a highly compacted sandstme m b l y  mask the base of the icelxaring p m f m t  in the 
bg data 

?he pra~lunccd linear m d  of the mtmm (fig. II-2). which f01Eows the madine from thc 
nonhuman part of the NPRA castwad, shows h i t  maximum ice-btaring ptnnathst thiekncss murs 
a few miles inland from the mas& and the ict-bring panrafrast thins to lthe nath (offshore) and 
w~rh (onshm). Offshore thinning of the ict-bring pamaftosr has betn amitnitEd to the presence 
of the overlying water m l m  of the k t k  Ocean (hchenbruch, 1957). In the h int .  B m w  and 
Cap Simpson areas, ice-bring permafrost thins toward the sou* similar to the situation in the 
Rudhoc Bay ma However, h e  s q x c k d  offshort thinning is not shown m the map kcawe of the 
lack of offshort well data. The substanfhl thinning smth and war of the Prudhot Bay area is 
gttniiuted to a change in the near-dace gadogy (Osterlramp and m e ,  1981; Lachenbmch and 
mrs, 1982). The shallow sulrsmtt of the Pludhoe Bay arca is characterized by high porosity. 
cmsepahed sedimentary m k s  that haw: relatively low gmthmd w e n u  within the pmhst 
borizron. This law geothemal gmhcnt c m q m d s  to a thick ice-bearing permafrost sqllencc. 
Rtgions to tbc smrh and west into NPRA, however, me charact* by finer pined a d  (or) bwer 
porasity sediments which whibit relatively high geothermal @ents in the pemdimt that 
carreqmd to a rehtively thin or abscnt &bring ptmrafrost sequence, In Uis region, permafrost 
lhicLness is also infIuenced by an in mean m u a l  surface temperature of approximately C 
brom Pmdhm Bay to the south inDa the e r n  fmthills of the Brooks Range (Lachenhch and 
ofha~, 1987). 

lU.2. GEOTHERMAL GRADIENT 
Acc- infarmation on geothermal pditnts is essential far dctennining the hiehws of the 

gsr-hydmte stability zone. On the Nonh Slope. subsurfacet~lperatm data m e  fmn high- 
remlutim, equilibrated well-bore surveys in 46 web,  and 6rom t s h a t e s  - m identiiication af 
the base of ice-btaring pmafmt  in 98 dm wells. The gtothtmal gradart discussian is divided 
into llrrec iections depending an the some of the data. The k t  section will describe the history end 
tlse of tempmure data collected from high-rtsolutim, nabillzed well-bcrre m e y s .  "Fhir section d l  
be fokwed by a discussion d the ase of well-log dtlirmated i c e - e n g  p r m f b s t  deptths to 
tMfuak subsurf~ce tempt lae  umditians on the North Sloge. The gcottred gradient discusTim 



Tebk EI-5- North Slope wells in which tmpcratm profiles and diagnostic well: Iogs dfow comparison 
of dqbs  to base of permahost PC), to base of an ice-rich layer m). and to base of ice-bearing per- 
rnaftmt 0. 

South Barrow Test Wtll-3 
Tulagtak-l 
ARCO N Pnadhoe Bay St-1 
BP 08-1 1-13 (P.B,U. N-1) 
BP 12-11-13 (PcB,U. F-3) 
Fish Creek4 
South Harrison Bay-1 
Atigam Point-E 
N o h  Kalikpik-l 
Mobil Echoah-1 
Simpson Core Test-13 
J.W. Dalm-1 
East 'Urnial-I 
SincW/BP K--1 

American Peaoleurn Institute wcll identification numtm. 

2J ha table II-~ 

3J mth to of IRL  pic^ from ampratme profiles by authors listed in table II-2. ~f 
Mank, h n  no given, 

4J Well-log picks from table n4. 



will conclude with a &ailed evaluation of both the m d  and projecttd gaothermal: @en&. 

MEASURED IEMPEUATURES 
Twn~rarure disntptians m the bortholt attributed to drilling csn lx bath significant and Tmg 

lasting. hchenbnrch and Brewer (1959) d#nonstratsd in their anslysis of tk South Barrow-3 well 
drat drilling o p t i o n s  xted as a positive heat mme in the W o w  pamafrcfft hoaizon. This well is 
laaid 10 kilometers from the &tic Caast ntar Banow, kfaska, and was m e d  to a depth of 884 
rn. The c b d  d i s t d c  st a depth of 181 m dccreascd from 20 'C to h a  0.1 'C in a 6 year 
pctid fallowing drilling. 

Beginning in 1958, a swits of 46 wells (table TTa, figmts IT-5 and IT-6), amsideFed to bt in or 
rn lhermal equilibrium, have b#n m y e d  with high-~soIution temperature devices ( M & d ~ y ,  
1952; Brewer, 1958; Fenians, 1965; k h b r u c h  and m, 1982; Lachcnhch and e, 1987)- 
Tempwature and geothermal gradient data obtained h m  thest high-resolution survtys me prtsentcd 
in table II4 where tfie namcs of the 46 weus along with API numbers are f sted. Data given in tables 
II.6 and II-7 denoted with the symbol $ indicates that the reported infaemation was dculatcd and 
m n t e d  by other wwJrers, and refmced either in the tables clr the text of the report. Data not so 
marlcecP have been &dated as part of this project. 

Most of the published ~mpersltwe gtadients reveal a departme from the generaZizad 
~cmpmune profile in the upper 200 n of the well. This deparzm has kea attributed to a t#xnt 
worldwide warming trend cxxming ova the k t  100 years (hcknbruch and others, 1982). It is 
possible, however, to projact tht undisturbed trnpetature profiles to rht a n f a  from sum yed dephs  
whee h i s  wanning trend has not gffccted qdibrium temperature conditions. T c r n p t m  projected 
.to the surface b m  the reeded high-resolution m y s  art tisted in column 5 of table n-6, and 
cmtourcd in figure Il-7 (mdificd from P a c h e n k h  and orhcrs, 1987); q q m p h t e  references art 
listed in column 1 1 of table 11-6. 

Depths to thc base of the &b&ng permaEnsst ( d k d  earlier) as demmbcd from 
gaophysical well logs fur 32 of the 46 tempetaturesuweyed wells arc given in, column 6 of tabk Xl4. 
Ict-bearing pmnafmt depths fu 12 of the 32 wells in table IId ate from Iht work -red m W e  
n-5; our cddence kvel in these 12 weU-fog picks is high. In addition to thtse 12 wells, we hare 
made log pick for the b of b M n g  prmafrost in an additional 20 wells (table nd). These 20 
new picks are mt show in tables II-2, n-4 a II-5, nrd w m  not wed to contopp the depth to the 
base of ice-Wring permafrost in the map of f i p  I?-2. Confidence in these 20 new icebring 
pmabst  well-log picks is rchtiveIy low; most picks have b m  &mated hm rcgIorral data gnd 
fmn poar quality well logs The temperature a the bare of the ice-bearing pamaha is always O'C 
or less, which tequlres that tk deph to the base of the icebearing p m f m t  must coincide with cr 
be shallma than #he 0% isotherm. The base of ice-bearing permafrost. as detcnnined from well 
logs, Qes not represent an isotherm. Nevertheless, ice-bring ~ a f r o s r  depths can be used to 
project subsllrfax temperature profiles. 

To f d k r  evaluate the temperature eonditians at dre basc of the i cebar ing  lpennafbst, the 
depths of the well-log picks for the base of the i cebr ing  ptrmafrost were plotted cm the qdi'brated 
Zunpmurede@ pfiIw for the 32 wells denoted in column 6 of tabk IL-6. TIC equilibrium 
tcmperstm at the k of ice-Mng permafrost as inteqretcd fFom these ternpaatme pmfiIes have 
b e n  listed m column 7 of table n-6 and contoured in figure R-8. Figure R-9 shows the we of the 
resistivity dnd gamma-ray well logs and l.k nowded equilibrium tempmature profile from the BP 08- 
1 1 - 1 3 weU to dEtetmine the temperature at the k of the ice-hrhg pcrmafbt The depth to the 
base of the ice-baring pamafrost of 585 m was selected fmm the resistivity log far this well. The 
recotlded ~empa;llure profile indicates thst at this depth tht base of Ihe ice-bearing permafrost is in 
equilibrium at a ternpatun of -0.6%. As discussed in Collen and orhas (in press-b) and noted in 
figure 11-8, equilibrium tempratures at the base of the icebearing permafrost an the Nonh Slope 
range fmn 4.3'~ in the Prudhoe Bay ares to 4.8% in the NPRA. Bah the m a  annual surfax 
tunpesaturc map (fig. II-I) and the map of equilibrium temperatures at the base of the ice-bearing 
pamafrosl (fig. n-8) arc wed in this rcpm to project geothermal gradients within the icebearing * =I==- 

Gsahmal gradients needed lo met the depth a d  thkkmss of the gsehydrate stabiliw 
field can be intqmtd directly from recorded equilibrium wnperatm proffiles (table n4. 
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Table IIb. Data b m  high-resolution lernperatm m y s  combined with well-log-determined base of 
ice-bearing permafrost (IBPF') showing temperatures a? that pint ,  geolhamd gdents above and 
below that point. and d o  of the g e o t b e d  merits. Temperature slrrtveys wtre conducted in wells 
considered to b in or near thmal quilibtium. Well katims shown m figures II-5 and IE-6. 

01 @I PI (4 (s) (c) Vl (r 1 PI 0.1 Iil) 
w*r W d W - 4  API apthtc  fmperdun DrptbDo T - w  cwhemd -1 htb Sawec 
h&x rd H h  N-a* #*c r l s u d a e  lutd r l b m  G d h t  Grrdknt W C f r  

-1 OC IB PF IBPF t IBPF k k . r I B P V  
-1 O c  IGW (-1 

SimpmCorcTd 13 
Sim- Ccrr Taa 21 
SimpmColrTac~a 
Simpm Carr Tw 29 
Saurb Bumw T a  WaD 1 
Swrb Bum+ Tmt W d l 3  
umi.t 11 
mumiat 1 
T o p r r n  1 
- 1  
BP 33-12-13 
BP Wlf-13 
BP 19-l&lS 
BP 1-13 
ARCON -Bay St 1 
BP DB-11-53 
BP 31-1 1-14 
BP 11-11-13 
BP 12-11-13 
BP Z?-11-14 
AaCOE&ySt1 
TuL* 1 
WonDerrel 
J.W. rUtm s 
T& 1 

B8y 1 
- 1  
Smrhhbdtl 

1 
ErtSimpKP1 
n w  t 
Drew-1 
r n T d ¶ & p u k l  
H d  K&k@ 1 
M l w 1  
Sornh H e  Bay 1 
A W - 1  
A- 1 
- 1  
UUkrrL 1 
k b s e  Taa Wdl1  
-1 
- 1  
E e b d  1 
Clrming Rim A-1 
- 9  

B-, 1958 
do. 
rb. 
de. 

m c c m h y .  1952 
do. 

m, 196s 
60. 
b. 
63. 

W b n r c h  rad abm, 1982 
do. 
b. 

do. 
&. 

de* 
do. 

do. 
do, 
do. 

& 
&. 
&. 
do. 
dh 
do. 
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NATIONAL PETROLEUM RESERVE IN ALASKA 

We! with Temperatwe Survey 
Well with Debated ice-8earing 

Permafrost Depth 

Fignn NX-5. Laations of North Slop wells in which subsurface temperature data have becn acquired 
within the permafrost sequence. Data for lhese wells are listed in table 11-6. 
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Tabk El-7. North Slope wells with our log-detrwmincd bme of icehring pamafmt in which 
we have dntatcd tempcratum and geothermal gradients frr#n regitma1 North Slope trends etimatcd 
by 46 wells with high-resolution temperature sutveys (table nd, figures II-7, II-8, 11-10, II-t 1, and II- 
12). Well locations shown in figms 11-5 and U-6. 

- -. -. - - - 

01 m n 6) PI or) 
wrll urn- rd r b a l m  

ih T. R f ol To To ClWCb Ccothermrl CLothwrl 
lBPF nt Swdhm at b m  Crdent Crmdlent 

(me-) OC IB PF In 18PP klarr IBW 
*C (cfi) (Clh) 

SouthBumrr4 14 
Sanh B- 13 14 
Swrh Burar* 14 25; 
Sarth Buror 17 30 
Wd* 1 9 
Soulh B- 26 B 
South B m m  15 23 
Swlh&rmr 18 24 
Wa1.tpr 2 31 
M m  B q  a to 
k 8  Riv- 1 4 .  
Dclu Sum 1 10 
M3T-25 25 
K u m  Stam 1 21 
W d  K@ 1 1  1-1 1 3 
?Jemi 3-9- 1 1 3 
R u b  Bay Unh 1-1 9 
lcld Rivcr 1 4 
Hurl 5-10-13 5 
K 4 d  Paint 3%% 25 
Lnlrs79Podanl1 1 
N d  KY- %12-12 26 
T d  F-2 S 
TodiL F W  3 4 
-aka Bay 13-9-19 13 
Kupvuk St.@ 7-1 1-12 7 
h&os Bay IMl Siw 4-1 34 
Au&m U d  F-1 2 
W w  Sak Rim Surs t 2 
M m  Bmy Unit H-1 21 
RUQItm Bay Drill Sita44 M 
Nolrhrmt Eiloen Suts 2 26 
h &os  Bay Unit C-I 19 
North F d l i n  BlufTa S 20 
wsll S4k Rim Sum 2 22 
W ~ R  S& R i m  Stam 3 26 
Wat  S I  k m  Sum 6 29 
F w  l h d  B.y Suro 1 19 
Ct.rydy Bay Sollrh 1 8 
Kuplruk 9- 1 1 1 2 9 
RuQlos Bay Unit E-2 6 
Suts l 2 
Rudhas Bay hill Sim 64 2 
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Tabk II-7. North Slope wells with our log-determined base of ice-bearing pamafrost (IBPF) in which 
we have estimated temperatures and geothermal gradients from regional North Slope trends estimated 
by 46 wells with high-resolution temperature surveys (table 11-6, figures 11-7, 11-8, 11-10, 11-11. and II- 
12). Well locations shown in figms 11-5 and 11-6.Zontinued 

0 0) (4) (9 (0 m fr) PI 
Wd Name a d  # tncrtbn A n  

or) 
Depth Interpdrtad Interpolated Ratio b$ated b$uhd 

Set. T. R # d TO TO G(h/Gft Ge0thmn.l Cadkrrnrrl 
IBPF at Surface at& Gradknt G r a d k t  

(me-) OC IBPF In IBPF below IBW 
OC (Gfr) (Cth) 

KUpnrt W11-13 30 
H- Strts 1 24 
Rudhos Bay Unit NCB-7 12 
Rudhos Bay Drill Site 9-7 2 
Rudhos Bay Drill Site 3-6 11 
Kupuuk River Unit 1B-5 9 
hint  McIntym 2 16 
Kupuuk River Unit ID-8 23 
Wat  S& 25645 9 3 
W a t  S& 2 5 W  11 36 
Wat  Mikkdm Sum 1 32 
Rudhos Bay Drill Sits 1-16 8 
Rudhos Bay Drill Site 7-6 33 
Kupuuk River 1Unit A-8 5 
Rudhos Bay Unit Q3 16 
Rudhcm Bay Drill Sits 13-2 14 
Rudhos Bay Drill Site 145 9 
W a t  S 3  25667 4 7 
Rudhos Bay Unit TERM B a0 
Rudhos Bay Unit TERM C 3 
OIlydyr Bay Sum 1 9 
Milne f i t  1 23 
Rudhcm Bay Drill Shs 123 18 
CPF l(23-9-11-10) 9 
Ruthos Bay Unit X-1 8 
Rudhos Bay Unit Y-1 34 
Orrydyr Bay Sum Unit 1 2 
Kupuuk River Unit 1D.S 23 
Wat  S& 25655 14 19 
Naninrtian 1 34 
Kupuuk River Unit 1E-1 16 
Kupuuk River Unit 1B-1 9 
Rudhos Bay Drill Site 17-1 22 
R u b  Bay Drill Site 114 34 
Orrydyr Bay Strts 2 11 
Rudhoe Bay W Site 16-11 a, 
Kupuuk River Unit 1C- 1 12 
Rudhos Bay Unit TR 15-1 1-12 9 
MP Tract (43-31-11-13) 5 
Wat  S 3  25523 16 36 
Wat  S& 25519 17 26 
MP Tract (22-31-1 1-13) 30 
MP Tract (32-m11-13) 30 



Table 12-7. North Slope we1 1s with our log-detennind base of ieebearing pan~afrust (IBPF) in which 
we have estimated temperatures and geothermal gradients from regional North Slope trends estimated 
by 46 wells with high-resolution temperature surveys (table 114, f i p s  11-7, II-8, 11-10, 11-1 1, and II- 
12). Well Tocations shown in figws 11-5 and II-6.-Continued 
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Figure IT-9, Well logs from the BP 08-11-13 well (well P, table IM) and recorded tempentture profile 
from Lachenbnrch and olhers, 1982. Base of ice-bring p f m a h t  is determined fmm the resistivity 
log at 585 m (measured from srrrface) where temperature is -0.6'~. Depth of the O'C isotherm is 35 m 
deeper at 620 m. Lachenbruch and &ers (1982) calculate a geothermal gradiat of 1.76~~/100m in the 
pmafmst i n k d  and 3.00°~/10(kn below the permafrost interval. 



(ieothamal g d k n t s  calculated fmm the tcmpature m c y s  within the icebearing pcrmafrosc 
section are listed in duma 8 of table II-6 and p ~ n t e d  dong with projected geothermal gradients 
(to be discussed later) in figure IT-10. Geothermal @en& below the base of the icebearing 
permafros~ are listed in column 9 of table 11-6 and conmud with 102 projeckd georhamal m e n t s  
in f i p  IT-1 1. Nine of the 46 sumyed weUs have no geothamal g d k n t s  rcponed below the base 
of tbe icc-bearing pemafmst b u s e  of insufficient survey depths. In addition, the rn- 
g & d  gradients nored in column 8 of Wle n-6 for Simpson Care Test-21 and East Simpson-1 
wme not used a contour h e  geothermal gradient in the ice-bearing permafroa sequence in figure Il- 
EO due to regiod discontinuities in the reported values. 

L r h e n h c h  and others (1982) pointed out that the georhermsl gtadient changes abruptly at the 
base of the ice-beering permafTost due to a change in thermal conductivity resulting fmm pores filled 
with i a  in the ice-bearing pmndrmt sequence to pones filled with water blow the base of ice- 
bearing pcmahsr This change in the g e o l h e d  gradient can be ssen by comparing the gmdients 
listed in columns 8 and 9 of table U-6. The regional variation in Ihe change of thermal mductivity 
fmn gbove te klow the base of the ice-tearing permafrost can Jso be observed by armparing maps 
in figures n-10 and Il-11. The rarios between the geMhamd @ens fmm blow the base of the 
ice-bearing permahPst (em) (column 9, uble n-6) over the geochand padienu kom above ihc base 
of the ice-bearing permafrog (G$ (column 8, lable II-6) given in column 10 of table IIb and 
contoured in figwen-12. Thisxatio(Glt/G representsthemriation inrhegcolhermalgradient 
from within .to below h j c c M n g  madst, and the map in figure II-12 shows that tk ratio 
varies fmm valrpes as low as 1 in NPa4 to approximately 2 ntar Harrisorr Bay. nus the geothermal 
gradient bebw and above the base of the i c c b r h g  permafmsl is the same fa much of NPRA; 
however, in the Harrison Bay region the geothermal p k n t  below th bast of the ice-bearing 
pamalm may be two limes grater than the geothermal p k n t  within thc ice-bming permafrost 
squence. For 11 d the ratios listed in iable 11-6 the calculated values arc less than 1. In Lheory, the 
geothermal gradient within the ice-bearing sequence should be h e r  than the geotthmal @ent 
below the baz of the ice-bearing permafrost if there is no change in lithology (unifwm m k  thcnnal 
canductivity). Thetefore, no ratio kss then 1 should c x i .  The reported values less than 1 genesafly 
mge fmm 0.89 to 0.99 with one value of 0.57. The relative neamess of ten of these ratios to 1, and 
she locations of most of these eleven sites in the NPRA suggest that the geothermal gradient both 
above and b low zhe base of the ice-hrhg permafros~ sequence art approximately the same in these 
wek.  This &Zion in thc reported values is possibly due to inconsistencies in the data and g d k n t  
dculations. 

The high tcsolution temperature surveys have provided 39 geothtrmal grdents within the ice- 
bearing sequence and 35 gradients below tht basc of the ice-bearing pamafrost. Thus a toEal of 74 
gee- gradient values rn cdnsidaed reliable. In addition, the remdd tanperatme p f i l e s  have 
M n  used to project mean annual surfxe temperat- base of ice-bearing pmnaftost equilibrium 
ttmptratures, and ratios b e e n  the geothermal gradients h abwe to b l o w  the base of the ice 
bearing pemdio~  quence ~ r o s s  the North Slm. However, specidc evaluation of subsuzf~cc 
temperature conditions at any one particular site on the No& Siopc is difficult and subject to error 
because of the vasmess of the study area and the limited n u m k  of qsilibrated well-bore temperature 
nareys. Nevertheless, the temperatm data obtained from the high-resolution surveys and h w n  
&bearing pemafmt depths will lx used In the mxt section of tbis r q m t  to pmject gmth#mal 
m e n &  within the mu-surf= sediment package. 

FROJECEU lEMPERATuRES 
A method of evaluating Iocal geothermal gradients has ken devel@ (CoUett and others, in 

--a). This method uses horn ice-bring petmafrost dephs and regional tempearn constants 
derived from stabilized well-bare temperature slwcys (table n-6; figures IT-7, II-8, and IT-12). To 
rehe the resolution of the geothmal @ a t  data for the Notth Slope, a saies of well-bog picks for 
the base of the ice-haring permafrost h m  102 wells have been used to extrapolate temperatme data 
(table IT-7). In column 5 of uble IT-7 are the depths to the hw, of the ice-karhg pamzhst as 
determined h m  well logs. The map in figures IT-7, I?-8, and IT-12 have been used to inkrpdate 
r e g i d  constants at, esch well fm the equilibrium stuf~ce temperatures (column 6, table II-7)" 
temperatures at the base of i ce -Mng  permafrost (column 7, ~ b l e  II-7). and the ratios b e e n  the 
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~~ g d m t s  above and below rhe base of the h M n g  permafrost (column 8, table II-7). 
For a c h  of the welb listed in table TZ-7 a gaothcd  gradient was projected fnMn quiEibrium 

surf~ee temperatum to the inlerpreted depth and ternmure at the base of the ice-b-g permafrost 
(mlumn 9, table I1-7). As discussed earlier, the g t m t h e d  pdient changes abnrprly in many pkes 
at the bmz of the ice-bearing permafrost due to a change in thmd conductivity. The in!cqmhted 
ratios ktween the geothermal gradient above and below the basc of the ice-bearing permafrost as 

from information m the map in figure II-12 are b e d  for aU 102 wells (column 8, table 
IT-7). These ratios were then used a relate the pmjexM geothermal @achenu within the ic~bcaring 
paMfrosr (column 9, table n-7) to the projected geohrmd m e n u  below the base of ice- 
bearing permafrost (column 10, table II-7). The projected gcotheRnal @cnts, both above and b low 
the base of the ice-bearing permafrost, have ken combined with the geothmal p d m t s  calculated 
from tht high-resolution temperature sweys to a m f r w t  maps of the geothamal gradient above (fig. 
n-10) and klow (fig. IZ-1 I) the base of the ice-bearing p m b s t  on rhe North Slop. In the maps 
&own in figures D-10 and II-11, the wells with geothermal @ents ealc3ated h m  the high- 
resolution tempemure sllnrcys have h e n  noted with a Ill, and wells wizh projected geuhrmal 
merits art referenctd with a (set figum R-5 and n4 far detail). 

Figures n-9 and II- 13 demonstrate proceduns for determining the equilibrium lunpaature 
conditions at the base of the k e h u h g  permafrost (as discussed d i m ) ,  and fa evaluating 
geothermal gradients projecred from hown ice-bearing permafrost depths. In figure II-9, the rccordcd 
mperature profile from the BP 08-1 1-13 wcll indicates that the base of the icebeating p m a h s t  
(585 m) is in equilibrium at -0.6 OC. and the ratio is 1.8 W e e n  the rsaded geolhgmal cent 
below the he of tbe ice-bearing permafrost (3.0'~flMhn) and the genhermal gradient above the 
barc of the ice-bearing (1 .7°~/100m). 'Iherc arc no temperature data available for the 
Prudhoe Bay Drill Site 14-5 (fig. II-13), but the depth to ttre basc of th ice-bring pcrrnafrust, as 
determined frum well logs, is 573 m. For this site the interplated mean mud d z c  ternpentme 
is-11.00~(fig.II-7),mdthcbsscoftkice-bearingpamaFrostshouldbeh 'Libriumat-1.0'~ 
(fig. n-8). This Information enables us to project a geothermal @ a t  of 1.7 F C/100m from the 
s w k e  to Zhe bast of the ice-bearing permafrost. The intapolated regional ratio W e e n  the 
geothermal gradients k l o w  and above the base of the ice-bearing permafrosl is 1.8 (fig. II-12) for this 
location. Tharefmc, the gtmthermal gradrent btlow the b of the ice-bearing p m f b s t  at this site 
should be about 2.&/100m. 

DISCUSSUN OF NORTH S W E  NEAR-SURFACE CEUTHEUUAJ. CEEADIm 
A mmprimn of geothermal gmhents calculated from the high-resolution temperature m e y s  

and projected from hewn *br ing  permafrost depths gcnaally agree favmbly wer most of the 
N a  Slope with values in the &bearing sequence ranging h m  1.55°~/10(m in tk Pludhoe Bay 
area a 4.46'~/100m at Fish seek- 1 in east central NPRA. Geahamal gmd~enu calculated fmm a 
series of high-redution tempmure surveys conducted in 1 I closely spa& Psudhoe Bay Unit wells 
(table M; wells K through U) show that local geothermal 'enu mge horn 1.55 to 1.90'~/100 in 
the ice-bring permaErost sequence, and from 2.55 to 3.1 p C/lOOm below the b of the ice-hrhg 
himm. Thus, there appears to bt a local variation in the geothermal @em as great as 
0.62~~/100m in a region that is chanrterizcd by generally uniform rock types and constant cxtemd 
tmnpemure parameters. With our h i t e d  data base, it is impossible to evaluate this range in thc 
calculated geothermal gradients; the range could be due to differences in subsurfaw rock t y p s ,  
-ties, water content, or unkmwn parameters. An mxptained variation in the geothcmal 
merit of 0.62C/100m over such a limited area indicates that gnat care must k employed when 
wing the llepoaed gradients, arnd further highlights the n& for a d d i t i d  high-resolution equilibrated 
mptratm surveys. 

m3. GAS CHEMISTRY 
Tbt n u t  step required before p m c d h g  with the ckteminatim of the zone of gas-hydrate 

aab'ity is the sekfim of a gas hydrate stability curve which k t  represents thc gas chemistry of the 
iksitu gas hydrates. Tht analysis of mud-log gas&mmtographic data from, 320 wells suggest that 
methane is the dmimmt gas in the near-sdxe (04,500 m) sediments of the North Slopc. However, 
analysis of the gas k k v e d  to be evolved Erom the hydraus in the Northwest Eileen Smtate-2 wcll 
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(Cd1et.g 19833) st- a more oompItx gas h i s t r y  tharr pure-me- (table IZ-8). In s t v d  
analyses nitrogem was dft~~ted; this gas inhibits gds-hydrate formation. Rep! analyses of the m e  
mples  =veal a h a t  a lOO% m e t h e  oomposition. The validity, therefore, of the gas analyses Erom 
tk N d w t s t  Eileen State2 well is d n .  

~n figrrre 11-14. difft~cnt p-hydtatc slabfity cwvcs ~ V C  betn d~splaycd with I ~ C  

projected g m h m a l  m n t  fa tk Placid Statel well to show the potmtial effect of nitrogar-on 
tht-and rhichcssofthtpi-hychestabilityfie16 * I h t ~ s t a b i l i t y c m v e s ~ t g a ~  
hydra- with lhrce diffacnt gas chemistries: (1) lOOs mahane; (2) 93% methane. 7% mcrogen; (3) 
86% fibmethane, 14% nitrogen. Tht stasihty cvrvcs have been genaarud by three, fohcorda 
plynarmals calculated by Dm Sloan, CoIoredo School of Mines, Golden, ColoraQ. T k  addition of 
7% niaogen m the pue methane gas m i x m  would shift the stabilia, clwe a the left approrimatcly 
-1 .o'c, and (he addition of 14% nitrogen w d d  shift the curve -2.0 C. For example. rhe bare of ihe 
purt methanehydrate stability field wwld b at 1,320 m in th Placid Statel well, the addition of 
7% nitmgen would shift tk basc of tk gas hydrate stability field up 30 m, to a depth of 1,290 rn. 
The addition of 14% nitrogm would shift the stability b u n d a y  up spproximattly 120 m, to 1zMl m. 
Becaw of t l ~  Iack of data d the uncmtainty in qmted geochemical analyses, the gas-hydrate 
stability calculations in this paper have I>ecn made assuming a jmre-methane chemisv. 

II.A.4. POREWATER S N J M l Y  
Fluid and roek prop#ties m ltnawn to affect the t c ~ m t u r t  at which water frsaEs in tb 

mbd8ce. For example, tbe bast of thc ice-baring permafrost rn the North Slope is not in 
equilibrium a 0% but a bwer temperature (Collea and others, in press-a). 'Ihis k ing -po in t  
dcprtssion may be amibut.cd to thc pscm of dissolved salts in the mfrmm p e  fluids, or to m- 
standard p o r e e m  or to the p a a c e  of chys which exhibit high surf- areas (Osrtrlcamp and 
Payne, 1981). physical parameters that collectively suppress the b i n g  point of water may 
have an effect m ps hydrate equilibrium as previously discussed. Listed in table Il-9 arc 31 wells 
fkan which near-surface (U-1,500 rn) formation-water samples have ken OM fiwn drill-stem md 
pFoduction W, or for which salinity calculations have baen made fran the available well log data. 
lmcgtions af the wdls arc s h m  in 6 p  II-15. Analyses of thc mvered waters indicate !hat the 
-fluid salinities arc low, ranging fmm 0.5 w 18.1 p p ~  To further evaluate wrvoir fluid salinities, 
and to v d y  the rcpoFtes analyses, salinity cafculations have bm made fiom the spontam~us- 
potential well logs within the inttrvals Sisted in table fE-9. 'Rresc calculations were male by using 
canvcntional well-1% intapretation @ms in which the electrical resistivity of the fomtatia 
waters are calculated fmm the spontaneous-potcntiaP device and from which the dissolved salt content 
is estimated (SchIumberger and Mhers, 1934; Wyllie, 1949; Gondouin and athers, 1957). In w e d ,  
tht well-logderived salinities agree closely with the analysis of the recovered samples. 

7 k  spontaneous-potential well bgs for 14 of the wetfs listed in table Il-9 (nored with rn t) 
have been used to gmmtc a serifs of porefluid-salinity profiles within the near-surface sllldimcnts, 
similar to tk W profiles illustrated in figure PI-16 from rhc J.W. Wm-1, Swth H m i w n  Bay-1, 
and Prudhoe Bay Unit N-l, wells. U m x k d  logdcdated salinities from within ice-bearing 
p n d k o s t  and clay-rich hmimns are not valid kcwse of the effect of ice and chy on the 
electrochemical portntial of a watet-reek system. Therefore, d y  mb-pemaf?wt clean sandstme 
units have been examined. The salinities obtained from the p f i l w  fall within fie range of values 
r e p o d  from the analysis of rht m v e d  samplts, wirh a maximum calculated salinity of 18.0 ppt. 
The maximum m r d i x l  satinity of 18.0 ppt would shift Ihe methane hydrate stability c w e  
.ppoximatel y - 1 .o'c. which would umspond to a 30 m upward shift in the b of the mahane- 
by- stability field in Placid Statt-1 (hm 1,320 m to 1,290 m). In addition to reponing the 
calculated saEinities in table If-9, t .  Lhermalcffect an gas-hydrate equilibrium of each nfemced 
d n i t y  has been listed. 'Ilhe madl thcnnaleffect of the d b 1 v c d  salts on gas-hydrate stability an 
rhe Norrh Slope can m y  be ccmsidmed negligible and was nM included in the gas-hydrate 
SmbiIlity dttcrminarions. 

us* POREPRESSURE 
Most gas-hydrate stability studits assume that the subsdace prtt-pmsm @ a t  is 

hydrostatic (9.795 kFaJm; 0.433 psifft). Poreprtsm gradients greater than hyhstatic will 



Tmbk If=$. Gas analyses from cores and flow ksts in Northwest Eileen State-2 (Collett, 1983a). Cmd 
intuvd a65-667 m is inferred from pressure dam to contain natutal gas hydrates and the cored intaval 
is interpreted as gas hydrate bearing from well-1 og responses (fig. 1-2). 

C m  
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Trxe 
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T r e  
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Temperature ( ' c )  

F'@m II-14. Gas hydrate phase diagram for the Placid Statel arc11 shown with t h e  Mmnt gas- 
hydrate stability cuwcs, a h  repmenting a different gas chamisby. 



Table n-9. Near gutEkce (0-1,SOQ m) pclre-water salinity data. S o m a  include analysis of 52 water 
m p k s  recovered from drill-stem and production tests, 14 spontaneous ptential well-log calculated 
d i n i t y  pfiles, and well log calcdated salinities from 36 selected horizons in 18 wells (see fig, II-15 
for location of wells), 
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Figure II-16. Calculated pore-water salinity ptofiles using the ~pontaneous~potentia1 log methd 
heath h i c e k a h g  permafrost in selected North Slope wells (Well 1, J.W. Dalton-1; Well 2, South 
Harrison Bay-1; Well 3, Pruclhoe Bay Unit N-1). See figure II-2 for well locations. Only clean- 
sandstone units have been utilized in calculations. No well log corrections have been used (* denotes 
base of ice-haring permahst). 
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c m q m d  to relatively higher p-prtssm with depth and a thicker gas-hydrate stability field. 
Listed in table U-10 and &noted on the map in f i p e  II-17 are 17 w e b  from which recorded 
pressure data have been used to calcuIatc p-pressure gdients within the near-surface sediments. 
TIE wells in table 11- 10 are divided into b e e  p u p s  based on their lmtion (fig. II- IS). For the 
tight wdls from the Eastern CcmstaI Plain Province the average pare-pressure pdient is 9.817 W m  
(0.434 psi/ft), near hydrostatic. However* m the Wesum Coastal Plain M v h e  and in the Northern 
Foothills Province, the calculated p r e p s u m  gradients am greater Shan hydrostatic, with values as 
high as 13.4 14 kPa(m (0.593 psi/ft). These higher prepresure gradients may be due to mpid 
rtgiorral uplift and loeat kctonic activity. The observed pore-pressure @en& in the nm-surface 
abdimc~ts of the North Slope range from a minimum of 9.433 LPafm (0.4 17 psilft) to a maximum 
13.414 ~P&I (0593 psilft). A bow pweprcssm gradient of 9.433 Wrn (.417 M t }  would 
camspond a a 4 . 4 ' ~  temperature shift of the mdmc-hydrate stability curve. and a 13A 14 KW'm 
(593 psi/ft) gradient would shift ihe stability m e  +2.3'~. In the Placid State-I well. a 4.4'~ 
stability c w e  shift would move the base of the methane-hydrate stability field up appximateIy 20 
m. However, a +2.3'~ shift would in- the depth of the methane-hydrate stability field 120 m. to 
a depth of 1,440 m. 

To examine lraher the r t g j d  distribution of m-standard pwe-presstins, well-log data from 
1 8 wells were considered (tabIe II- 1 1). B e c a w  mks, particularly shales, art subjected to increasing 
over-hden pressures, they are compacted and cawquent transi t-tim e velocities and gamma-ray 
waIucs increase with depth due to formation density changes. However, if a xwk interval is 
ovesptessured it will resist compaction, and this effect can k identified h n  the raconded mic 
transit-timm and gamma-ray log data eJhiaaker, 1985). For example, the gamma ray, resistivity, and 
transit-time plots in figure 11-19 h m  W a t  Sak River S-1 reveal that the pare-pessurc within the 
rmear-sllrface sediment (CLl,%XI m) is at or near hydrostatic. However, at approximately 1,700 m the 
pfoued log vdum deviate born the expcted trend with depth, suggmting the m n c e  of over- 
m u r e d  shales. A review of all the available pressure data suggmts that the pore-pressures within 
th near-surface sediments for most of rhe Cmstal P h  Province are at or near hydrostatic. The 
over-pmured hwizons a p p r  to b limited to the Foothill Province. Because most of the study area 
is within the Coastal Plain Province, the gas-hydrate stability determinations assumed a hydrostatic 
pre-pressure gtadient of 9.795 W m  (0.433 psilft). 

nA.6. PAIEWCLE: GRAIN-SXZE 
Many workers including Anderson md o k s  (1973), Arsch (1979), and Oste-p and Payne 

(1983) have shown that m k  pah she @am swface a m )  affects the fkzhg point of water. 
Hawever, the quantihtion of the Wing-point msion amibuted to the presence of high- 
s u r f ~ ~ e m  maeix marerial, such as clay, is dif6cdt. Andwson and &en (1973) suggested that a 
pureclay could suppress che kzing-point of water scvcral & p s  Celsius. Conversely. And- 
and others (1973) showed chat the so-k particle effect in silt and c-pined mediums is 
negligible. In addition. Pusch (1979) demonstrated that variations in clay microstructure can d e c t  the 
volume of unhzen wactr, lhus further cunplicating fretzing-pint m i o n  calculations. However, 
it is not horn if high-dae-area roclr rnsvrial will affect the thermal equilibrium of gas hydrate in 
a manner similar to that of ice. m e f a ,  it is impossible to quantify the effect of grain size on gas- 
hydmte equilibrium cmditions on the North Slope. I t  is pssible, howcvet. to speculate an regions 
which may be affected by grain-size variations by evaluating local rmk t y p s .  Figure Ii-20 is a 
generalized geologic map of the major tock types within the nea;r-ndke sediments of the North 
Slope. Depicted on che map an two relatively eosrscgraiained scdiment paclrages: one in wcslunml 
WRA; the second extends h n  Harrison Bay to Canada Within coarse-grained sediment, gmin size 
should not affect gar-hydrate stability. However, in eastem NPRA and along the mountain-frunt to the 
cast, a thick =tion of Cruaceous shale occurs near tbe dace. md the= shales may signikandy 
affect gas-hydrate stability. In addition. local geologic features, such as the shale-6Ued Cretactws 
Simpson Canyon, may affect stability conditions. 
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Tabk IImIO. P w t - v i m  data from North Slope wetis obtained from drill-stan or produetion tests. 
Tht dculated pare-pressure gxadjents me shown in kP&n, and are grouped by Iwtion (fig. n-18). 

Depth 
btcnd (m) 
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\WEST SAK 1 

DSf Pressure Data 
Well Log Pore Pressure Profile 

A Both DST and Log Profile Data 
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1 ~ 4 ~  1 52O 1600 148" aa 
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Fipre TI-l7. Locations of m t r a l  Nonh Slope wells in which pore-prcssurc gradiar~ have detu- 
mined. Data sources include drill-stem ast pesm measwemenu and wireline well log calculations 
(tables 11-1 0 and 11- l I). 
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Flgurt II-18. G e e  map of the physiographical pmvinces of the North Slope, showing the region of 
possible abnormal pore-pressures within the near-surface (0-1 -500 m) sediments (table 11- 10). 



Table II-11. North Slope wefls in which wirc-line logs have been used to dusk formation pore- 
pesr~es (= fig. II-17 f ~ r  of welk). 

Well Names and Numbers API # 

Point Thornson Unit 2 
West Sak River State I. 
Prudhoe Bay Unit 14-5 
Prudhoe Bay Unit 17-1 
Foggy Island Bay Unit 1 
South Meade 1 
Tmalr'k 1 
Prudhoe Bay State 1 
Nechelik 1 
South Hamson Bay 1 
3.w. Dalm I 
Cape Halkett 1 
West Sak River State 14 
Kuparuk River Unit ID-8 
East Ugnu 1 
Etkillik Rives Unit f 
West Sak River State 23 
Kuparuk River Unit 1B-5 
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WEST SAK 1 
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Fitt  II-19. Well log compaction (pmpressure) profiles from West Sak Rivu State-1 (table n-11). 
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Table II-12 presents s summary of the assumprim we have made in determining the extent of 
the mne of gas-hydrate Wity. The metham-hydrate stability curve used for this study was b a d  
on a stability modcl end expaimental a l t s  plblished by Lcwh and Associates. Inc., (1983). Ihe 
srability e w e  has been simplified as as a n  of into two quations; 

T k  P&h) teprcsents the w i a t i o n  a folmatiwr pressure in M o m s  of a merhane hydrate at a 
given lempratm T (K). For the plnposc of esl~lating S U ~  gas-hy- stability condilions. 
the variable T (K) m n t s  the quilibriurn temptratwe in Kelvin at any given dcprh. 7he depth 
v d w  of the stability curwe can t~ dculazed by means of the equation by converting the derived 
~ u r e  using the local p r e p m u r e  gmhe-nt. As peviously no124 the xegional pore-pressure 
w e n t  is near hydrostatic in the near-surface sediment of the Nwth Slope, and fa the purpose of 
W study, a pompresme p d i  wt of 9.795 kPdm (0.433 psl/Ft) was used. 

A camputer program was wrigen to facilitate calculations of the limi& of the gas-hydnue 
stability m e .  The gas-hydrate stability pro- q u i r e s  as input the mean annual surface 
temperature (table II-13. column 6). the depch to the base of the icebearing permafrost (table II-13, 
dwnn 51, the temptratwe at the base of the ice-bearing  st (Mle II-13, column 7). and the 
d o  &ween the geothermal gradient h m  a b v e  to below the base of the ice-bearing perma6rost 
(table II- 13, column 8). These data wme obtained by inkplation from tfit maps discussed earlier. 
The program will project the geothermal @mt above and below the base of the ice-bearing 
pmfmst (table ZI- 13, columns 9 and 10) and calculate the depths of the upptr and lower 
i n m t i o n s  of the methane-hydrate stability curre and the projected geothermal gradient (table II- 1 3, 
columns I 1  and 12). In addition, &e piom will allow the llser to input georhermal gmhenrs from 
other mnws. 

Depths of the dcufated upptr and lower boundaties of h e  methane-hydrate stsbiIi~y field for 
the 124 wells considered are listed in columns 11 and 12 of table TI-13. The depth to rhe top of the 
methane-hydrate stability field (table la-13, mlumn 11) has been con- in figure II-21, and the 
depth to the bast of Ihe stability field (table 11-13, column 12) is shown in figure LI-22. In addition, 
ahe dculated total thickness of the methane-hydrate stability field within a h  well is listed in 
column 13 of table XI- 13 and isopgched in f i p  II-23. Figure 11-23 reveals that W mezhane-hydrate 
stability field on the North Slw is thickest in the Prudhoe Bay anx, with calcutated values slightly 
greater then l,a)[) m. 



Tabk ll-12. Summary of the physical parameters that conml gas-hydme stability and rhe assumptions 
that we made to calculate the thichess of b e  gas hydrate stability fidd on the North Sl-. 

1. GAS -TRY 

Assumed 100% m e w  

Within IcGBcarirrg P m m h s t :  
lSSTjl00 m ta 4,46°C/100 m 
fl.bb Dd md IZ-7) 

CllcuEsted rwgc of 0.5 to 18.0 ppt 
(rssumod fresh w* ?m thamd effect) 

S. ROCX GRAIN-SIZE 

k s g u m b d d s i z l e o r l P g a  
(no thEnnal effect) 



Table II-13. WeUs and data wed to calculate and map the depth and thickness of the methanehydrate 
stability field on the North Slope of Aisska (figures n-21, EI-22 and fI-23). 

2 C m h B . a ~ r r T s W d l 4  
!ku&Blrro+TmWdllS 
S d  Brnorr Tmt W d  14 
w-1 
war Daus 1 
Sanb Bumr Tat Wdl20 
ScruthBrmrrTatWd15 
k t b  B m w  Tat Well 18 
w.LLI* 2 
RuQwreflry 1 
S y R i v w 1  
r)thrsruk1 
gP 27-11-14 
Soeil 31-25 
w a  %upuPL 3 11-11 
Hemi 3-9-11 
PrudtPe Bly Udr, 1-1 
mRiw1 
BP W21-13 
X-W E1CI3 
K.& M 32-35 
W 7 9 F a d e n l 1  
rJmb Kupuulc 241212 
BP 19-1015 
TmIJEFsdcal!Z 
Dl' 33-32-13 
M RudbotB8yStm 1 
BPBI1-33 
BP 31-1 1-14 

SUB 7-11-12 
R u d & z c ~ y ~ S i t c 4 1  
BP OB-11-13 
Prudha Bay Ud F-1 
BP 11-11-13 
Wan SIL RimUait 1 

Iky Udt H-1 
-B.yDdllsiwCb 
NdlwatEilsmSute2 
h a m  b y  thrft C-1 
Nath F& B M a  1 
En Bmy Sure 1 
W a t s . t R l ' v 0 1 ~ 2  
W m W W S u t s 3  
W a S r t R m m S u r t 6  
FgCTLI.ndhySrne1 
wyr%-1 

P t 1-12 
h l  
- B a y m * 6 4  
Hl&lld Smre 1 
R u a h a l h y M N G G 7  
BP 12-11-13 
REdha&y msiW9-7 
* & y W S i r s %  
ltrpurrL Rivar Unir I bJ 
m w y r t . 2  
EnpNk Zlm ud 1 P B  
War  Sak Rim S- 9 
W a ? s . t R i ~ S y r ~ 1 1  
WorrMkk*Surtl 
Ruaha &y M U  S b  1-16 
RudbotB4ymlSnt71  
Kqu& Riva  W lk-& 
R u d h a B m y M Q - 3  
~ l h y ~ ~ I S 2  
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Table n-U. Wells and data used to calculate and map the depth and thickness of the methanehydrate 
aabili ty field on the North Slope of Alaska (figures 11-2 1. II-22 and n-23) .-Continued 

a 
67. 
48. 
a. 
74 
71. 
n 
73, 
74. 
75. 
76 
n. 
78. 
79. 
UX 
UI. 
82  
13. 
84. 
85. 
8 6  
n. 
as. 
69. 
90. 
91- 
9 2  
93, 
94. 
95. 
96 
97. 
98. 
99. 
100. 
101. 
la 
102. 
10Q. 
las. 
1 06. 
107. 
1 m. 
I@. 
110. 
111. 
112 
113. 
114. 
115. 
1 16. 
117. 
11s. 
119. 
120. 
121. 
1Z1. 
123. 
124. 

RPdbos &r Ikill S b  14-5 
WasAkRira4 
~ B a y ~ ~ B  

Bay M T E R M  C 
Wr &Y Sr*w 1; 
W a a M l l t 1  
~ B a p I h i U S i t e 1 2 - 3  
Wmt Qk CPF lI23.9-lt-IO) 
Rrdboc BBy tlait X-1 
-Bay M Y - 1  
OqdyTBmySuleUPrirl 
klpmk R l w s r u  1IlS 
wm Sak Rira 14 
N & ? h  1 

RivmtTnir 1E-l 
KqM& Riwm M 1 B - 1  

BWY I)rill Sitc 17-1 
msitc114 

wyr &Y s- 2 
RudhrtBmyTMlSirelbII - Bay Umr 1R 15-1 1-12 
xqan& Rivar U d  EC-1 
MP TM (4131-11-136) 
W a r s . L ~ I 6  
W a n h k R i v a I f  
W TM 122.31-11-13) 
MP TM 62Xh11-13) 
Rudbos b y  MTR T-X: 
&pm& Rivo Uair 1C-I 
War U Riw El 
Wm S u i n a  1 
Em MilrltebmBry I 
won Suiasl2 
MmTbcrmoa~l 
RimThmr#mthil2 
F k h c r d l  
CahrilleDebr1 
Clpe mull 
h d l k h m m E k y 1  
Ari#m k 1 
WaS.Lhw15 
W a t W b y a r n  
wat s4k R t r a  1s 
A- Z 
SauhWrdsl 
- 1  
SuictMf 
Edl& 1 
rvLhrlrW1 
Simplm h Ta 23 
l h m P a i a 1  
-1 
Eutsimpronl 
J. W. mim 1 
l h i w  11 
E u t b t  1 
-1 
- 1  
M B y  1 

ION 
ION 
11N 
11N 
1m 
13N 
10N 
11N 
1im 
1lN 
1m 
11N 
t l N  
t1N 
t l N  
1tN 
I O N  
11N 
12N 
ION 
11N 
11H 
ION 
11N 
13N 
1 IN 
1 1N 
1 IN 
11N 
12N 
9N 
9N 
9N 

ION 
9N 
11H 
E3H 
16N 
12N 
14N 
S O N  
9N 
1lN 

33 
1m 
14N 
284 
1N 
1s 

19N 
1 IN 
13N 
18N 
1 IN 
IN 
is 
2s 
7N 
1m 

l a  
OE 

1 3E 
13E 
13E 
1ae 
15E 
lo&! 
119E 
1 3E 
l p :  
la 
9E 
IZE 
I@ 
1tE 
1SE 
1SE 
13E 
1SE 
1ZE 
loe 
13E 
a 
9E 
13E 
1% 
1SE 
lo& 
9E 
23E 
21E 
UE 
23E 
ZZE 

I f  
a 

2w 
ZE 
ZE 
#E 
E 
E 
m 
19W 
26W 
i 3E 
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14E 

1 l w 
sw 
law 
low 
sw 
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CHAETER IIL GEOLOGIC SETTING 

QI.A. REGIONAL GEOLOGY 

chapter on plogie 6 g  is divided into two sections: Section "A" W s  with a mvkw 
af the r e g i d  geology of the mdy In Section "8" the local structml-slmti~hic framework 
in She h d h w  Bay and Kuparwk Rver anta is dehbsa. 

The North SIT of A b h ,  one of s e d  p~~Iwm-Ixmhg arms M n g  tht Aretic Octan 
(fig. III-1). tnoornpasses all of the lmYd north of the Brooks Range drainsge divide and is generatEy 
mwiviikl into three physiographic provinces, h m  m t h  to north* the Brooks Range, tht foothills, 
and the c m d  plain (fig. III-2). Oriented in a subpadel at-west dinzticm, tkse pro*= reflect 
URderlying geologic trends. The three main structm.I elements that compose the Narth Slope are the 
Brooks Range mogen, the ColvilIe trough, and the Bamw arch, all of which mmqmnd generally to 
nhc respective physiographic ptwinces (fig. III-3). 

'Xhe Barrow arch is a braad regional b m c n t  high that m t e s  the Colville m g h  lEHrm the 
prwent Arctic Ocesn basin. The basement, at relatively shatluw depths almg she Barrow mh, dopes 
genlly suwthwsrd and mches a &pth of abut 20,000 m in the Colville t r ~ ~ g h .  The muthem part of 
the trough is overridden by the Bmks Range mgm, which mtains baseanent and yollnger rocks. 
T h e  structural relations art diagrammatidly illustrated in a crass seetiun trending north through 
Point Barrow (fig. m4). 

Much new infmdon on the stratigraphic and *hum geology of the Nmth Slape has been 
puMishad since the summary by Bm@e and Tailkur (1971). This new infm!in includes 
publications on the NPRA by Carter and others (1977), Bird (19'781, Bird and ahen (1978), 
AhIbrandt (1979)- Magoon and Clam1 (1979), and Bird (1986); on zhe Bndhoe Bay arta by the 
Ah& Geuiogical Swiety (1972, 1977,1979), Jones and Speers (1 976), Bird and Jadan (1977), 
USGS (1 978), and Mulemar and othm (1986); and ort the Arctic National Wildtife Range (ANWR) 
area by Reiser and others (1 978), Armstrang and Mama (1975), httmm and others (1975), Sable 
(1977). G m t z  and Mull (19781, KososZrf and ohrs (19783, Palmer and others (1979), Bird and 
Magoon (1987), and Tailleur and Weher (1987). The tectonic seaing of tfse North S lop  in tehtion 
to adjacent &&re attas has k e n  summ- in Gmtz  and others (1975,1982), and Gma and 
May (1983). 

The bedded rocks of lthc North Slop am bt eonvGniently groupad into k c  axpfiocs that 
Mect major e p W s  in the tectonic development of the region and, to a &gm, its lithologic 
c w t e r .  Defined on tht basis of swrce these sequences, by m d  (1973) and 
appW to d m  Alaslra by Grantz and othm (1975) are, in ascending order, the F m k h a n  . * 
(Cambrian through Devonian), the Ellesmerian (MMssipph through Jurassic), and tht Broddsn 
(Crttaceous to Holoce~~). The areal distribution of these sequences and signsfmint m d  m d s  on 
she Nmt?~ Slope ate shown on the map in figm III-5. Figures EI-6 and ID-7 w t y  summarize 
these sequence and theit component farmations for the w e a m  and eastern regions of the North 
stape. 

1 .  

FRAlVUNIAN SEQUENCE 
?he FranZ;luuan (PteMississippian) sequence is generally considered m p q x c t i v e  far 

poIcum m the watem North Slope area. This sequence is kst  h w n  in the mKthem Bmks 
Range, whee it consists of a variety of deformad and mildly rnetamurphoscd clastic and & m e  
gemymhal mks ( R e k  and others, 1978; h s m n g  md Mamet, 1979. Most wells drillad into 
this sequence have penetrated argiIlite. Ordovician and Silurian gmptolites and chitinomans have been 
move& froin ~ argillite at Point Barrow and mdhm Bay and Wdd, 1979. late 
Devmh orogtnic uplift in what is now mrthern Alaska shbd large amounts of clastic bebris 
muthward. Thick c W c  wedges, compcml mainly of quartz and chen (the Kanayut Canglwnmtc 
.nd its marine equivalent, the Hunt Fwk Shale), llre present in the Brooks Range. Subsequent erosion 
and mbsidenct of she Devonian q c n  provided a platform for deposition of the Ellmerim 
qt3noe.  



Figure 1311-1. Incation of the Norlh Slope of Alaska in relation to other chum-&tic lards. Ocher 
pwokum-beuing anas include Arctic USSR, Mackenzit Delta, and Canadian Anctic Islands. 
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NORTHERN BROOKS RAHGE I WORTWERHFOOIHlLLS 
AND SOUTHERN FOOT HILLS I COASTAL PLAIM 

MI?? 40 10 t w 1w ROO rCO I S 1  W L C l  m 

toe ?me LOO 1-0 WY 

F@rc m4. Diagrammatic north-sooth noss section through NPRA (see f i p  In-3 for I d a n ) .  





AGE LITHOLOGY STRATIGRAPHIC NOMENCLATURE 

S W  NE 

HORTH SLOPE 
ori  AND 

G A S  FIELDS 
- . . . .  . . I .  . . .  . . 

OYATERNARY Ma :.-, :.. . . . _ .  . . ' .  ---: . . Gubii Formation mnd mrficial dlpnaita 
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u d 8 t 0 ~  d the Sagnvanirktdt Forrnrtbn 
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Figure md. Ocnaalized swrigraphic column for western Nonh Slop, exclusive of the allochthmous 
rocks m the Bmks Range, showing matigraphic l d o n s  of pemleum-bearing fanations (Bird. 
1 986). 



EXPLANATION - 
* 0 

I 

Figure IIT-7. Genedud stratigraphic column for n d t m  pan of the ANWR showing oil-bearing 
f o d o n s  west of ANWR and potential source rocks. V d c a l  scale is not unifm (Bird and Magoon. 
1987). 

CHAPTER Ill - GEOLOGIC SEI-rmG 



EKESMERiAh" SEQUENCE 
The Eltesmerian (Mississipp'm to Early Crttactous) segwnce reads a ma@ northward 

advance of thc sea The quence consists of shallow-marine and RMlmanjre c W c  mb, composed 
p c b m h n l l y  of quam md chert, and of platForm almnate rocks. Such fatuns in the mks as 
northward onlap, increasing grain size, dmmsing stratigraphic thickness, and n u m a w s  
d a m i t i e s  suggest that the ancient shoreline lay near the m n t  coast and that the open &an 
wsr to thc mth. Mods of mild tectonic activity and local volcanism are represented in the lower 
parl; of tht sequence (Reher and othas, 1979). Differential subsidence accanpanied by faulting 
acated k d  basins (far example, the lkpikpuk and Meade basins) cmtaining as much as 5,000 m of 
Cdmnifmus and Permian rock By Triassic time, moa deformation encM and consgguenr local 
variations in sedimentary thickness were elhinatal. 

Mississippian clastic mks and cud of the Endicon Group unconformably overlie steeply 
dipping, mildly rnetamorpbd b m e n t  of the Franklinian squence. ahe c W c  m k s  gmde 
upward and laZaally into shallow-marine m b R a t e s  of Cahniferous and Pamian age (the Lisbume 
Group). Southward relrtat of thc sea during Permian time terminated carbonate deposition and 

a regional unconfmity that f m n c a ~ ~  older sedimentary deposits in the narth. After the 
mwthwd readvance of the sea, clastic dimenlation predominated Important sandstone m o i r  
trrks w t ~ e  deposited drPing the Permian and Triassic (the Sademhit Group), Late Triassic (the Sag 
River Sandstone), Middle J m i c  (unnamed sandstune), and Early -ous (the Kupmk River 
Sandsttme). AU sandsme units are of limited areal e x t a t  and grade southward (downdip) into 
aiftstanc and shaIe that are potential saurce mks. Important poleurn-mequality shale was 
-sited during tmmpsions in the Middle to Late Triassic (the Shublik Farmation), Jrtiassic and 
Early Cretaceous (the Kingak Shale), and Early Cretacews @ebblc M e  unit). 

The following differems in the EUesmerian sequenee on the Barrow arch ktwm the NPRA 
and thc Prudhoe Bay area are nmworthy. In thc NPRA the Elksmerian sequmm @lays 
mccwively northward onlapping nrk units. In contrast. at h d h o e  Bay and eastwar& very little 
anlap is ovidcnr instead, the entire sequence is m c a t d  and over-lapped by Cretaceous matine shale. 
This tnncrUion by Lstc Jlwssic-Early Cretmous subaerial d o n .  relawd to riftmargin uplifl is 
postulated a have impnoved the porosity of exposed EUesnaian mmoir m k s  by leaching (Melvin 
and Knight, 1984). Overlap of the mmcated sequence by Octatxous scas juxtaposed potential 
(Cretaceous) so- rocks and reservoir rocks. This relation of rich Cretaceous sourct mks to 
porosity.enhanced memoir mks occurs only I d l y  and on a small scale in the WRA 

In the B m k s  Range. the EUesmerian sequence consists of a variety of rock types that have 
been juxlsposed by faulting: thcsc m k  types include Mississippian shallow-marine elastic locks (the 
Endicwt Group and the Nuka Fwmation), shallow- to deepmarine C&KNUE m b  (the Uburne 
Group), PennsyIwhu through Jurassic silicaus shale, chert, and minor amounts of limestone. local 
oil shale of Mississippian. Triassic, and Jurassic age (Tailleur, 1964)- and intrusive and abusive basic 
ipmm lab an lolorn from the Mississippian. Permian. and Jlrrassic age (EUersieck and others, 
1979; R c k r  and others, 1979). 

BROOmAN SEQUENCE 
Tbe B e  Range mogeny drastically changed the p a l e o p p p h y  of Arctic AlasLa Nonhem 

m were rcplaccd by mhem sources-th m e  Brooks Range. Initially. however, sediment 
was sql ied from both northern (Ellemenan) and sourhem (Bmkian) swrces. As the Brooks Range 
was uplifted, regional subsidure immediately to h e  north formed the Colville trough. Subsidence of 
the rifted northern knd arca took place by northward downwarping and by normal faulting 
cancenwcd dong a linear m e  approximately parallel to the present shoreline. Ihe resulting 
-ape. the B m w  mh, is a linear b a m ~ c n t  ridge plunging to the mtheast. Numerous oil and 
gss fields, including the Rudhoe Bay fiela an situated along the aesl of this featwe. Gmtz and 
Mhers (1979) postulated that the Barrow arch is but one of three segmenu of contrasting wd 
s&atipqhy that make up the continental margin n m h  of M 

Phsent-day H a r m s  and most s t w P m s  on the Nonh Slope an relalsd to che Bmlrr Range 
mgcny. The driving fm for that widespread and long-lariting period of deformation is considered 
by many to bc rifting and rotation of nmthrn Alaska away from the continental margin of nonhem 
Csnada (Grana and others, 1979). D e f o d o n  in much of the B m k s  Range is charactaized by 
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east-rrmding, low-angle, -ward-yielding thrust faults. Aggregate shorte~g by 100 to 500 km is 
for those faults in the western pan of the range (Snelson snd MUeur, 1968; Tailleur, 1969; 

M, 1970; and Mayfield and Mhers, 1983). A comparable amount of shortening is p l d a t d  for 
tht ccnPral Bmks Fhge (Butler and othas, 1985). In the northtastern part of the range, however, 
&formation is charaetaizcd mwlt by vaical uplift and folding, and by high-angle m m  faulting. In 
me soulhem loorhills immediaccly nonh of the Brooks Range, structural style r s u n b l s  W of tk 
m g e  itself; &fmalim diminishes mmthw8t6 in a series of Linear detachment folds (fig. ID-9. 

'Ruaughout the uogeny. large volumts of cIastie &Anis were shed from the rising Bmks 
Range narthward (and pmW1y mthward as w d )  into a f c m k p .  Older uplifted scdimattq rocks 
~b tk mthwesl  and y m g a  deeply bllricd sedimentay &psi@ to the northeast indicate that the 
-en and foredeep migrated northeastward. The oldest BrooLlan omgenic &posit (N60comian) is a 
ilysch-likc seqncnce of turbidiks (the OIrpihak Formation) exposed in the B m b  Range and 
southern foothills. To the north, in the subsdace, is & pbble shale unit, slightly younger the 
Okpilavak Formation. This black marine shale, partly of northern derivation, forms part of a sequence 
of Cretaceous shale units. 

Throughout the & d t ~  of and Tertiary time, peridic influxts of 
hgenous debris accumulated in thick clastic wedges in the CoIvilIe mugh. Prominent among these 
deposits art the lxlwer C-US Fortress Mountain Formahn, the Upper ]Cower and lower Upper 
m e o w  Nanushuk Group, and the Upper mtaceous to Tertiary Sagawnkhck Fomtion (figme 
m-8). Perids of W v e  basin gubsiitenct sepmted these wedges with thick marine shale sectims; 
the dqmmter of each wedge is d r e l y  farther north;east. The dqmenter in the middle part of 
Crttaceous time was southwm of tht NPRA, whereas dqmmters in hte Cretaceous and Tertky 
time was near Rudhoe Bay and p t l y  offshore. Most oil and gas fields in the NPRA and i # v d  of 
the latest discoveries east of Pnmdhoe Bay are in Brwkian rocks. 

IXIB. GEOLOGY OF THE PRUDHOE BAY AND KUPARUK RIVER AREA 

ReIiminaty review of all geologic including Srilling pIanq wen histories, daily drilling 
m, mud reporrs, coring infomation, and geophysical well logs, indicate zhat in-situ gas hydrates 
occur only in the h d h o e  Bay and Kupsruk River area of the North SIope (to he discussed in C h p r  
nr). Therefore, in this section of Chapter IlI the local p10gy within the Prudhw Bay--Kupatuk 
River area is &suiM. The distribution of the major oil and gas accumulations is cbter i zed ,  
followed: by a description of the near-surfxe stratipphic framework developed as part of this pject. 
This chapkr will conclude with descriptions of the powndal gas-hydrate reservoir mks, and a 
chou;w=terization of possible hydrwubn traps within the Srudhoe Bay--Kuparuk River ma 

The Prudhoe Bay--Kuparuk River area shown on the map in figure III-9 and in the ems 
&s of figures III- 10 and m- 1 1 encanpasses six known oil accumulations including rhe slrper- 
giant PNdhoe Bay oiI field (1) with W c t i o n  from the Sderochit Group. The m n d  largess 
pPoducing oil accumulation is w i t h  the Kuparuk River Formation, with pmhction in the Kuparuk 
River (field no. 2, fig. m-9) and M h e  Point (field no. 3, fig. III-9) oil fields. Other, deeper, reservoits 
m t l y  brought on-line are within the Liburne (4) and Endicott (5) Groups (see Bird and Magoon, 
1987, for wmplete references). Reservoired within 1,400 m of the surface in the Sagavanirktok 
Bmation of the Kupmk River ma is an estimated 26 to 44 billion b I s  of heavy-oil and tar 
(Werner, 1987). These oils are nmwhed within a series of sandstone units which have been 
grwped into two packages infmally referred to by ARC0 Ahdm as the West Sak and Ugnu e. 
These oil h h g  sands are of particular inmest because some of the oil is resenmired within the 
rpne of methane-hydrate stability, as descn'bed in Chapter 11 and shown in figure III-11. This relation 
d be f d ~ r  explored in Chaprcr IV. 

The zone of methane-hydrate stability in the Prudhm B a y - K q m k  Rivet area is limited to the 
Bnmkh sqmee of rocks, as shown in figures III-10 and Ill-1 1. Therefwe, the reminder of this 
cbptcr will deaI with the k e b p c n t  of a stmigraphic-sttuctwal framework in the Brookiafi rocks, 

llLS.1. Stratigraphic kamcworlr 
To investigate possible geologic cmtrols on the occmnce of in-situ gas hydrate, well-log data 

fmm lQ6 wells have k e n  used to c m s m c t  ten d d l c d  gmtogic cross sections (lo68tions shown on 
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Wgme m-8, R e g i d  stmigraphic section of C n  and Tatiary rocks Frwn ccnttal Nordr 
Slope Its nwrheastem North Slope. Series and stage bunchits (shwz dasW fnes) arc approximatt, 
Well depths rn in thousan& of Fatt (Molcnaar and others, 1986). 



NPRA 

Ffgmc IlI-9. Distthtion of oil aecumularicms in thc Ru- Bay--Kupmk R i m  a m :  E] Rudhoe 
Bay Qmductim from Sadwoehit Group), 21 K q m d c  River Iprroductim fmn K u W  River F m -  
tion), 31 Mlnc Point @reduction from Kupatuk River Fmatim), 4 ] Lisbunre Wuction from Lis- 
bum Group), 51 Endicde (pmduction from E n d i m  Group), and 61 West Sak--Ugnu sands (paduetion 
fmn Sagawmhktok Fonnahn). A h  shown sre rhe hation of the cross sections in figures 111-10 (A- 
d" md 111-1 1 (B-B'). 
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mt map in figm III-12) within the uppa 2.000 m of sediment in ihe Rudha Bay--Kuparu)r River 
am, Thc stratipphk Eremework developed from these noss s z t h s  is b a d  an 22 markers picked 
fhm Ihe gamma my and electrical rtsistivity well logs. &h log m d e r  represents an abrupt 
liWogic change that Mutes s m b l e  characteristic rertsponse on the logs. 'lhe 22 markers are 
W l y  ptrsismt and wac uscd define the ugper and lma boondaries of saatigrsphic imits.*To 
;- the regional stratigraphic rcfations developed in thsc CYOSS sections, eight of tk wtUs 
umI to ##~struct the gadogie-fiamcwurk have been diqhyed in t h e  mmMon sections In f i p s  
mi3, m-14, mr15* 

Thc remainder of this discdon rn tht stratigraphic-heworlt in rht h d h m  Bay-Kqmmk 
Rivtt ~rrul is limited bo a deaiptim of the nxk units abavt thc Lower Crttacxolps U&mity 
0 @kka 1 of this study; table m-1). Locally, the h w e r  CSz- unconformity cuts into tht 
King& Shale, and is ovalain by the pWEe shale unit. Howtvtr, in the Kupruk River area Ehe 
ptbbIe shale anit may CMLfmnab1y and gradationally owmlit the Kuparulc River F m t i o n  without s 
W in dimmtation. AU of tht rocks above the pebble W e  unit are assigned to rhe B d a n  
sequence, a thick, -1y prograding, basind, basin-slv, shallow-marine, and mmarint mup 
of shelf &pasits derived h the antxstral B m k s  Range arogenic Wt to the mufi and southwest. 
C a r f m b l y  overlying lthe pbblt W e  unit is zhe Hut Shale (Molemar and others, 1987). The base 
of the Hue Shale is ptaced at the hase of the lmtonite W above the m-bemtonitic pebble shale. 
This lithologic change also cuincides with m y  incteased gamma aadiatian, the gamma-ray zone 
( G W ,  The top of Iht Hrre Shalt west of thc Kuparclk Rivtr oil field arca coincides with thc lop of 
the GRZ (Market 5). h this m a ,  the pbblc shale unit is o v e r i n  by shales of the Tomk Formation, 
which grades up into interbedded ~~ndszones and shatts of the overlying Nanushuk Group. The 
Tmk-Nanushuk package repmmts a norrheast pm~padhg m h t  to mmarine &hic sqtnw. The 
Kuparulr R i v e  oil field area represents a @ansition m wherc Iht Tmk-Nanushuk sediments thin 
-idly castward to a thin, distal shale squtnct within the Hue Shale. Tbtrefore, MarZrers 2, 3, md 4 
(mbk ID-1) -t markers equivalent to the base of the Tor&, top of the T m k - b e  of the 
Nanusfruk, and top of the Nannshuk; Marker 5 idenaes the tq of tht Hue Shalt. 

The Canning Formation was narmd by Molenaat and others (1983) fur a thick, h h m t l y  
shalt unit h t  conformably ovnlies thc: Hue Shale and @&tionally Wetlies thick &ltaic depasits 
of the Sagaranirktok Formahion. It was not swpising then that for most of the Bay-Kypantk 
River mxi, we were Ynabfc to identify a distinct litholo@c Rlarlrer to reptcstnt Ihc contact between 
thc Cgnning and Sagar-k formations. No famd minology is in this report to &suik 
tk m k s  within these two formatiom. 

Overlying the hop of thc Hw Shale (Marktt 5) is a rdatively thick btonitic shale w i h  minm 
thin sand W. TIE top of h i s  prcQminant M e  StQwnot is marksd by a distinct gamma ray Iog 

(Marker 6) which 8- to repsent  tl M - w i d e  marine transgression, This ~~c is 
garcratly considered to be a basin or $1- &mt. Between M e r  6 and the surfact is a thick, 
shallow-marine and nonmarine, sudstone and siltstanc sqww which can be idcntifid on the well 
Bogs as a distinct ccYarsening-upward dtposir. The sandstone sequence canformably ovulits the dude 
on most of rhc Norfh Slop, but in s e v d  we& mt of Srudhoe Bay h is an unconfonnity at the 
bZrPt of the sandstone. In the gtca of the ~mconformity, a conglomeratic sandstone rtsts directly on 
marine s M e  with no angular discordance. 

'Ihe laterally @stat  ident iWt  mrkm within the mcWm q u e n e t  (Markers 7 
dmmgh 11) delineate the heavyail- and tar-Mng Wcst Salr grid Wpu sands. two mds arc 
heqmkd as Upper Crewow and Tertiq shallow markc and nwrmatinc deltaic deposits, 
e v e r y .  The Wcst Sak i n ~ d  repmats a innsition from inner-shdf deposition for the l o w  
manh to delta-front deposition for the upper m t m b  (Wmer, 1987). The top of the Wcst Sak 
( b k b  9) is =prated h m  the base of the overlying Ugnu (Mafker 10) by a regianaZly extensive 
M e  and mldstone ranging in thickmess fran 30 to 45 m in LhE Kuparuk River oil field m The 
Luwer Ugnu mds, a~ described by Wma (1987), a w t l y  span the Oeta~cous-Ttrtisry l m d q  
with the basal: put of the Lower Ugnu sands being h e  Cretaceous (Memichtian) and the uppa part 
of tk LUWM Ugnu king hkmae in age Stratigraphic ~htjonships indixe  Lhat tht CftfsCtMLS- 
Tertiaty boundary is CWlfmabk. 

The rock pachge overlying Lhe Ugnu sands, Marlw 11 m M u k r  16, is c h m c m h d  
m m m u ~  m n h g - u p d  and fining-upward &tone and siltstone sequences. In general, the 



Wemt Sak- l l 

> Cram8 Ssetlonm 

F ipte  mwlZ Map of the Pmdhoe Bay-Kqmk River area showing the bation of tk ten crass ss- 
lions (solid Lines) used to consrmct (he near-surface stratigraphic fmenorl. A190 shoom (dashed lines) 
arc carelation sstions A. B. and C from figures 111-13. 111-14 and 111-15; A, wells uscd in cmhtion 
s b c h s .  



Kuvaruk River Untl 10-8 R u d W  Bay lkrtt 0-3 
6002920266 5002020322 

F'ipre IEf-13, Four-well m h t i m  section m rhc Kuparuk Rivtt-Fndhoc Bay regim iflustxating 
stmri~raphic relations in the Bmkian sequence. Set figure III-12 for Eocation of &on. 



M#ne Poht Unit A- 1 Long Island- l 
5002920378 6002921045 

Figure m-14. -we11 correlation =don m s s  !he Kugaruk River--Rudhoe Bay region Uus?rat- 
hg smtigraphic relations in the BrooLian sequence. See figure m-12 for location of section. 
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Figure afe15. ü well comWir>n section across the Kup& River--hdhoe Bay region illustrat- 
ing stratigraphic rcfaticms in the Brooldan sequence. See figure m-12 far location of section. 
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Tabk Ill-1. Listing of gwlogic Markers 1 h g h  22 used lo construct che snatigxaphic fnmwork in 
the Rudhae B a y - - K m  River llrea and their -graphic equivalents. 

Marker Number Stratigrmphk Equivaknis 

17 Eocene uncmformity 
16 Base Eocene marine transgression 
IS 
14 
13 
12 

Top Ugnu sands 
Bast Ugnu sands 

9 Top Upper W a  Sak sands 
8 Bas Upper West S w a p  Lower W e t  S& sands 
7 BE Lower West Sak sands 
6 
5 Top of High Gamma Ray + Fop Hut Shale) 
4 Top Nanwhuk Group 
3 Base Nanushuk Gmp/rop T w k  Fomration 
2 Base Tomk Fwmation 
1 h w e r  Cretaceous unconfamity 
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eoarscning-upad s q m c m  m Zhickcr thEn the fining-@ units, The coarsening-pward units 
may be distributary mouth bar m u ,  and it is likely the Wg-upward sequences art channel and 
ovtibank deposits. Overlying ?his nonmarine deltaic pecZragc (top: Marker 16) is a marine sillstone 
d mudstone. This unit was likely &pared during a tmsin-wide marine transgression in ttrt bxnc. 
In general. fie unit thins from the m t  U, lhc sOulhwcst and laterally clmuscns to a ssldstont in 
the astan part of the Kupmk R i v a  Oil Field mk In most of the P r u b  Bay-Kupmuk River 

the uppet-lmtndary of the siltstom and mudstom unit m r  IT) is an erosiclnaE unconbmity. 
This unmnformity appeats to k an d a d  t e m r  of a n-1y migrating deltaic channel 
sequence which has cut inm Lhc underlying marine sequence. East of Prudhot Bay, near the 
Sagaranirktck Delta, this u n m f m i t y  (Marker 17) has c d c d  all of h e  marine siltstme and 
mudstone scqmce and has removed Mmker 16 and an un&tcmhcd volmc of underlying 
stdimenu. Howeva. m the west and southwest into the Kupmk River area, his W n e  
unconfmnity apptats to become a oonfmmble contact. 

me rocks overlying Marker 17 am generally of uniform oomposition both laterally and 
v a t i d l y  in the section and appear to have been dqmited in a dtlta-pladm environmtnL The 
rehive thicknesses of the rock units &fined by Mar f re r s  17, 18, 19.20, 21, mid 22 si@cantly 
change I a ~ r a t l y  from southwest to northeast. In thc Kupamk River the individual: thichtsses of 
tksc units range fram 30 to 80 m, w h m  mu Bay beit Ihichcssts range h m  a0 to 300 
rn. Smtipaphic thickening of tbc del iwed rmk units to the tasr may possibly represent thc 
noFthcast prograding deltaic depoetnter. Orha uncmformities may =cur a b v e  Marker 17; haweva, 
with OW pm~ent well log data b we m unable to idendfy any dditional &pos i t id  hiatuses. It is 
pssible thai She p r o n o d  thinning of some ink&, such as 21-22 near the cast end of figure IIl- 
13, may k an indication of an unconfumity. 

m4B3, Potent gal Gas-Hydrate Resewoils 
In considering thc possible geahgic cmttols on the of gas hydrate, havc 

inchdad in this section of Chapter 3 a dcsajption of the potential gas-hydratc rtservoir roelrs within 
the Rudhw Bay--Kupanrk E v e r  - Both rock dt~riptions and mart -air data m 
includtd. 

MARKER 7 7HROUC.H If 
As discussed earlier1 Markers 7 thrwgh 11 delimate a ets of shallow, oil-bearing hizuns 

ref& to as the West Sak and Ugnu sands (fig. ID-16). These oil-hating horiuMs have been 
cxtensivtly daxibed by Waner (1987), and most of the information that follows is taken drsectly 
fmn this soutec. hcal ly ,  t h e  horizons am p m t S a l  gaslhydmte reservoirs. The West Salr (Marker 
7 to 9) consists of vmy fiw- to fine-grained sandstone and silty sandstone with intmkddd siltstone 
and mudstone. Sand grains mist  of quartz, lithic rock fmgmcnts. and feI- with a --to- 
common amounts of mica and ghconite. Clay mfrix ranges hm 5 to 30 percent and consists af 
chlorite, ilIitc, kaolinile and a of smectite. West S k  sands gemtally Iack lccmentation and are 
very friable. l l t y  mtre classified as lithamites and lirhic wackstoms, Cwle data show rhat total 
pwositics m g t  from 25 to 35 v e n t ,  grid horizontal air pmtabilitits range from 10 to 800 
millidarcies in the sands. Uppa (Marker 8 to 9) and bwer (Marker 7 to 8) members am magnized in 
the KuparuL. River a m  (fig. Ill-16). Thc lowa m m k  consists of thin-Mded sands characretized by 
riQp1e bedding and hummocky m s s  smification with intdxdded tiombated siltstone aa3d mudstone. 
Tk upper West S& consists of two dishct and W l y  extensive sand pclkagcs. Sbdimcnm 
m n u t s  incluck massive bedding, planar W n g  and planar mss Mding.  Burrawing and 
biombabon me mmmm. 

The West Sak sands m oil bearing ptimarily in the Kupafillr Rivm and Mihe Soint sreas at 
from 610 to 2370 m (6- m-17 and m-18). The oil in the Wea Sak sands ranges from 16 

to 22 &pees  API parity rard contains m d m c  thrwgh pentam in solutim. B a d  on viscosity 
md gavity a the Wcst Sak oil is an intemcdi~blcss k v y  (Class I Heavy Cmde Oil) me. 

The Ugnu sands (Marks 10 to 11) are predominantly fh- to medium-grained and well & 
Canpasition of the sands is mosrly qm&, chtrt, and w o ~ c  rock hgments with a tra~t to common 
amounts of *dote and mica. Interstitial clay is me in the sands, nsually less than 5 pscent Clay 
typcs are similar to thost in the W ~ s t  Sak sands and consist of chlorite, b l i n i ~ ,  illitc, and smectirt. 



Figvre III-16. Gamma ray, electrical resistivity, and lithologic log for Kvpruuk Rivm Unh ID-8 and 
h d h o e  Bay Unit 4-3. Also shown me the gtofogic markers (table m-1) used to consbvct the d- 
graphic framework in the Prudhoe Bay-Kupruk River area (well log degrh scale from the keUey bush- 
ing). 
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UNIT EXPANSION 

Figure XII-17. S w c m  on top of West Sak Sands. Dots q m m t  tk well log data M. Stippled area 
is where bdth the uppcr and lower West Sak sands arc oil-bearhg; thick dashed linm are pastulated 
owater contacts. Cross section line refers to figure ID- 18 (Werner, 1987). 
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pipm IM8. acmnliud section of rlrdloa, Jand m h  in ihe mrthm Kqmmk Rivp 
Unit wilh major faults indicated. Bhck marka bed is ihe regionally extensive shale which ovcrlics the 
Wed S a k  See figure LlI-17 for location (Werner, 1987). 



IntmlxdW coal, in o m  ao ~ f m  thick ~ s ,  wur T d y ,  but d i 6 d  writs of wood and 
Mher plant debris arc earn rhroughour Thc sands am unconsolidated. and no signifxm'it cement or 
cvidGnct of d i a m  itas obsemsd. 

The lower Ugnu oil a ~ ~ n u l a t i o n  ocems in the mthm half of the Kupmk R i v e  Unit 
(figmts III-18 and III-19). Oit in the togmost sands of tht Iowa Ugnu range horn 8 to 12 d e w  
API gravity, and methane i s  dre only gas in solution, OiE in tk mcm discontinuous b a l  sands 'of the 
bwer Upu i s  intermediate in b t h  gravity and types of gas b e e n  the Wcst Sak send btbw and thc 
Ppptr Upu m o i r  above 

Geochemical work, summarized by Carman md Hardwick (19831, indjatts that mck oils 
fjIlm h W o w  guds p h b l y  have tk samc soutoe as the oil in the d e e p  K@, Sdlaoehit, 
awi Ljsburnt m i r s ,  but are biodegded. Caman and Hardwick (1983) postdated that rht rnid- 
to-lart T d q  rcgmd lilting, which reduced rhc amount of origind closure on the Audhoe Bay 
Sademhit S W C ~ ,  "spiIledW hydtocarbons to Iht wcst towards tht W o w a  me~voirs. This 
~#condary migration p b a b l y  m t s  for most of the oil in the shallow sands. 

MARKER 11 ?WRUWGH 16 
me sediments Mwem Markers I1 and 16 (fig. ID-16) primarily casist of h e -  to m- 

gmhcd sandsme and conglommte. Dm tD thC k k  of cort @ little is known dmut thcsc units. 
Our analysis of drill-cuaings suggests that rJlt smd-grains msist of subangulat to rounded qwtz ,  
chert, and m k  fmgmcnts. Mica, b d d d  coal, and dimmirated a&maamw  rial arc m m o n  
throughout the section. No information is available on h clay matrix. Weil-log calculated pwities 
range frun 30 to 40 percent. Significant occurrences of ail and methane gas have detected UI 

numerous mud logs h wells in h e  K q m k  River area The bed extent of these b y d n m h n  
occutftllccs is not kmwn. 

MARKER 17 THROUGH 22 
This W o w a t  potential p s - h y h ~  r e m i t  (fig. Ill-16) & of p d a n b t t l y  d m -  

to came-gamed &tone and conghcralc. Examination of the mud log and drjJl<uttings indicates 
zhat the sandstone and cmglmerate are ma& up of poorly soraed, angular o rounded, e l m  d 
quartz ekts. W d ,  arb- material, and Wte are mmon; coal is rtlacively m. Well-log 
calculated porositim range h 25 to 40 m n t  Wirhin tk Prudhcre Bay-Kqmuk River area there 
is no t r i d e n c ~  of hycbmafbns in this sequenct, 

nr_R3. Potential GaslHydrate 'kaps 
Wema (1987) felt that rhe oil aoemnulatims in both the West Sak ~ C T  7 $ h q h  9) and 

Ugnu sands lMarLef 10 though 11) arr: ltht d t  of a G o m b i o n  of stratigraphic and sbucatral 
~aps. He & x n i  the re- mtue m the tops of dl nhe shallow ail mcs as a m l i n c l  with 
mike to the mrthwa and gtadc 1 to 2 d c p  dips to tfrC nmhast (25 m). This is cur 
by no*-south-trading Eaults which generally am downthmvn to the east in the Krrparulc R i m  am. 
Thmw on the faults ranges hm 15 to a) m, Thc presmt mdmst dip is belied to k: tk result of 
ptgimul tilting. It has been prop& &at riPting was the result of sdhentmy M n g  as rht deltaic 
-nter pgntdedl  to the northeast (Carman and Hardwick, 1983). The shallow faulting may have 
k n  concurrent with tilting. &watering and eoapactim may also have induced faulting. 

A c m d h g  to W e m r  (1989, in the m of the Kuparuk R i m  Oil Field, Eaulting and law 
k i t s  changes conml the distribution of h y d r a a r b s  in the W ~ s t  Salr to the narh, wheatas faulting 
alone seems to be the princrpal w i n g  mechanism to Iht smth arsd west Within the West Sak 
smis s e v d  owam mmts occur in the Kupatuk River md Milne Point anas, The dlffmnt 
oiIfww cmrtacts are thought to b due to variations in seal efficiency and spill-pint geometry. 
FauEting and facics changa associated with h e  delta plain environment arc the trapping mechanisms 
for h y m s  in the Bower Ugnu sands. As with tk Wcst Salc sands, stvaal omatex contacts art ~~ in the Power Ugnu s m k  Little is h w n  abut  the distrjbutim of oil within the upper 
Ugnu sands. 

E)ut to the lack of d d e m  m the &Ic data, Warta (1987) d y  showed the gFncral 
h m h n  of several major faults within Lhe Wcst Sak snd Ugnu sands (fig. nI-18). Thert art d y  a 
few s~isnic surveys $an Ult Prudhoe Bay-Kuparuk River area in the plblic domain; -me, it Is 



Figure I33-19. Sltnrchpe on top of Lower Ugnu Sands. See figure m-17 for explanation. OcGmnw of 
oil in the Uppet Ugnu gmwally is coincident with the a tern  half of the Lower Upu oil a~cumulation 
(Wwner, 1987). 

CHAmER III - GEOLOGIC S-G 



impossible for is to map fd t s  within the near-surf~cc sediments. However* it is possible Lo map 
regional fault system by using published data from deeper rsavoirs ( A b h  Oil and Gas 
Cawmation Commission, 1984; Carman and Hardwick, 1983). Figure El-20 is a composite of two 
fault maps: the fault traces in the western half of the map are faults that ~ n s e c t  the K u p u k  River 
Fofmation (Caman and h d w i c k ,  T983), and the trams in the east cut the dmper Sadlabchit Group 
(Alaslra Oil and Gas Conservation Commission. 1984). In general, normal faults cross the Rudhoe 
Bay--Kuparuk Riva aif fields in two distinct atnds. One set, mienled mhast-sauthwcst, accm 
.long the northem edge d the Rudha Bay field and is downthrown u, the north by as much as 300 
m. A gecond set of fadts of 1-r magnitude. dented ndwest-swthcast, oeeurs mth and west of 
the Rudhm Bay oil field. It is possible that the mrth-south-trending faults, which mbol the 
distribution of h y m s  in West Sak and Ugnu sands (Werner, 1987) may be nactivation fadts 
or exrensims of the & q ~ r  northwest-southeast-trending fadts mapped in figure m-20. 

h the reservoir rocks ahve the Ugnu sands, little i s  known about potential hydracatban w. 
For hsmce, it is not lowrwn if the fd t s  & s c n i  by Werner (1987) extend into overlying horizons. 
Most of thest near-surface stratigraphic vnits were deposited in a delta plain mvirwlment in which 
stratigraphic haps are common. Therefore, it is possible that latPal facies changes may provide 
hydrwmbon mps within these hcxhns; however. due t the uncuwlidated nature of these mks the 
efficiency of a d may be reduced, 

Two additional trapping mechanisms not previwsfy discussed are &tirely sptcwhed. 
~~~ (ice-baring perm9frost) is bclitvd to bt an effective impermeable M e r  t~ mi-g 
gas and Liquids @owney, 1984). V'mdott, the base of &bearing permafTost could act as a 
hydrcxabn d, but Ice-bearing permafrost is not bclievcd m be a prestntlday trap far the West Sak 
or Ugnu oils (Wear ,  1987). I ~ ~ n g  permafrost hydrocarbon &aps may exist, however, within the 
resenoir rocks overlying the Ugnu sands. In addition to the p m h s t  hydmxbm imps, it is 
possible for gas hydrate to form its own trap in a resavoir, As gas mi- into the zone of gas- 
hydrate stab'rlity (Chapter KI), it may interact with the available port-water to generate gas hydrate. 
With the appropriate volumes of gas and water, the pore-space within the memoir m k  could be 
completely filled, thus making the reservoir impermeable to further hyldracarban migration. The 
plugging of gas pipelines and production tubing by gas hydrates is an example of its sealing potential. 
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CHAPTER IV. GAS-HYDRATE OCCURRENCES 

W.A. WELL-LOG EVALUATION 

Chapm IV is divibed inm thm sections Section "A" is a =view of the well-log intqre~ticm 
W q m s  used to identify and evaluate in-situ ps-hychatt occurrences; in Section "Bm the in-stu 
p h y d m t e  occumnces in the Rudhoe Bay-Kupmk River area have been rnqqxd; and in Section 
"C" s e d  gas hydrate mxmmir p @ e s  are discussed. 

Bily and Dick (1974) studied naturally occtrrring gas hydrates in the 9ubsIPf~~t  of thc 
~~ Wta, thus providing one of the few papers dealing with the detection of gas hy-s 
using wireline well logs. They discavered that when a gas hydrate was penetrated during drilling, 
there was a marked in- in the amount of gas in the drilling mud. Thew gas-hydrate b r i n g  units 
pduced a rclatirely high mistivity m the dual induction log and a slight mgative spontaneous 
potential deflection in comparison to an interval containing free gas. In addition, ~tcoustic logs 
Mimed an bcxease in acoustic velocity for ps-hydrate b a m g  intervals. 

The wok of GaIate and Gmchan (1982) in the NPRA is one of only two gas-h ydrate stldies 
cunpleted on the North Slope of Alaska For this study, they used all available racards including 
drilling plans, we11 histories, daily drilling rem, geologic data for the area, core infmstion, and 
wirelint weU logs. Of the 17 wells investigated, they identified eight as showing evidence of gas 
hydrates. 

Work. in the PNdhoe Bay md Kuparulr River oil fields (CoUett, 1983b) mggtsts thc existence 
of six stmipphrcalIy conmtled gas-hydrate bearing units. In this previous sbdy, two well logging 
devices w m  consistenfly used to identify potential gas-hydrate occurrences. They were the dual- 
induction and acousric msit-time logs. The dual-induction and acoustic transit-time logs behave 
similarIy within a unit either saturated with gas hydrate or ice. Hen=, tht occurrence of gas shows on 
the m d  log produced from a decompsing gas hydrate often provides the only means of conclusiveIy 
diffenntiating a gas hydrate from ice. 

The remainder of Swtion "A" is divided into three major parts, the hrst consists of a g c n d  
review of probable well-log responses within a gas hydrate. This review will be fdowed by a 
detailed discussion on the neutron-porosity and acoustic msit-time mponses. This section will 
conclude with an analysis of a series of ctossplots ussd to examine and identify suspected gas-hydrate 
occusrenaes. 

W m - L O G  RESPONSES 
The responses of the cwnmonly available logs within the cored gas-hydrate interval af the 

Nwthwmt Eileen State2 well (fig. IV-1) are summarized blow. 

1, Mud Log: C h  a mud log there is a pounced  gas kick asdated with a gas hydrate due 
lo deGompsItion during drilling. However, if cold drilling fluids are used there may 
be minimal decomposition of the gas hydrates and little free-ps l ikated.  

Dwt  Irtdwtion b g :  There is a d v e l y  high elecirieal-resistivity deflection on this 1% in 
a p h y h t e  zone, in comparison to that in a freegas saturated horizon. Tfie deep- 
induction resistivity curve is separated from the shallower-reading laterdog-8 
mistivity CIPVC, appently due to gas-hydrate decomposition next to the well-bore. If 
a unit were gas-hydrate saturated within the ice-bring peamaFrost quemce, the 
resistivity m s e  on the dual-induction log for the gas hydrate would not be 
significantly different from h t  in the s m u d i n g  icebearing p a f r o s t  Below the 
base of ?he i ce-Mng pmfmt, however, the high-resistivity deflection associated 
with gas hydrate is distinct from rhe smmmding n o n - i c e - m g  zones. 

3. Sponsuneorrs Potential (SP): There is a relatively lower (less negative) spontamms- 
potential deflection in a gas-hydrate baring m e  when compared to that asmiatad 
with a free-gas b r i n g  zone, The solid gas hydrate limits the penetratlm of mud- 
fdm, thus ducing the negative spontaneous potential. The qmntaneous-potential 





curve far a gas-hydrate satmated unit within the ieehring permfrost sequence 
wudd k similar to that in Ihe surrounding ice-Wng units where the mud-filtrate 
penemtion is s i m h l y  limited. 

4. Cdpcr t o g :  Tht caliper log in a p h y h t e  interval d l y  indicates an ow- well 
b e  due to spalling assmiated with the decomposition d the gas hydrate. B& the 
d i p  also indicates an enlarged borehde in kebenring pennabst, it is uscfd only 
in demting gas hydrates blow the base of the icckming w t  

5. Acorrstu Trd-TEmc Log: Within a gas hydrate there is a d c u a w  in acoustic transit-time 
in cumparison to a unit saturated with either water or freegas. Because the acoustic 
transit-time of ice is similar to hat  of gas hydrate (-p and Payne, 1981), the 
-tic log cannot be used alone to &tcct gas hydrates within thc ice-bearing 
pmafrost sequence. The acoustic -it-time q m s e  within gas hydrate will be 
discussed in d M  later in this section. 

6. Neutron Porosity: In a gas hydrate them is an incnase m Ihe neutron pmsity; this response 
caslaasts with the apparent reduction in neutron p i t y  in a free-gas zane. This 
refaticm and the neutron-pxosity-device response to other pore-space constituents is 
examined lam in this section. 

7. D e w  Lag: Within a gas hydmte thm is a ckmse in density in comparison to a dt 
S B ~ ~ W  with wata: Because the density of ice is similar to that of ps hydrate 
(Lewin and Assaciates, Inc., 1983), the density log cannot be used independently to 
identify a gas hydrate within i c e - W g  permafrost. 

8. Drilling Ratc: In a gas hydrate the dative drilling rate m, due to the solid nttrure of 
the gas hydrate. There is a similar drilling rate m n s e  within b b d n g  pemahst, 
and, herefore, drilling rate change is not useful as a gas hydrate dwector within the 
ice-bearing pmafmt  sequence. 

NEUTRON POROSITYAPJD ACOUS77C TWSIT-l7ME EVALWATTOEJ 
The neum-pomsity log measures the a~enuation in the passage of neutrons as emitted by the 

logging tool into the m k  sequence. This mspnse is a meanrre of the hydrogen content of the 
formation. Because the s k  of the hydrogen atom and the energy level of a neuhon arc similar. the 
hydrogen atom will capture neutron particles when encountered. Thus, a decrease in the number of 
captured nemms would indicate a decnase in hydrogen contenl Tk amount of hydrogen in a mck 
is rekled to the amount of water and h y d m a h n s .  including natural-gas hydrates. that is present 
Though the aid of sbichiomctric chemistq. we have calculated the amount of hydrogen present in 
one cubic centimeter of pore volume of the following constituents: water. pure methane, ice. 
9 and stmture II gas by- (table N-1). 

The neutron-log response to inmasing hydrogen c o n ~ t  indicates an increase in apparent 
pomsity. Conversely a dsrcase in hydmgm content reMa to a dcduclion in the m d e d  porosity. 
horn h i s  relation and the calculated hydrogen m t e n t  of cach possible para-filling constituent listed 
in table N-1, we make the following assumptions a b u t  the neutron-porosity-log response within a 
m k  sa~aLed with either frtc methane gas. warn. ice, or gas hydrate. Assuming a constant porosity. 
a m k  satmatd with a gas hydrate of s ~ ~ ~ ~ h l r e  II wovld have the highest apparent pnosity, and a 
fraG&as saturated unit would exhibit the lowest apparent porosity. followed by pmpdonately higher 
porosities within ice- or wata-saturated units. This mhtion can also be seen in figure IV-2 in which a 
mtnm porosity log from the KuparuL Riva  Unit 1B-1 ploduction well has been plotmi. By using 
well-log inltrpntalion techniques described earlier in the paper it is possible to identify a series of 
gas-hydrate, ice-beaing pwm- and water-saturated units in the KuparuL River Unit 1B- 1 well; 
several distinct units have been noted in figure W-2 Even though the apparent porosity differences 
k w e n  the different units are slight, they do prove to be nscful in the identification of the pore-space 
muthmts. The cmsp~orting of data brn the neutmn paosity device and the acoustic log aids in 
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Table TV-1. Cornparisan of hydrogtn cmtznt of potcnltial pwe-mng substances (Collett and 0 t h ~ ~ ~ .  
1984). 

ad (f= gas) .01076 x id2 (atoms of hydrogen/cc) 

Ice @= 3.75 x idz (atoms of hydrogedcc) 
(density of 0.50 gmlcc) 

Ice (pure Hp) 4.8 x ld2 (atoms of hydrogen/cc) 
(density of 0.72 m c c )  

Water 6.7 x ld2 (atoms of hydrogenlcc) 

Hydrate f 7.18 x ldz (atoms of hydrogdcc) 

Hydrate II* 7.55 x I@ (atoms of hydmgen/cc) 
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GAMMA RAY NEUTRON POROSITY 

Key: 

Shale Sandstone 

ICE 

- 
WATER - 

x- 
HYDRATE 

I 

F i r e  N-2. Neutron p d t y  and -ma ray dl- lag nspsnse far p s  hy- ice, and water in the 
K u w  Rivlcr Unit 1B-1 pr;oduction well, North S l o p  of A k k a  
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the identification of the gas hydrates. A detailed discussion of this @me is included at the end of 
this &on. 

Accurate p~osity data are mpthd far remum estimates; however, obtaining accurate 
pmsities in a gas-hydrate horizon is difficult. By making several assumptions abut M o l e  
canditions and biking into axount h h ydmgen pore-volume content for different constituents (table 
W-I), it is possible to correct the rteufmn-porosity data datathin a gas-hydrate interval. Common well- 
lag evaluation - assume tM the pore-volume of a rock unit is occupied by hydnmrbm ar 
water. cumin mpirjcal equations used to calculate f m m h  Jam, such as pmsity. are b a d  on 
this assumption. However, due te the relatively high cmcatration of hydrogen atoms in a m-hydmte 
gitrpsred unit, the empirical equations used to evaluate the neumn-log responm within a water- or 
h-&as-bearing unit would lead to ~ m u s  values if mployed to examine a gas-hydra& interval. 
By assuming constant porosity h e e n  two units, one saturated witb structure 1 gas hydrate and the 
s6cond with water, it is possible to determine the following ratio: 

dmount of Hydrogen present In Icc of water ------------------------------------------------- 
Amount of Hydrogen present in Icc of p s  hydrate (I) 

?his ratio can be employed as a neutron-porosity log cwrection fixtor within any gas-hydrate 
saturated reservoir in order IO obtain Bccurate pamities and thus resoutee eshates. As an 
example, in tk Kuparuk River Unit 1B- 1 well (fig. IV-2) there is a probable gas hydrate w m c e  
st a depth of 433 m, and the compensated neutron respnse indicates an apparent pmsity of 45 
p e n t ,  If we asswne this unit to bt 100 percent saturated with a gas hydrate of mtm I (methane) 
and use the correction factor calculated above, the actual porosity within the gas-hydrate saturated unit 
wodd bt 42 petcent. 

?he standard neutron log has a n u m b  of limitations, one of which is its sensitivity to 
botehale conditions. ?be enlargement of the brehole due to decomposing gas hydrates directly 
affects the recorded neutmn-porosity data and is normally anrected for during standard well-logging 
W u r e s  when a calipet is nm along with the neutron device, The enlarged borehole, which may 
mull fmn a decomposing gas hydrate a thawing ice, would be recarded as an 8 p p m t  increase in 
tht neutron pclsosity. For rhis reason only the cmpsated neutron log (campensated for borebole 
size) should be used during any evaluation within a gas-hydrate bearing horizon. 

The maximum sensing dcpth of the compensated neutron &viEe range fiom 5 to I5 
centimuers. With drilling procedures anployed on fie North Slope. a gas hydrate may decompose to 
a &pth of 3 ~a 6 centimeters into the fomtion frwn the barehole (Galate and Goodman, 1982). The 
vacated pore-space within the decomposed zone can be occupied by a wide m y  of constituents, 
including Mling fluids and free-gas £mn gas-hydrate dissociation. Both constituents can directly 
affect the neutron log rqmnse. Unrecognized changes in lithology may also result in m n e o u s  
interpretations . 

As nolad earlip, acoustic innsit-time is shona within a gas hydrate than in either free-gas a 
water. The amustic log rn-s the shmtest time required fa a compressional wave to travel 
through the fornation adjacent to the weUbm. Thc travel-time can be related to porosity when b e  
lithology is h w n .  In addition. the inma1  amist ic  travel-time of the pore-fluids is required for 
murate calculatims of prositits. Compressional and shearware velocities of a formation are not 
only properties of the matrix and pore fluid velocities but are also affected by the tempesature of the 
fmatim and the salinity of the pcwe-fluids (Pandit and King, 1979). 

h m a 1  formation evaluation procedures, the empirical Wyllic q d n  (WyUiev 1949) is 
used to relate travel time and porosity. In its original form this rektion is given as: 
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9 ispotosity in-t 
t is the f m t i o n  mvel time 
& is the matrix travel time 

if is the fluid travel time 
(wuts: microseconds per fmt) 

Tk Wyllie equation does not account fm the effect on the acoustic device of free-gas in a famation. 
However, an empirical correction factor for the &-gas effect has been deulaled (Hilchie, 1982). 
Similarly, the effect of gas hydrate on the velaity & v i e  can ke determined, and an empirical 
comection fxm can k calculated. 

In, order zo develop a gas hydrate canecticm factor for the acoustic measutements, it is 
necessary so dcuhte  an acoustic transit-the =lation between a fohmatim saturated with w8Wf and a 
second sat& with gas hydrate in which all other parameters are cmstant or cuntrolled. h d i t  and 
King (1979) conducted a series of exwments to study the effect of pore water salinity changes on 
elastic-wave velocities at a wide range of tempemms fig. IV-3). They noled that an increase in 6 salinity decmws the compressional velmities klow 0 C, the effect king most pronwnced close to 
0 'C below the ice p i n t  They also suggested that differences in velocities above 0 ' C  are probably 
due to slight differencts in rnicroslnacture of the samples and differences in saliniiies. They 
conducted their experiments with a Series of three m k  types. One of these typts, the Boise sandstone, 
with a mmured porosity of 25 p e n t ,  is the best rtpresenmtive of the actual lithologic 
c Wteristics of North Slope gas-hydrate saturated units. However, the experimental 25 pacent 
porosity of the Boise sandstone is much lower than the recmded porosities within the upper units of 
the Narth Slope. 

In order to &te& the expcted gcoustic velocity of a rock s a t m t d  with gas hydrate, the 
themtical velocity constants (6g. IV-3) of Pandit end King (1979). calculated st hown temperatures 
and pore-fluid salinities, have been employed in conjunction with the work of Whiffen and others 
(1982). With the aid of B d w i n  specmscopy, Whiffen and others (1982) were able to measure the 
sonic velocity of a pure-methane hydrate. They determined that the ecoustic velocity af a gas hydrate 
of structure 1 is approximately 0.88 that of ice. By taking this experimentally derived relation between 
tk amustic velocity of gas hydrate and that of ice, along with the w a k  of Pandit and King (1979)' it 
is possible to calculate an acoustic velocity relation ktwcen a water-saturated unit and a gas-hydrate 
saturated unit. As noted earlier, amustic velocities are also affected by the salinity of the pore filling 
mstituents. In d e r  to evaluate pore-fluid salinities within Lhese upper unifs of the hdhoe  Bay 
region, 160 spontaneous potential logs were examined from s series of 32 wells. The p r c  fluid 
salinities within these upper units were determined to range from 0.5 to 18 parts per thousand. Howitt 
(1971) and Osterkamp and Paym (1981) notad salinity values associated with h pemafmst d the 
Nor& Slope in the range of 5 to 14 paris per thousand, similar to our calculated values. h order te 
avoid the hcge va&ions in acoustic velocities nuu 0 OC ( h d i t  end King. 1981 , the theoretical b m s i t  time constant will k calcuhted for a series of temperatures well below 0 C. 

Taking &the above assumptions into wount, we have calculated a series of aewstic rehities 
for the Boise Sandslone -bed by Pandit and King (1 98 1). In each case the core was assumed to 
be 100 pacent saturated with a hown,  pae-Wng constituent (gas hydrate, ice, free-gas), and ihe 
effects of other physical constan~ (temperature, -fluid salinities) werc also msidered (table IV- 
2)- 

As in the case of the neutron porosity mmctim factor detamimd earlier, it is possible to 
&date a correction factor far the acoustic transit-lime measurements in a gas hydrate. If the 
constant porosity of the Boise Sandstone is assumed, then the following nehon can be written for che 
roustic velocity characteristics of smcture I gas hydras and water within a given pon volume: 
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TEMPERATURE (: "c)  

Figure IY-3. Compressional wave velocitiw as a function of t e m p t m e  far the Boise Sandstone 
(Pandit and King, 1979). 
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vdocity of ~oise  sandstone saturated with hydrate I (-PC) 
- - - - - - -1- -e- -e- - - - - - - -~- - - - rrr , r  t 

Vcloeity of Boise Sandstom satmated with water 

In ardier trb cwmt fa the parosity calculations medc &om thc acoustic transit-time device, tht ratio of 
1-16 a m  k utilized as an nnphieal camtion factor, For example, a gas hydFate has tea i n f d  ta 
bt m t  within the Kuparuf; River Unit IB-1 well with I m d e d  acaustic transit-me of I00 
rnkmewnds per foot. Assuming a slow m e  transit time (55.5 micmmds per foot), t)lc 
calculated apparcnt porosity would be approximately 33 pacent. h order to correct this value fa the 
gas-hydrate effect, the apparent porosity is multiplied by the previously calculated acoustic velmity 
ratio of gas hydrate to free-water in the Boise S-e. Tht cwrectcd p m i t y  for this unit would 
lx 38 pacent. 

CROSSPLOTS 
Ctossplots can b used in we1 log interpretation to highlight certain formation charaetaidcs. 

Recart work with acoustic velwitics of gas hydrates by Whiffen and ohrs (1 982) and the detailed 
tvduation of the ntumn-parosity device within this paper has mabled the devclopmtnt of an acoustic 
transit-time, mum porosity crosspEot to idmttty gas-hydrate mmnces. fn the following example 
(fig. IV4) from the Kvparulc River Unit 1B-1 pwluction well, a series of m u m  porosities and 
acowtk irmsit-times for 18 horizms were plotted 'Ihrough tht use of ptviously described welldog 
evaluation procedures, nine of the units were &ttsmincd to be gas-hydrate saturated, five were 
catsid#ed to lx i c e - M n g ,  and four water-Mng.  h e  to the relatively high apparent neutron 
pmsity of gas hydmte in canparison to units saturaw with cithtr ice or freewater, Eherc is a 
grmping of intcrrals with similar pore-space constituents. As noted in figure IV4, the inferred gas- 
hydrate saturated units group in lire lower left corner of the graph, with units saturated with ice or 
free-warn plotring in other distinct groups, If a freegas zone is encountered, the plottd values should 
b h the u r n  tight cmcr of the graph. 

In Collea grid othtrs (1984) it was assumed €hat a Pickcti cmspbt, which is conrmdy used 
80 &rcrmint oil mumions in owwater systems, could b used to detennhc rht &p of gas-hydrate 
mmation in a gas-hydrate- m d  water-Mng m k  unit The accuracy of this pmabc  to detcrminc 
gas-hydrate satmation is not brown. No b r a ~ o r y  or oore W t s  have been c o n d u d  to test the 
~sefulntss of ahe PicktP: erossplots ~ I a t i v c  to gas-hydmte ~ e s c a ~ c h .  However, there is no cvidtnce to 
indicate h r  they yield incorrect gas-hydrate saturation values. A P k k t u  cmsplot is Wed on the 
following logic: If a unit is 100 percent saturated with water, tht deepresistivity device will mord 
the resistivity of the I 0 0  petecnt water-saturated mit The water-saturated Ynit is c m s i d d  a relative 
base Line from which hydrbcarbon satura~ons can k determined. If the salinity of the pore-fluids is 
known within Iht units king studied, the m d e d  resistivity m m m e n t s  can 'bt p l o d  on a 
Pickett etossplat, and any dtviarion fmm the known 100 p u n t  water-saturated mistivity 
mmsmement would indicate the F n c c  of hydmwrbns. Similarly, the resistivity vdws 
far a gashydrate samted unit w d d  vary substantially from the known water-saturated unit, and this 
difference can be used to calculate gas-hydrate saturation. Ploued on the Pickett mussplot in fim 
N-5 are the deep resistivities and comted nmtron porosities for the previously identdid gas hydrate 
units in the Kuparuk R i v a  Unit 1B-1 well (fig. IV-2). On the crossplot for this well, thm is a 
distinct grouping of tk w h y -  intervals arwnd tht 10 pactnt water saturation line, indicahg a 
patentid gas hydrate saturation of qpmximattly 90 m n t  for the identified horizons. In f igm IV-5, 
the formation water fesistivity line was constmctcd with a R, of 0.4 ohm-m. A 0.4 ohm-m resistivity 
m a water-satmted unit for these shallow horizons would suggest parc-fluid salinities in rhe range of 
10 to 15 parts p r  thousand which m m s p d s  with tht dinity rdues cafcuIated earlier. 

Tk. Pickca crossplotting technique is sum@blt to aromous assumptions and intapretatims. 
The hmmct identification of a potential gas-hydrate acllncnce or the wrong sclecliun of a pore- 
water resistivity (Rw) can alter the final !ahnation calculalims. In sddition. crossplot methods 
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F i e  W4. -lot of matma pamsity and transit t h e  fur 18 b r h n s  in tk K q m k  Rim Unit 
lB-1 prodwtion well, 
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DEEP RESISTIVITY (ohm-m) 

Figure IV-5. ipickett crossplot showing gas h y h  saturation in several horiu,ns form the K u p d  
River Unit 1B-1 production well. 'Ihe Line n o d  as 100% is the 100 percent water saturation line (R, 
is assumed to k 0.4 ohm-m). 
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anployed to dttuminc -hydrate sttmtion can only k d fot a gas-hydrate inttwal b l o w  the 
base of the i c e - w g  pmnahst. Btcause of &he ~Iatively high resistivity of ice within the 
- p m d h t  squence, the cmnpmimn of a gas-hydrate saturated unit to an icesaturated unit will result 
In m ~ ~ W I ~ O U S  gas-hydmtc mmation value. In using the rrossplot-method to determine ps-hydrate 
s~tu&rn, i t  i s  assumed W the mn-gas-hydrate saturated plwespace within a gas hydme is occupied 
by -water and not ice (i.c.; b low the b w  of the icebearing pmdmst). 

WB. GAS HYDRSI'E DISTRIBUTION 

Eour-hundred and forty-five Nwth Slope wcUs were examined for pottntial gashydrare 
aurrenees. Most of Ihe wells are finm the Prudhm Bay--Kuparuk River however, all wells 
from NPRA and most of the cxploramy wells to the south and east of Prudhm Bay have hen 
reviewed. Data reviewed included well logs, well-historits, dti3j_ing-lltports, cort descriptions, and 
production tests. This review of all available data sauces revealed hat gas hydra- occur in 39 of 
the surveyed welIs, all from the Prwdhoe Bay--Kuparuk River area (tables IV-3 and IV-4). AS in 
CdJeu (1983a), rhc resistivity, acoustic transit-time we11 logs, and thc gas chromatogmph m the mud 
log; proved to te the most usefuI tools for identifying in-situ gas hydrates. One-hundred snd Wty-four 
(30 percent) of the wtlk reviewed had resistivity, 8coustic ttansit-lime, and mud Iogs available within 
the m e s  of interest. 

Because gas hydrates can nor Ix cunclusively idenmad with weU logs, our wduaticm 
mum must k qualified. We have assigned four qualifiers which must be met before a particular 
hmbm is identified as g a s - h y w  m g .  These include (1) high rmistivity relative to water 
(appmximatcly 50 times m); (2) short acoustic m i t - t i m e s  relative to water (an in- of 
approximattly 40 microseconds pr foot); (3) significant release of fire-gas during drilling (recognized 
on the gas chromamgraph of tbe mud lag) with volumes of gas h Lhe range of 30 to 100 parts per 
h u m &  (4) a unit that is suspected of being gas-hydrate bearing must be laicrally cantinuas in t w ~ )  
a mart wells. This last qualifier was only ustd in areas with a high density of web. qualifers 
w m  selactcd h u s e  the cored gas hydrate in the Northwest Eileen State-2 w t U ,  discwed in 
Chapter 1, exhibited similar well log responses and appears to be laterally cantinuow in several 
m m g  wells. 

All of the gas hydrates accur bcfow thc well-log identified geologic Marker 16 md above 
Marker 12 (m Chaper 3). As discussed previously, M e t  16 is the base of a siltstme unit thmu was 
&psibed during a bsh-wide marine transgression in the Eocene. All of the la~m and suspted 
gas hydrates occur in sandstone reservoirs. Wese sandsUlnes wcre deposited as point- and distributary 
mmb-bars in R .delta-plain envitcmmcnt. Most of tk gas hydrates occur in six M t y  continuous 
sandstone and o~nglomeratt units and are geographically restricted to the east end of the KuparuL 
River Unit and Ehe w e ~ t  end of the Prudhbe Bay Unit (figures I V 4  and IV-7). 3he gas hydfares occur 
within relatively porws, d i m &  r a k  units. Many wells have multiple gas-hydrate bearing units, with 
individual aTumnces mging from 2 to 28 meters thick 'Ihe boundaries of the six delineated gas- 
hydrate bearing units in figure IV-7 have becn inteqmlated M e e n  well locations at which in-situ gas 
hydrates have km beentermined to be either present or absent. nus, the mapped positions of the gas- 
hydra& unit boundaria (fig. IV-7) an open to inmpmatiun. Of the 34 wells with infami gas- 
hydras occurrences (table IV-3). 14 have the depths listed of tk identified gas-hydrate occurrences. 
These 14 wells have been lsed to shear the latual and veaical extent d the ident3ed gas-hydrate 
mumnces. The six. W 1 y  cmtinuous, discrete gas-hydrate bearing m k  units have each been 
asigned a reference letter, with Unit A being shatigraphically the deepest (table IV-3; fig. IV-6). The 
depth of the identified gas hydrate occumnces in 20 of the wells h n  table IV-3 are nM given; 
bow- the Unhs (A through F) that are thought (o be gas-hydrate bearing in each well have been 
noted with h e  hesymbol x. Data fim these 20 wells were not usad a describe the in-situ gas-hydratc 
occumnees fu one of two reasons. Most of the omitted wells are r e g i d y  lmatd near one of the 
14 wells (table IV-3) for which depth intervals have k m  listed; these omissions reduce the chance of 
& m h g  the regional avaaging of m o i r  parameters, such as paosity; only a few wells, Ulerefm. 
hare been used to -ribe rhe gas hydrate oceurrcnces. "rhe x m n d  ~easan for the mission is the 
k k  of cddence in the available well-log data for s c v d  of the wells. 

The weU log rcsponscs wilhin the suspected gas-hydrate occmncts of NPRA as descsibd by 
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Table W-3. North Slope wens with inferred gas hydrate c~~umncts.  The lfepth of the gas hydtate 
mmnces  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 W-7- . units 
blieved to be gas-hydrate-bearing in the 20 weUs with no depth i n ~ a l s  given hare baen denoted with 
an (x), wells with unknown ice-bearing permafrost depths have been &noled with a (-1 in the last 
column. 

KUplylr SUlf-1 
Well h p m k  3-1 1-1 1 
&v& P e  32-25 
B#Ehy Point-l 
SOCAL 33-29E 
K y u u k  7-11-12 
Milm Poitvl 18-1 
Northwest h State-2 
West Sak-3 
wut s8kd 
KupnrL River Unit ID-8 
Milne Painr Unit A-1 
Kupmk River Unit ID-5 
NmhlimRD-I 
Milne Point Unit B-1 
PBU TR 18-1 1-12 
K u p d  River Unit 1C-1 
&pan& River Unit 1C-2 
Kupmk River Unit 1C-3 
K u p d  River Unit 1C-4 
Kupruk River Unir 1C-5 
Kupvuk River Unit l C 4  
Kuplruir River Unit IC-7 
Kupuui: 28243-1 
Kupnrlc River Unit 1C-8 

Milnc M C-1 
Mihe PoInr D-1 
W u t  S&-25 
Wut hk-24 
bprulr R i v a  Unir PH4 
Pmdha-1 

Rim Unir IF-5 
wur SrJE Pilot-5 
h p m k  River Unir 2D-15 
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Table N4. North Slope outlying wells in which gas h y b t e s  may exists, there is no evidence of gas 
hydrates in adjacent wells; &us not meeting one of our gas-hydrate identification qualifiers. 

W a t  S& B-10 SO(n920267 23 ION 9E 288-309. Ga slum, high kristivity & br 
&st Hmrrilon Bmy ST-1 5 0 T M W 1  10 13N 89 (I 50-750)'j G+t r b  
Kupnrk Riwr Unit 2Vb 5002921054 8 I lN 9E 356377 Gtr show, high Rcrirtivity & dL 
Wert S& 16 500292054 1 36 13N 88 750.757 Gas show, high Rcaistiviw & As 

Wgnu un6) 
W u t W 1 5  SOIM#W)IZ 5 ION 8B 4W-506 G.r rhorr, high Reairtivity & di 

(W- = 
dt. A m &  Vcldiy 
1 J Dephr of porriblc hydrate oeameneer, m e r d  fmn mern #e kw! in ~ractm. 



Pi- Wb. Thne vell ms-& shming (he lateral and vertical extent of gas byhm in the 
Prudhoe Bay-Kupanik R i m  area. Scc hgurt IV-7 for location of cross-section. Numbers hdicarc log 
markers (table III- 1). Ltttcrs att informal! y dcsigatad gas-hydrate-bearing rtswvairs. 
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Galatc and Gaadman (1982) (Chapter 1) da nat -pare favorably with the well log responses within 
th caed gas-hy- occumnce of the Nmhwest E i l m  State-2 well. None of their suspectes gas- 
hydxate aceurrences meet the four gas hydrate identification q a e r s  previously discussed in b s  
seetion; therefore, we do not Believe that gas hydrates occur within most of the wells discussed by 
G h t e  and Gooctman (1982). 

Examinarion of figure N-7 shows h t  Unit A is gas-hydrate bearing in two separate a m i  of 
Kupanrk River Unit. The total area in which Unit A is gas-hydrate W n g  is approximately 82 

bn2. 7 k  thickness of the gas hydrate -sit in Unit A ranges fmn 8 to 28 m, with an average 
titichess of 15.8 m. In the weU log d q h y  of figure IV-8 from the Kuparuk River Unit ID-8 well, 
Unit A is inferred to b gas-hydrate saturated from 642 to 659 m. Also resawired in Unit A is a 
significant volume of oil, both in the Kuparuk River and Rudhoe Bay mas. Well log and drifI- 
cuttings analyses have a h  revealed the presence of several h c k  cod seams (fig. IV-8). Most of the 
gas hydrates of Unit A occur below the base of i e - h r h g  permafrost. However" the mud log 
indicatcs that the u p d p  portion of Unit A in West Sak-3 (fig. IV-7) appears to bt gas-hydrate bearing 
above the base of icebearing p m d m s t .  

The gas hydrates of Unit B have a totat d distribution of appmximatcly 18 h2 and 
fhickness~ ranging horn 3 to 15 m. In figure IV-9, Unit B is infared to be gas hydrate bearing from 
a depth of 869 to 884 m in the Kupmk 7-11-12 explo- well. Coal is alsa abundant in Unit B; 
there is m, evidence of mewolred oil. AII the gas hydrates in Unit B occur b l o w  the base of ice- 
bearing pe- 

The gas hydrates of Units C and D rn the most laterally extensive and exhibit similar 
weir rock p p w e s .  The gas hydrates of Unit C have a rotal areal diseibution of approximately 
122 h2. and ihe total lataal extent of the gas hydnucs in Unit D is approximarely 130 h2. Unit C 
is h e  cod --hydrate bearing unit in rhe Nonhwest Eilwn State-2 well, discussed in Chapter 1. In 
tht well-fog display of figure IV- 10 from North west Eileen Sm-2, Units C and D are shown to be 
gap-hydmte bearing from a depth of 659 to 688 m and fmm 61 1 to 618 m. respectively. Relative to 
Units A and B, coal is scarre in Uniu C and D. Ihe southern- and wesummost gas hydrates in 
Units C and D occur within ebe ke-g pendmst sequence (fig. IV-7), with several occumccs 
more than 15Q m abave the base of j c e m g  prmdbst. 

Unit E is shown to be phydrate  bearing in two distinct cress mar the boundary of the 
Kupmk River Unit and at Milne Point (fig. IV-7). 'Ihe total areal disb-ibu tion of the gas hydrates in 
Unit E is appximakly 30 h2. Reservoir m k  propties of Unit E src similar lo rhose in Uniu C 
and Dm Unit E is infemd to bc gas-h ydratc bearing in the well-log display of figtm IV-10 fmn 
Northwest Eileen State-2. Gas hydnues of Unit E also appear to m w x t  the base of iee-bearing 
pamafrost with the fanhcst s o u t h - w e .  updip extension of the gas hydnus more then 160 rn 
above the base of icebmhg permahst 

Gas hydrates of Unit F are a composi~ of three gas-hydra& bearing rock units drilled in 
=d wells h m  the Kuparulr River 1C production pad (fig. IV-7). These gar hydrate oecumnces 
wac  k t  ~~ during drilling when a significant volume of gar leaked from amnd (he outside 
of the casing into the basanent of the drilling rig. It appears that the free gas was from a series of gas 
hydrate- and coal-bearing units within 390 m of the surf=, all within the ice-bearing permahost 
q w m .  e t l y  drilling nctivity had a i a t c d  the gas hydrates near the w e l l b e ,  and tht 
firee-gas m i p t c d  along the ourside of the easing into the drilling rig. In the well-log d q h y  in figure 
IV- I I fmm the Kuparulr River Unit 1C-8 well, there are lhrec in f d  gas- hydrate-bearing uniu 
which we collectively xefer b as Unit F. Tbe combined total thicknesses of these uniu range from 4 

12 m. and they are gtographically restricted to the immediate area of ihe KupanrL River 1C 
poduction pal. The total surface ana of these arunences is appximalely 1 hn2. 

Wen-log data from five w e b  in rhe Kuperulr River Unit (table IV4), lasted west of the 
ddhatwl gas-hydrate oceuffences (fig. IV-7), suggest that gas hydrates may be locally prescn~ 
However, rhc well-log data are inconclusive. and ?ha is no evidence of gas hydrates in m m d h g  
wCUS. 

Little is h o w n  about the lateral nahlrc of the gashydrate &posits delimated in figm IV-7. It 
is spsulatcd thar within these units, gas hydnucs are W l y  continuous. However, due to the 
suvcity and the pw quality of the weU logs, it is difficult to completely determine the Lateral: extent 
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Kuparuk River Unit 1 P-8 

Fignre N-8. Well log display h m  Kuparuk River Unit ID-8, Unit A is h f d  to be gas hydtate 
bearing from 642 tu 659 m (see figure JV-7 for I d o n ) .  
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Figure N-9. Well log display from Kuparul: 7-1 1-12. Unit B is i n f e d  to be gas hydrate bearing 
from 869 to 884m (sx figure IV-7 for location). 
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Northwest €hen State-2 

Gas Hydrate 

Figure N-10. We11 log display from Northwest Eileen State-2, Units C, D, and E are inferred to k 
gas hydrate bearing from 659 to 688 m, 611 to 618 m, and 570 to 588 m, respectively (m f i p  IV-7 . 
for location). 
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Kuparuk River Unit 1 C-8 

Figme W-11. WeU log -lay 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 (m figure IV-7 for locsrion). The acous- 
tic transit-time &vice within the shallowest gas hydrate occurrence (345-357) did not behave as 
e x p a d ;  the observed low acoustic velocities may be due to the psence coaI or b g a s  within the 
rock formation. 



of the gas hydtarts. For v k ,  well-log data indicate that there is no gas hydrate in West Sak-1, 
but logs from the sumomding weus suggest that gas hydrates should lx present in Units C, D, and E. 
In this particular case, the log data from West Sak-1 is generally of good quality; therefore, i t  is 
speculated that there is an unrecognized, localized geologic control limiting the mcmce of gas 
hydrates in this weU. New data are ~~ to determine accurately the late& extent of the in-situ 
gas hydrates on the North Slope. 

W.C. GAS-HYDRATE RESERVOIR PROPERTIES 

-0 of d~ most difficult p-hydrate rasewoir pioperties to deternine accurately tm reserroir 
parosity and the degm of gas-hydrate -tion. The primary m n  for this difficulty is the Iaek of 
~ v i o u s  field and hbcmtaq studies. h Section "A* at this chapter, we have descrhd several well- 
loglcvdltatim techniques that can be used to estimate prosity and gas-hydrate saturation within 
suspected gas-hybw cmmmce.  In this sec tim we have reviewed al l  available data m e s  to 
&ambe h e  memoir porosity and fhe degm of gas-hydrate saturation wirhin the six gas-hydrate 
beating units (A through F) in the Pndhm Bay-Kuparuk Riva  

RESERVOIR POROSITY 
Well iogs serve as a some of pomity however, the determination of porosity with welt 

logs in gas-hydrate or I c e - W g  horizons is subject to signifi~ant anor. Our work shows lhat 
calculations from the acoustic log in a g a s - h y b  or iu-bearing tnait can mderestimate porosities 
from 16 ta 20 m n t .  h m i t y  wirhin a p-hydrate bearing reservoir is most reliably derived with a 
~ h o ~ m p e n s a t e d  neutron device which will be in errm by only 3% (Colka and others, 1984). 
To dettnnine the porosities of the gas-hydrate rocks, 7 1 neumn-pwosity calculations were 
made whhin fie identified gas hy- in seven of the wek .  These p m i t y  dues, which range brn 
22 to 48 percent, are pfoW in figure IV- 12. Because of significant s c a ~  in the deulated neum 
porosities, Lhe suspted neutron p m i t y  aror of 3% is ~gligible. An average trend-line, fitted to the 
calculated porosities, (figure IV-12) shows a 3% decrease per 1,000 m. Also shown m cmderived 
porosity mnd-lines for rocks in this = Hawitt (1971) reprted measured pwosities m a g  from 40 
to 45 percent within the permafrost sequence (MI 0 m) of the Prudhoe Bay area, and Werner (1984) 
showed Lhat the West Sak sands have porosities ranging from 25 to 35 percent below the permafrost 
sequence (Ip00-1300 m) in the Kuparul: Rivcr area. The m e -  and ihc logcalculated porosity trends 
show mnarkably close agrtxment (fig. IV-12). Presumably, this porosity reduction with depth is 
causGd nclusively by cornweion. A best-fit porosity bend-line was projected through the cme- and 
logderived porosities (fig. TV-12). This paosity curve (3% patosity decxease per 1,000 m) was used 
to calculate the average porosity of the idenlified @-hydrate mewoh. These calcdatims were made 
by cornping the depth intaval of tach p h y d r a l e  mcurreIY:e with the porosity trend-line in figure 
N-12. Frx 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 W-5). The midpaint depth of the gas h y h t e  
aceurrence of Unit A is at 544 m. In figure IV-12 at a depth d 544 m, the expected porosity 
projected Ftom the md-line is 39%; thus, the average porosity of Unit A is estimated at 39%. The 
average paosity of the five remaining gas-h ydrate occurrences have been similarly &dated (table 
N-5). Subsequently, the total pmsity volume (cubic meters) within each gas-hydrate m o i r  has 
k e n  &dated in Chapter VI. 

GAS WVRATE SATURAl7ON 
A series of Pick%? erosspfots were used to dcurstte gas hydrate saturation in four of tk six 

gas-hydrate occuffeIY:es (Units B. C, D, and E). As discussed previously m this chap- the 
cmsplot proccdm far determining gas-hydrate saturation is not valid when ice or other hydmarbons 
are m t  -fore, only sub-permafrost, nonloil-bearing gas hydrates were considered. Because 
Unit A is oil-bring and a13 of Unit F is within the pnnafmst sequence, the units have been 
omitted from the satmath calcuhtions. 

Ja the Pickett cmsqfots of figures TV-13 through W-16, the cmected ~eutmn-porosity and 
d s t i v i t y  lag values have been plotted for twenty-seven gas-hydrate occunences. Each cmssp10t 
qnsmts one of h e  four delineated gas-hydrate units (Units B, C, D, and E). The crossplot in figure 
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Figare W-12. Plot of 71 log calculated neutron porosities (a) fiam within the gas hydrate occurrences 
in seven wells, and bwds of referenced corederived porosities for the Prucbe Bay--Kuparuk River 
ma (Werner, 1987; Howit& 1971). Average porosity tend-line is basGd on both the log- and core- 
derived porosities. 
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Tmbk W-5. Average m o i r  porosities estimated for gas hydrate Units A. B. C. D. E. and F utilizing 
Iht porosity trend-line in figure IV-12. 

(1) Unit Iodezc letter [fim TV-7) 
(2) b p h  of th ahdoweat idartif~al gam-hydnte occurma ( W e  TV-3) 
(3) Deph d the d#ptrt idcntifiad grr-hydnte -ma ( M e  W-3). 
(4) Avenw midpoint deph of the delinutad ~rrhydrate  mw. 
(5) Pomrity d zhe mid-point deph, pro@ fmn the v i t y  rrard-tint In figare TV-12 



NIT B: 80-92 % 

DEEP RESISTIVITY (ohm-m) 

Figure IV-13. Pickect crossplot fm gas-hydrate-bearing Unit B showing gas-hydrate satmation ranging 
from 80 to 92 m n t  (table TV-6). 
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NIT C: 70-97 % 

DEEP RESISTIVITY (ohm-m) 

F b e  W-14. Pickett mussplot fm gas-hydmtc-bearing Unit C showing gas-hydrate -on ranging 
h m  TO to 97 pcrctnt (table IV4). 
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UNIT D: 75-95 % 

DEEP RESISTIVITY (ohm-m) 

F i r e  W-15. Piclrctt crossplot far gas-hydrate-bearing Unit D showing gas-hydrate d o n  r~nghg 
from 75 Ito 95 F n t  (tabIe IV-6). 
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NIT E: 77-92 % 

DEEP RESISTIVITY (ohm-m) 

Figure TV-16. Pickett crassplot ftx w-hydrate-btaring Unit E showing gas-hydrate saturation ranging 
from 77 to 92 percent (rable IV-6). 
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1V-13 shows that @-hydrate d m  m Unit B ranges frum 80 to 92 pacenh grid averages 
approximately 86%. SimMy, the erosspfots for Units C, D, and E [figures IV-14, N - I S ,  and N-16) 
show that gss-hydrate satmation ranges from 70 to 95 percent and generally averages 85 %. Bemuse 
of the lack of data, we have assumed the degree of gas-h y h t e  muation for Units A and F to dso 
'bt 85%. Listed in table I V 4  are the ranges and average gas-hydrate s a t d o n s  detemined from the 
fickest-Cmssplo~~ for Units B, C, D, and E. 
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Table Nb. Gas-hydrate sapyaticm data for Units A, B, C, D, E, and F as interpreted h m  the Pickta 
c m ~ p l ~ t ~  in f i g m  IV- 1 3 t h u g  h IV- 16. 

* EltimrtsdVh. 
(1) Unit fndu  leacr (figwe IV-7). 
(2) Cu hyhte maim mng (fipm N-13 durn* W-16). 
Q)  Ararge p a  h y b t e  lrrtrntimr (figam W-13 thmgh W-16). 



CHAPT1ER V. GAS-HYDRATE FORMATION MODELS 

V.A. THEORETLCAL MODELS 

This chapter ckab with the development of a model that M l x s  the pssLble origin of gas 
hydcate on rhe North Slope. In Section A of this chaper we hare -tibed two highly-gtnaalkd 
n&b for gas-hydrate formatian. Sectiun B deals with the development of a gas-hydrate fotmatim 
model spcScaIIy for the N o h  Slope. 

Varluus mechanisms fa gas-hydrate formation have been postdated as discvssed by h ' t t  
(1979) and Makogon (1982). One theory suggests thar gas hydrates c a d  be part of a preexisting gas 
mwoir, later solidified in p b .  A mend theory suggests tha~ a gas-hydrate accumulation cwld 
form by a flow of h e  gas into ohe zme of g a s - h y b  stability. It is also possible rhzlt migrating free 
gas may k trapped at &e base of 6he ic t -?mhg peamafresr and ccmvetted to gas bydrak. In 
addition, gas hydrates are metimes fwnd closely associated with decaying biomatter, such as coat, 
w ~ c h  may serve as a gas mume. Them various schemes of gas hydrate formation can k g ~ o u p d  
into two end-member models. 

MODE& I .  The canversion of a p+xistbg field into a gas hydrate with a favorable 
change in mpemtlre w p-pressure (fig. V-la). 

MODEL 2. Fonnatiun of gas h y h ~  by continuous migration of either microbial or 
thennogenic gas from W o w  into the zone of gas-hydrate stability (fig. V- Eb). 

V.B. NORTH SLOPE MODEL 

Befm p m d m g  with tfie development of a model to desui?~ the passible origin of gas 
h y h t e  on Etre North Slope of A&a, it h useful to Zist sevartl obstfvations jmaining to the 
distribution of the gas hydtates: (1) AU of the gas hydrates occur near tire eastern boundary of the 
PCupanrlr River Unit and extend into the west end of the b d h o e  Bay Unit, an area cut by hdts 
extending deep into the sbatignphic section; (2) gas hydrates occupy a series of sandstone units 
which gently dip to the northcast; (3) all of the gas hydrates accur blow Maker 16, which is the 
base of a relatively impermeable marine siltstone sequence; (4) the wed distributions of she individual 
gas-hydratt murrences are irregular in shape and size; ( 5 )  gas hydrates are commonly resmoired 
near coaI sequences; (6) oil and tar are =muired with one i n f d  gss hydrate occurrence; (7) 
methane is the predominant gas in the near-surface sediments (0-1.500 m). 

Carman and Wardwick (1983) pstubted that the oil within West Sak and Ugnu sands migrated 
along faults lrwn W underlying Plydhoe Bay oil field. If this theory is. mt, h e  gas from within 
the Sadlerochit resemoir and dissolved gas associated with the oils W d  aIso have migrad into the 
overlying sediments. As shown in figutes ILI-17, XII-19, and IV-7. most of the gas hy&a&s and 
shall ow -heavy-oils occur either @p fnrm, or near to, ?he Man fadt m e .  This fault zone, 
therefore, may have acted as a conduit for &-gas and oil mipation fim deeper hydrocarbon 
sccumulations. ?he gas within the gas cap of the Sadlawhit m i r  of the Prudhae Bay oil field is 
composed primarily of methane along with small quantities of h e  and propane (table V-1). 
However, solulim gas from the oil has 13 to 19 p e n t  ~d (Ricb~ood. 1970) which was not 
obseivad, for enample, in gas samples from the Northwest Eileen State2 well (table 11-8). If gas 
within the nw-surface sediments migrated from dteper mctures ,  these shallow gases should have 
geochemical constituents similar to thaw of the deep gases. All of the chemical components h u m  U, 
lx in Sadlerochit gases am prmmt within g e s  of the West Salr sands (Werner, 1987). Outside of 
the scape of this report, we have conducted isotopic analyses of gases associated with i n f d  gas- 
hydrate occurrences. Miminary results suggest lhat mUhane within the gas-hydracc bearing 
sequences is from both thennogenic arrd microbial sources. At this h e ,  it is not known which souroe 
supplied the greatest volume of gas. Hoareva, the presence of thamogenic gas suppons the theory 
that gas has migrated into thw units from the underlying accumulations, possibly along the Eileen or 
related faults. In addirion, one gas-hydrate unit (Unit A) is associated with a significant volume of oil 
which must have migrated h m  the underlying Rudhoe Bay or KuparuL oil fields. A sscond 



as the temperature drops 

Figure V-la. Example of Model I: The conversion of a pre-txisting h e g a s  field (1) into a gas. 
hydrate accumulation with a dmrease in temperatm (2). 

Flgnre V-lb, Exmple of Model 2: Farmatim of gas hydmte by migration of rnierdbid a thennogenic 
gas into a preexisting pressure-temperature regime in which gas hydrates are stable. 
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Methane 
Ethane 
Propane 
I- butane 
n-butane 
1-pen tane 
n-pentane 
Hexane 
Heptanes plus 
Carbon &oxide 
Nitrogen 

Tabk V-1. Cornpsilion of the gases from the gas cap of the Rudhoe Bay oil field (O'Donnell, 1976). 
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gaochemical feature o l  gas hyctratcs that may b important is the relationship btween coat and gas. 
Gas hydrates are known to mur in close proximity to several thick coal sequences in the Kvparuk 
River azlea It is possible that ahemtion of the* coals may have generated a significant volume of 
methane gas which has been mverted to gas hydrate. 

To dcserib the history of g a s - h y h k  fmation, we have adam a generatized cms-sectbn 
from Carman and Hardwick (1983) to discuss pssibIe gas-hydrate formation a & o s  (figure Vi2). 
As moved up along the Eileen fault and enwunrered relativefy porws and permeabie northeast- 
dipping sandstone units, samc d tht gas may have been rechanneled updip along these beds. The 
@ip migrating gas may have collected in structural or stratigraphic where subsequent 
mnpmure changes daepcned the pennabst sequence and converted the !rapped gas into gas 
hydrate. Conversely, it m y  be possible that the up-dip migrating gas was converted m gas hydrate 
u p  enrering the pressure-temperature regime of gas-hydrate stability, thus forming its own trap. 
Because so MtEe is known about the history of temperatures on the Notlh Slope and the presence of 
mps for free p s  in his area, eithw of these scenarios is applicable. However, it is speculated that 
gas hydmtes presently =cur more than 160 m above the base of ice-bring permafbst which is 
assumed to be impermeable (see Chapter IV). Therefore, when gas migated into thw upper horizons, 
tk base of tk ice-bearing permafrost must have k e n  at least 160 m shallower than today. 

Shce the onset of gas migration into these neat-surface horizons (mid-Tertiary), krnpemtures 
have fluctuated significantly. Regional temperature changes during the last 2 to 3 million years have 
hn, great enough to repeattdly thicken and thin h e  zone of gas-hydrate stability; however, the 
magnitu& of these changes is nat known. In addition, we know that a surface water-My of depth 
dficient to prevent complete k i n g  inhibits or prevents the formatim of pemafmst. M m ,  it 
is n s s m y  to consider the pal-positions of the coasttine of the Arctic Ocean. Certainly mwe work 
is needed to establish the history of subsurf~e temperatures on the North 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 regionalIy below a marine siltstone 
sequence (base Marker 16). This relatively impermeable rock sequence may act as a barrier to vQtical 
gas migration, thus cmtmUing the dishbution of gas hydrate. This potential vertical gas migration 
M e r  may explain why no gas hyldrates are present in the eastern part of the Prudhm Bay Drilling 
Unit. Becztuse of the r e g i d  northeastward dip, all potential gas hydra&-bearing units in the Rudhue 
Bay area (units below Marker 16) occur below the zone of gas-hydrate stability. Thus, no gas hydrates 
are present in the subsurface at Fhdhoe Bay because of a limited supply of gas within the zone of gas 
hydrate stability. 

Figme TV-7 shows that the regional diseibation of the delineated gas hydrate ocemnces me 
of YreguLar bps and sizes. The reasons fa these imgulanties are not known. A comparison ol the 
gas hydrate distribution map in figure IV-7 with the West Sak and Ugnu sands oil distribution maps in 
figuns IU-17 and III-19 rev& several similarities. 'Ihese gas hydrate and oil diseibution maps 
(Units C, D, and E) exhibit similar irregularities near the West Sak-24 well at the eastern bunday of 
the Kuparuk River Unit. Werner (1987) suggested faults contro1 the distribution of oil within the 
West Sak and Ugnu sands, and it is possible that an unmapped fault near West Sak-23 has affected 
the W o w  oil reservoirs. The same fault may control the distribution of the gas hydmm in the 
overIying sock units. The relative effect of faults on gashydrate fmation is not understmi -use 
of insufficient data. 

Given our presemr undastanding, the most likely explanation for the origin of Lhc gas hydrates 
we infer to be present in the Kuparuk-Fhdm area is as follows: (1) Migration of thennogenic 
solution- and he-gas from reservoirs of the Rudhoe Bay Oil Fidd upward along the Eileen and 
related faults into the overlying sediments, and (2) the concentration of the gas in 
~ U d / s ~ g m p h i c  trap as shallow he-gas pools, with later conversion of free-gas to gas hydrate 
m response to climatic cooling; or conversion of m i p t i n g  gas a gas hydrate upon envring the zone 
of gas-hydrate stability. 
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Base Ice-Bearing, 
Permafrost 

1 KUPARUK FIELD 1 PRUDHOE BAY FIELD 

Gas Hydrate 

Free-Gas Migration Path 

Figure V-2. Generafized west to cast cross section thrwgh the K m - M h o e  m a  illustrating p s -  
sible gas migration rwts and spatial relations between gas hydrates the Eileen Fault, oil, base of ice 
bearing permafrost, gas-hydrate stability 6dd, and geologic Marker 16. (Adapted from Carman and 
Wardwick, 1983, fig, 13). 



CHAITER W. ESTIMATED RESOURCE VOLUME 

Previous m t e s  of the gas volume thort may be attributed to gas hydrates on the North Slope 
nnge from 3.1 x 10" a 7.100.0 x 10" rn3 [appmximatty 11 to 25.000 aillion ft3 (tcf) of gas], and 
wald-wide estimates of gas hydrate resources in pamafrost areas range from 140 x 10" to 340,000 x 
10" m3 [appkimately 490 to 1200,000 tcf of gas] (FWenW Gas Agency. 1981). The b o d  mnge 
of these &mares demonstrates a general lack of howledge pc-ing to a~tual gashydrate 
ooc- and distrib5on.; however, estimates of this magnitude are of interest especially when 

11 3 umpersd to the proved moverable world resoprct of c o n v e n t i d  nahusll gas of only 680 x 10 m 
[appmxjmatcly 2,400 rcf of gasl (Parent, 1984). 

Mast of the published estimates of gas vdumes from gas h y h m  have of mccasity beerr male 
by W extrapolation of ml y g e n d  howledge of local geologic cmditions that control the 
distribution and volume of in-situ gas hydrates. Gas volumes that may be attributed to gas h y h t e s  in 
a permafrost setting are &pendent on five rewwoir prames: (I) areal extent of the gas-hydme 
ocemnces, (2) nzsemoIr thickness, (3) msi ty ,  (4) hydrate n u m b ,  and (5) the degree of gas- 
hydtate satutati~n (table VI- 1). In this chapter caeh parameter is reviewed for the North Slope, and a 
gas ( f i y b )  resam eslimate is made, 

AREAL EXl7WT OF GAS HYDRATES 
As mi in Chapter IV, all idenmed gas hydrates on the Nmth S l o p  occur in the Prudhm 

Bay-Kupanzk River in six delineated gas-hydrate units (Units A thtough F; fig. IV-7). The total 
areal dishbution of the in-situ gas-hydrate murrences have bm 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 I#r and 130 square kilometers, respectively. 'llhr: most limited occmnce is that of 
Unit F, which has a total areal distribution of approximakly 1 s q m  Uometer. The total mapped 
;area of all six gas-hydrate occurrences is about 380 square kilometers, with the .areal, extent of the 
jndividual units mging from 1 to 130 square kilometers. 

GAS HYDRAlE (RESERVOIR) THICKNESS 
nie thicknesses of rhe gas-hydrate occummws (descrikd in Chapter nT) in Units A t h g h  F 

are listed in column 3 of table VI-2. The thickest gas-hydrak occurrences ate those of Units A and C, 
with an average thickness of Ed meters. The total thickness of the gas hysrates in Unit F (26 m) is 
p t e t  than the hydrates of Units A or C, but Unit F is a cornpasite of lhree separare Intmals. The 
h a  gas-hydrate sequence is that of Unit B, with an average thickmess of I0 meters. As shown, in 
table IV-3, the thickntsses of the individual gas-hydtate occurrences are regionally variable. More 
dtilling and new well-log data are required to evaluate rhe discontinuities in the thickness of the gas 
hydrate occurrences. In this m~urce estimate, only average values of thickness are used (table VI-2). 

RESEUVOIR POROSJTY 
Porosities of potential --hydrate resefvoirs can be calculated from a number uf mmes (see 

Chapter IV). The average pcaosity of c.wch gas-hydrate memoir (Units A through F'), calculated in 
Chapter IV, are listed in table W-2. As shown in figure IV-12 the calculated porosities of the gas- 
hydrate rexmoir rocks range h 28 to 48 and average approximately 39%. By using the 
estimates of the areal extent, average thiclmess, grid rock-porosity of each gas-hydrate occurtence, the 
Eotat porosity volume (cubic meters) within a h  gas-hydrate nesesvoir has k e n  determined and listed 
in table W-2, 

HYDRATE NUMBER ( R )  
The hydrate nwnber can be visualized as a factor descfibing how much of the &hatecage- 

smctrrte is filled with gas. If the clarhme stmtm of a methane hydrate is saturated (100% gas 
Wed), the gas hydrate w d d  have a hydra& number of 5.8 (Lewin and Asstxiates, he. ,  1983). 
However, it is klieved lhat a 1009b gas-filled clathrare is not likely to be found in name. On the 
other hand, gas bymates are not stable if the clathrate cages are less then 70% occupied by gas. For 
Ihe plrrpose of this study, the gas-hydrate vdume calculations were conducted assuming tara 



Tabk YI-1. Geologic data required to conduct a gas hydrate mmmc estimate and a list of porenrial 
data swrces. 

Variables Data Sources 

Aseaf Extent of Resewair Well logs, drill-cuttings, cores, seismic survey 
Reservoir ~ i c h t s s  Well logs. drillcuttings, cores, seismic survey 
Porosity $ Well logs, drill-cutting s, cons, borehole gravity 
Hydrate Number (n) Theoretical calculations, l a h t o t y  measurements 
Gas Hydrate Saturation Well logs, cores, theoretical calculations 



Table VI-2 Resavoir data hwn gas-hydratebearing Units A. B. C, D. E, and F in ihe Prudhoe Bv- 
Kupamk River atea, North Slope, Alaska. 

(1) (2) m (r)  (9 (aF 
Hydde 7'-I ms A m  Gn 
Bmrlw A v A m  A v w T h f & m m  A m P o r a d t J  dPwoslty HJdrrteSlduratkm 

UnR (km3 (m) ($1 xld ($1 

(I )  Unit M letla (fig. W-7). 
(2) T d  rrtrl dirtribution. d gar hydrmtc 
Q )  Avenge thicknesn of gau hydmtc units. 
(4) A v m ~  prmnity d yu hydrate miu (r# M e  IY-5). 
(5) Torrl vdrrmt of parnity in the mrppbd gar hydntc -. 
(6) Avetyt 6 of #an hydntt utuntim (lee wbte IV6). 



conditions; the elahate is 90% 611d (hydrate numbt1=6.325) or the clathratt is 70% filled (hydrate 
numb7.475)  (hwin  and Assaciates, h., 1983). This mge in the hydrare number wiU fully 
-1 the likely minimum and maximum values thst occur in nature* 

The volume of freemelhane (sf) V n t  in one cubic foot of methane hydrate may b 
&dated h m  the fuUowing equation o w i n  and Assoeiazes, hc., 1983; published in non-me& 
mb}. 

379 water density (lb/ft3) 1 ( f t 3 w r )  

d hychk n water mole-weight Ob) E (ft5hYldrate) 

In lhis equation at standard wnpmtute and pressure conditions (STP) of 60% end 14.7 psia (15.6'~ 
and 101 A kPa) it is assumed that one pound-mole of methane (i.e. 16 ibs of CH> is equivalent to 379 
cubic feet (10.7 cubic m-) of h e  merhane gas, and ihe water density is 62.4 b/ft3 (1000 kg/m3) at 
a warer mole-weight of 28 Ib. E represents the gas-hydrate expansion faetor which is 128 for a 
Smctm I gas hydrate @win md Asmiam, h., 1983), and n is the hy- numbr. A cubic foot. 
(0.028 m') of methane hydrate w i h  a hydrate numbr (n) of 6.325 (90% gas filled srmcture) would 
yield 162.3 cubic fect (4.6 cubic mem) of m e t h e  gas (at STP). One cubic foot (0.028 m3 of 
methane hydrate: wilhi a hydrate number (n) of 7.475 (70% gas filled structure) would yield 137.3 
cubic feet (3.9 cubic meters) of me- gas. To mainrain consistency the yield facton have k e n  
cmvcrkd to metric units. One cubic meter of methane h y b  with a hydrate number (n) of 6.325 
yields 164 cubic meters of methane (at STP). One cubic meter of m e m e  hydrate with a hydrate 
number (n) 7.475 yields 139 cubic meters of methane (at ST). These gas hydmte yield facmn are 
used in the fdowing sections to determine the total volume of gas hat may be mtained within the 
in-sftu gas hydrates. 

GAS-HTDRATE SATURA77ON 
Thc last variable required fw a resource estimate is gas-hydrate saturation. In chapter N it 

was shown tbi well-log calculations of gashydrate sstmtions are lsimilar to calculating cmmm 
hydmadm satumions. The average d e w  of gas-hydrate saturation within each delimatad 
memir wnits A h u g h  F), calculated in Chapter IV, are listed in table VI-2. As shown in table 
IV4,  and figwts IV-13 through N-16 gas-hydrate saturation ranges h m  70 to 93 percent, and 
averages approimaety 85%. 

CALCULA?YONS SUMMARY 
Far each Wend gas-hydmte h r h g  unit, we have cslcuhsed the d extent (column 2, table 

W-Z), average stmigraphic thi- (column 3, table VI-2), average ponosity (column 4, table VI-2). 
total volume of porosiy within the delineated occurrences (column 5, table VI-Z), and the average 
&gme of gas hydrate saturation. In table VI-3, the Lheoreical minimum (n=6.325) and maximum 
(n=7.475) hydrate numbers have been uscd ta estimate the volume of gas that may be amibuted to the 
idenrified gas hy$rates. Thtse calculations suggcst that h potential volume of gas within the 
identi6ed gas hydnues of the Nnth Slope is ~ ~ t e l y  2.4 x id1 lo 2.9 x 10" m3 {SIT) 
[approximately 8 to TO tcf of gas]. 

Our gas-hydrate i~som e t e  corn- favorably with the 10w end of the range of values 
prcviwsly repnd fur the onshore Nonh Slope (3.1 x 10" o 7,100.0 x 10" m3) by Ule Potenrial Gas 
Agency (1981). The volume of gas =hated to be ~ n t  as gas h y W  is about one-third the 
mount of rrcovaable conventional natural gas (estimated at approximately 8.0 x 10" m3 129 tcfl) in 
the Rudha Bay field, which is the single largest gas deposit in Nonh Amaim irr estimated by the 
klaska Oil and Gas Cawvation Commission (1984). 

Our resome =ha te  of 2.4 x 10' ' to 2 9  x 10" m3 must be considered to be relatively 
consemtive because most of the North Slope is sparsely drilled Outside of the Rudhoc Bay and 
Koparulr River developnent units. drilling density is kss lhan one well for every 500 h2. Our 
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mum e v d d o n  considers the well-log &beated gas-hydrate oecumnces which cover an area of 
only approximately 200 h2. Regional geologic infonnation and seismic data suggest that large areas 
of rhe Nwth Slope are underlain by relatively good m o i r  rocks within the mne of gas-hydmte 
stability. Because of the low well density of this region, our resum estima should be oonsideaed s 
minimum value. 
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CH-R VIL RECOMMENDED CORE-SITES 

Ckre of the @my objectives of this ptojeet was to idenrify a site ar which drilling and h g  
d d  have a high pubability of recov#ing a gas-hydrate sample. To increase the I k e W  of 
ammtering ps hydrates, we cstablishcd and cvduated five crituh in the site deetion pwas. 
Tbcst eritwia rut: (1) Proximity to known p s  hydrate a=currences along the tasm h m b y  of the 
K- Rivu Oil Field; (2) availability and quality of g#rIogic dgta indicating the p s e f y = c  of gas 
byrb.ates; (3) number and thickrress of gas-hydrate occlarences that may b encountered; (4) existence 
of gpacial geologic problems; (5)  tocation of tk site relative to roads, pduction fxiliries (pack), and 
existing web. Caring operations could be undertaken in one of two ways: ( I )  In a "piggykkW 
@on in an industry oil-field pduction well, m (2) in a dedicated well driUed spcificaily to 
study gas hydrates. EBeh option has its advantages and disadvantages which wiU be discussed at the 
end of this chapter. 

Indus~y productim drilling is planned for the area of rhe most probable gas-hydrate 
oeeumnccs in both the Psudhoe Bay and Kuparuk Rivtr oil fields. Most wells on the N o h  S l a p e  are 
dimtionally Wed, and ecmomic conems make it nectssary to UriU a n m k r  of w t k  from each 
raised-gravel praductlon pad. S h w n  an rhe map in figure Vn-1 are the production pads, pesenr md 
prqmd, in the Kupgrulc R i v a  Oil Field and the dis~bution of the i n f e d  gas hydrate occurrences. 
Prbduction-drilling is planned fa eight of the pads w i t h  the area of presumed gas hydrate 
occmnces. With industry coopaation it would be possible to conduct coring opecations within the 
suspected gas-hydrate k u h g  units at these eight Imtions. Bacause numerous welts are drilled fim 
the same pal, the cored well muld be "peviewedw with well-log data obtained fiom om of the 
earliest drilled wells on the same pad. 

A =view of regional geologic &a and an appreciation of the proposed kations of tfic 
Kuparul; production wells suggem that the most likely place to rccova a gas hydrate in a cooperative 
ccrre-site would be at the Kupatuk 1K pduc t im  p d  (fig. VD-1). At this site a minimum of four 
gas-hydtatt bearing stratigiaphic 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 
Kupmk 1M production pg4 near ihe Eileen fault mne, could produce a wealth of relevant geologic 
and geochemical data. At pesent liule is known about the possible distribution of the gas hydrates at 
the site of Ihe Kupatuk 1M pad (Chapter TV). 

W.B, DEDICATED CORE-HOLE 

ESLEEN CORE-HOLE 
We have identified two "dedicated" core-hole sites, the E i f m  and the South-End care-holes, 

csch with diffemt targeted gas-hybbbearing units. In table W-1 we list the depth i n f o d m  
fmn nearby weUs that is relevant to exploring for gas hyhles in the two prop& cm-holes. 
Lisled data include depth to the top and bortom of the methanehydrate stability field, depth to the 
base of ice-bearing pennabst, and the depth interval of the tar- gas-hydrate occurnnws. Non- 
glandard units (English) an used in this chapter, because most well logs and drillers repons are 
recodd in m-metric units. The depths of the inferred gas-hydrate w w e n c e s  (table VIJ-I, c m  
targets) an taken directly h m  rhe well logs and are measud  fmm the kelly bushing on the drilling 
rig- 

l k  Nonhwen Eileen State-2 and SOCAL 33-29E wells, Iocaled about 4,000 A apart, have 
kcn used to describe the Eilten core-hole (table W-1. f i p s  W-2 and W-3). On the map (figure 
W-2) the lowtion of these wells plus Northwest Eileen State-1 have been ploaed along with ihe 
katbn of the proposed Eileen Core-Hole. 'Ibis site was selected primarily because of Le wealth of 
information available from the nearby Northwest Eileen Slate-2 well. che site of the only c d m d  
natural gas h y h t e  on the Norrh Slope. Our site is sekcted to be as close as practical to this m w  
a- well. Well-log data suggest that at ltast three matigraphic units may contain gas hydrate 
at this site. The main production facihties in the Kupmk Oil Field arc about 13 miles f b m  ihe site 
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Figure VII-I. Map of existing and proposed production pads and i n f d  gas-hydrate mmms in 
she KYparuk: River oil field (wrimn communication, ARC0 Alaska Inc., Ancharage, M). 
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(1 Uev. IGB. (A) 
(2) w HT tfil 
9) Deph BIBPF (ft) 
(4) Dcph la W) 
(5) Deph Unit E (fi) 
(6) Dcph Unit: D (it) 
C7) Depth Unit C (ft) 

KRU 2D.15 
South-End 
Core-Bole 

(1) E l d m  d my bushing sknre man-cu-lwd (ft). 
(Z) k p h  to the top of rhe methane-hyb stability field (h). 
Q) Dcptb to tht tmsc d icebring pmnafrort (h). 
(4) Depth ta Ihc hsc d h e  methane-hydn& &iIity field (@. 
CS,6;7) Depth d gu-hydrate-beu~ag llnitlr (fig Iv-7) (h). 

Tabk Yn-1, List of depth infwmatim b m  wells loceled near the pmpsed Eileen and South-End 
~ * h o ~ € s .  
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EILEEN CORE-HOLE 

SOCAL 33-29E + 
C Proposed Eileen Core-Hole 

On fig. V I I - ~  & -Northwest Eileen 
State- 1 

1 Northwest Eileen State-2 

WELL LOCATIONS: 

SaCAL 33-29E 1971 'S & 1 945W of NE curner Sec. 29 
Northwest Eileen State-I 2640's & 2640'E of NW corner Ssc. 28 
Northwest 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 

Plyre W-2. Map showing the l d o n  of the poposed site of the E i l m  core-hole rehtive D the 
locations of the Northwest Eileen State-1, Northwest Eileen State-2, and S O C A L  33-29B wells. 





of the prposed well and the neatest rod gcccss is 2 miles. 
It is h o w n  that drilling can affect the themud stability of gas hydrates some distance into the 

rock formation from the w e l l - h .  The depth of this thermal dim* cannot h precisely 
dttermined. There is no evidence that the gas hydrates r e c o v d  in the Northwest Eileen 5 ~ - 2  well 
were af fec~d by zhe previous drilling of the Nonhwest Eilm State4 well, located qpmximatcly 100 
ft to tk norhast (fig. Vn-3). Therefore, we have seIected the minimum well spacing far a gas - 
hyhte  cwe-hole IE I 0 0  ft. The themd effect of preexisting wells should be further W M  in 
the f d  corehole site seI&n pmxs. 

In the proposed Eileen CoreHole (table W-f , figures VII-2 grid W-3) e minimum of h 
g a ~ h y b  otxurrences should be encwntered (fig, IV-7; Units C, D, and E). From the e l e v a m  of 
tk assumed kelly bushing (64 f!), the top of the first gas-hydrate occmnce (Unit E) will be at a 
depth of 1,869 ft and should h a p i m a t e l y  57 ft thick. The second gas hydrate deposit (Unit D) 
will ke at a &pth from 2,001 t 2,023 fi, and the deepest occurrence (Unit C) should be from 2,158 
to 2,253 f t  

SOUTH-EN. CURE-HOLE 
West Sak-3 and Kuparuk River Unit 2D-15 wells, located a h t  4,600 fi apart, have k n  used 

to describe the South-End Core-Hole (table VII-I, figures VIl-4 and VII-5). On the map (figure W4) 
the lacation of two existing wells have been plottd along with the Socation of Lhe proposed South- 
End Core-Hole. ?his site was selected to study the intareIation between the gas hydrate and oil in 
Unit A (Chapter TV). The propbsed South-End Core-Hole is on the Kuparuk River 2D pduction pad. 
about 220 ft from the existing 2D-15 well (figures VII4 and W-5); which is apprcrximately 6 mires 
h m  the main production facilities in the Kupamk River oil field; the site is accessible by road. 

In the pmposed Swth-End Core-Hole (table Vn-1, figures VlTd and Vn-5) only me 
ooeutrencc of gas hydrate is Iikefy to be encountered (Unit A). From the elevatian of the assumed 
kelly bushing (127 ft), the top of the targeted unit (Unit A) shoutd b at 1,162 fi and extend to a 
depth of 1,224 ft (62 ft thick). 

In summary, the most likely placc an the North Slopc to suocessfEllfy m o v e r  a gas hydrate is 
at the sile of the popod Eileen Cme-Hole. To examine the relation between gas hydrate and oil &he 
propid South-End Core-Hole should yield a wealth of relevant i n h a t i o n .  To incfease the 
likelihood of recovering a gas-hydrate sample, new Tegional and local geologic data could be obtained 
to examine more thoroughly the propaid --holes. F a  example, hehole gravity and temperature 
s w e y s  could be used U, study the lateral continuity and the tbamal stability of the natural gas 
hydrates. To f h e r  study the location of the ppsd cm-holes, a borehole seismic survey, run in a 
nearby well. would give addilional insight into the lateral mtinuity of the gas hyydnues. 

Both the caapesative and the dedica~d me-hole aptions have psilive and ncgarive features. 
One major disadvantage of working with industq is the possible time restriction: gas hydrate coring 
q x d m s  and subsequent farmation testing may q u i r e  more h e  then the m p a n y  is wiUing to 
spend in delaying their own poductiun drilling. A dedicated gas-hydme research well, with proper 
funding, would not have these lime restrictions, and it may be possible to conduct conlinuous caring 
lhroughout rhe enlire zone of gas-hydrate stability. However, a c o o p r i v e  effort could significantly 
d u c .  the costs in comparison with the expense of a dedicated r a m c h  we1L 
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SOUTH-END CORE-HOLE 

West  Sak- 

I West Sak-3 32905 & 3774W OF NE comer Sac. 26 
Kuparuk River Unit 20-15 603's & 225W of NE comer Sec. 26 
Proposed South-End (=ore-Hole 760's & 70W of NE comer Sec. 28 I 

Figure Vn-4. Map shoving the location of the pmpoad site of the South-End m h o 3 e  relative to the 
locations of the Kupeuk River Unit ZD-15 wd West Salt-3 wells. 
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