












































































































































































































































































































































































































































































































































































Group strata thrust over crests of adjacent anticlines (fig. 
20.13); in contrast, the Sunset thrust sheet in the 
Sadlerochit and Shublik Mountains is structurally simple. 

Contrasts between anticlines cored by pre­
Mississippian rocks along the northeastern Brooks Range 
front and those under the Sadlerochit and Shublik 
Mountains could result from the different mechanical 
properties of the rocks that make up the cores of the 
folds. The smaller and more complex anticlines in the 
northeastern Brooks Range could be related to the 
mechanical properties of the pre-Mississippian basement 
complex in the northeastern Brooks Range. 

On line 84-24 (pI. 5), the anticline cored by 
pre-Mississippian rocks and lying at the south end of the 
line is, in contrast to anticlines in the northeastern 
Brooks Range, a broad smooth structure similar to the 
anticline under the Sadlerochit Mountains. Small 
anticlines similar to those along the range front southeast 
of line 84-24 are not evident on the down-plunge 
continuation of the Sadlerochit Mountains anticline on 
line 84-24. Anticlines that involve pre-Mississippian 
rocks and lie north of the continuation of the Sadlerochit 
Mountains are too obscure to confidently identify small 
structures superimposed on them. 

STRUCTURAL DEVELOPMENT AND 
TIMING 

Development of thrust faults and emplacement 
of thrust sheets in the Sadlerochit Mountains and 
adjacent coastal plain began between post-latest 
Cretaceous or Paleocene and Eocene time and continued 
into late Cenozoic time, although south of the area 
investigated, thrusting probably began earlier. Cross­
cutting relations among major thrust faults and 
unconformities in the Sadlerochit Mountains and 
interpretation of lines 84-14 and 84-24 (pI. 5) constrain 
the relative timing of the structural events. The 
termination of thrusting is constrained by the minimum 
age of the strata involved. 

Thrusting in the Sadlerochit Mountains area 
began with emplacement of the structurally highest thrust 
sheet and progressed downward with the generation of 
successively lower BST faults. Thrusting probably began 
with the generation of the Katakturuk, Nularvik, and 
West Fork thrust faults; crosscutting relations among 
these thrust faults are not clear, and hence the relative 
sequence of generation of these three thrust sheets is 
unknown. 

Figure 20.12. Detachment folds in the Lisburne Group in Franklin Creek-Canning River area, 58 km (36 mi) south of 
the western Sadlerochit Mountains. View is to east. 
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The Marsh Creek thrust fault postdates the West 
Fork thrust fault and probably postdates generation of the 
Nularvik and Katakturuk thrust faults. The Marsh 
Creek thrust cuts the West Fork thrust and, by projection 
above the present erosion level, also seems to cut the 
Nularvik and Katakturuk thrusts. 

Generation of the Sunset thrust fault and the 
BST fault in the pre-Mississippian rocks and 
emplacement of the large anticlines cored by the pre­
Mississippian rocks under the Sadlerochit Mountains are 
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~ Basement complex (pre-Mississippian)-Line pattern shows 
general orientation of foioation and composltlonallayenng 

~ Pre-Mississippian unconformity-Arrows show sense of 
shear on fault that probably occurs along the un­
conformity-Analogous to Sunset thrust in Sadlerochit 
Mountains 

~ Probable fault in Kayak Shale-Analogous to Sunset thrust 
~ in Sadlerochit Mountains 

Figure 20.13. Geologic relations across mountain front 
(A) southwest and (B) east of southern termination of 
seismic profile 84-24. See figure 20.1 for location. 

the final steps in the sequence of thrust faulting in the 
Sadlerochit Mountains area. A subsidiary thrust fault to 
the master sole thrust in the pre-Mississippian rocks, the 
Itkilyariak thrust fault, cuts the Marsh Creek thrust. 
Generation of the anticlines under the Sadlerochit 
Mountains, probably through imbrication of the pre­
Mississippian rocks under the Sunset thrust, deforms 
thrust faults above the Sunset thrust and produces north­
dipping thrust faults in the northern foothills of the 
Sadlerochit Mountains. 

Thrusting under the coastal plain is coeval with 
thrusting in the Sadlerochit Mountains. Although 
thrusting probably progressed from south to north, 
emplacement of pre-Mississippian-rock-cored anticlines 
in the Sadlerochit Mountains coincides with continued 
thrusting beneath the coastal plain. On lines 84-14 and 
84-24, faults soling in anticlines cored by pre­
Mississippian rocks ramp up to merge with basal thrust 
faults above the LCU. Hence, subsidiary thrusts to the 
basal thrust faults above the LCU, which are obscure on 
the seismic lines, connect emplacement of the large 
anticlines cored by pre-Mississippian rocks to the most 
recent thrust faulting beneath the coastal plain. 

Relations between deformation of Paleocene 
strata, the Eocene unconformity, and the LCU place 
constraints on initiation of thrust faulting in the 
northeastern Arctic coastal plain (including the 1002 
area). The LCU does not perceptibly cut north­
northeast-directed thrust-generated structures, whereas 
thrust faults do cut the LCU, which indicates that 
thrusting postdates the LCU. Initiation of thrusting is 
further constrained by the Katakturuk thrust fault near 
the base of the uppermost Cretaceous or Paleocene 
turbidites on line 84-14. The Katakturuk thrust acts 
chiefly as a roof thrust for repetition of the underlying 
Upper Cretaceous strata. Uppermost Cretaceous or 
Paleocene turbidites, little disturbed on line 84-14 in 
contrast to the highly imbricated Cretaceous strata below 
the Katakturuk thrust, were in place and probably 
lithified before imbrication of the underlying Upper 
Cretaceous strata. Hence, major tectonic shortening 
under the coastal plain is post-latest Cretaceous or 
Paleocene in age. Deformation of the Eocene 
unconformity, including partially beveled crests of 
triangle zones beneath the unconformity, probably 
reflects growth of the triangle zones during Eocene time 
and continued structural shortening during post-Eocene 
time. Also, the Eocene unconformity cuts structurally 
telescoped Paleocene strata that are probably part of the 
Jago River Formation on line 84-24, which further 
constrains initiation of thrusting to between late 
Paleocene and (or) Eocene time. 

Thrusting continued into Miocene and Pliocene 
time and probably continues into the present day. In the 
core of the Marsh Creek triangle zone, faulted Eocene 
strata dip 60 to 70°, and onlapping Miocene and Pliocene 
strata, which form limbs of the structure, dip 15 to 20°. 
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Morris (1957, p. 6) has noted the warping of early 
Pleistocene(?) gravels over the Marsh Creek anticline. 
Additionally, Pleistocene terraces on the Katakturuk 
River are deformed over the plunging crest of the Marsh 
Creek structure (L.D. Carter, U.S. Geological Survey, 
oral commun., 1986). Finally, the most recent focal­
plane solutions for offshore historical earthquakes, north 
and northeast of the Marsh Creek structure, suggest 
north-south or northwest-southeast horizontal 
compression (Biswas and others, 1986, p. 178), which is 
consistent with either thrusting or strike-slip faulting. 
The direction of thrust transport in the adjacent part of 
the 1002 area is north-northwest, consistent with the 
direction of compression in the fOCal-plane solutions. 

SUMMARY AND CONCLUSIONS 

Most of the coastal plain adjacent to the 
Sadlerochit and Shublik Mountains and the northeastern 
Brooks Range lies in a fold and thrust belt that spans 
northern Alaska. The fold and thrust belt underlies the 
Brooks Range and the adjacent foothills of northern 
Alaska and extends across all but the northwest comer of 
the 1002 area, northwest of the Marsh Creek anticline. 

Structures in the Sadlerochit and Shublik 
Mountains, northeastern Brooks Range, and adjacent 
parts of the coastal plain are characteristic of detachment 
tectonics and include thrust faults, rootless folds, large 
anticlines cored by pre-Mississippian rocks, duplexes, 
triangle zones, and complex structural thickening of 
.mostly incompetent units. Folds are generally 
asymmetrical, verge northward in the direction of 
structural transport, and are typically floored by thrust 
faults. The intensity and complexity of deformation and 
the age of the rocks involved in detachment structures 
increase toward the mountain belt. 

Thrust transport is mostly to the north­
northwest. Thrust faulting of one thrust sheet over 
another, piggyback transport of one thrust sheet on 
another, later formed thrust sheet, and structural 
telescoping through imbricate faulting within thrust 
sheets contribute to structural transport. Thrust faults, 
triangle zones, and folds floored by thrust faults 
generally trend east-northeast where not influenced by 
preexisting structural grain. Thrust faults that cut the 
pre-Mississippian and younger rocks in the Sadlerochit 
and Shublik Mountains are typically concordant with 
structures in the pre-Mississippian rocks but discordant 
with structures involving younger strata. 

The structural framework of the Sadlerochit 
Mountains and much of the coastal plain comprises six 
thrust sheets. The thrust sheets involve Precambrian 
through upper Cenozoic rocks and three regional 
unconformities. The thrust sheets are (1) an unnamed 
thrust sheet above a BST in pre-Mississippian rocks, (2) 
the Sunset thrust sheet, (3) the Marsh Creek thrust sheet, 

(4) the West Fork thrust sheet, (5) the Nularvik thrust 
sheet, and (6) the Katakturuk thrust sheet. The regional 
unconformities are (1) the pre-Mississippian 
unconformity, (2) the Lower Cretaceous unconformity 
(LCU), and (3) the Eocene unconformity. 

The poorly defined and unexposed BST fault in 
the pre-Mississippian rocks has subsidiary thrusts that 
branch up and emplace large blocks of the pre­
Mississippian rocks on strata as young as Paleocene. 
The large slabs of the pre-Mississippian rocks are 
probably internally imbricated. The pre-Mississippian 
rocks are detached under the Sadlerochit and Shublik 
Mountains and appear detached beneath much of the 
adjacent coastal plain. 

The Sunset thrust sheet lies above a thrust fault 
along the pre-Mississippian unconformity. The sheet 
consists of Mississippian to Cretaceous strata that are not 
structurally complex in the Sadlerochit Mountains. The 
same strata are, however, structurally complex in the 
northeastern Brooks Range. Imbrication of the 
underlying pre-Mississippian rocks produces large 
anticlines in the Sunset thrust sheet. 

The Marsh Creek thrust sheet consists of 
Jurassic and Cretaceous strata that have been thrust 
transported north-northeast across the LCU. The strata 
make up blocks in a duplex in the northeastern 
Sadlerochit Mountains. Jurassic strata exposed southeast 
of Niguanak Ridge are probably part of the Marsh Creek 
or an analogous thrust sheet. 

The West Fork thrust sheet consists of Lower 
and Upper Cretaceous shales. The strata in the West 
Fork thrust sheet are complexly deformed and underlie 
the coastal plain adjacent to the-Sadlerochit Mountains. 
The distribution of the same strata under the eastern 
1002 lands is unknown. 

The Nularvik thrust sheet consists of structurally 
repeated Upper Cretaceous strata, mostly shales but also 
including sandstone turbidites and red-weathering tuff 
beds. The thrust sheet probably underlies much of the 
1002 lands. 

The Katakturuk thrust sheet consists of Upper 
Cretaceous and Paleocene turbidites and younger strata 
and is a roof thrust for imbrication of underlying Upper 
Cretaceous strata. Structural shortening in the 
Katakturuk thrust sheet is small in comparison to that in 
the underlying Nularvik thrust sheet producing an 
underthrusting relation across the Katakturuk thrust. 
Mostly east-northeast-trending triangle zones are 
prominent features in the Katakturuk thrust sheet. The 
Katakturuk thrust sheet underlies much of the 1002 area. 

Tectonic shortening in the Sadlerochit 
Mountains and coastal plain probably began during 
Paleocene to Eocene time. Thrusting probably continued 
into late Cenozoic time, possibly continued into 
Pleistocene time, and could still be ongoing if historic 
earthquakes along the Beaufort Sea coast indicate thrust 
rather than strike-slip faulting. 
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Chapter 21. 

Structure of the Continental Shelf North of the Arctic National 

Wildlife Refuge! 

By Arthur Grantz,2 David A. Dinter,2 and Raymond C. Culotta2 

INTRODUCTION 

U.S. Geological Survey seismic-reflection 
profiles at an average spacing of about 20 kIn (32 mi) 
(Grantz and Greenberg, 1981; Grantz and others, 1982) 
indicate that the geologic structure of the Beaufort 
continental shelf north of the Arctic National Wildlife 
Refuge (ANWR) has been shaped by the interplay of 
several tectonic features and geologic processes of 
regional extent or influence. These include (1) a 
continental margin and tectonic hinge line formed by 
rifting that was most active north of Alaska during late 
Early Cretaceous time, (2) the gravitational free face of 
the Late Cretaceous to Holocene continental slope, (3) 
northward-directed Eocene to Holocene thrust faulting 
rooted on the south side of the eastern Brooks Range, 
and (4) continental-margin collapse along north-dipping 
listric (curvilinear, concave upward) normal faults (figs. 
21.1,21.2, 21.3, and 21.4; Grantz and May, 1983). 

The tectonic hinge line of the Beaufort shelf 
(fig. 21.1), beyond which prerift continental crust dips 
rather sharply seaward toward transitional and oceanic 
crust, strikes east-southeast from a position on the outer 
shelf near longitude 1470 W. toward the coast in Camden 
Bay. This trend suggests that part of the Beaufort shelf 
north of the ANWR is underlain by transitional crust, 
and it may account for the eastward thickening of Upper 
Cretaceous(?) and Tertiary clastic sedimentary rocks 
under the shelf in and east of the Camden Bay area. 
These eastward-thickening sedimentary rocks constitute 
the Kaktovik basin (fig. 21.1), which contains most of 
the strata and structures of interest for petroleum 
exploration on the shelf off the ANWR. 

Large, roughly east trending detachment folds, 
faults, and basins in upper Mesozoic and Cenozoic rocks 
of the Beaufort shelf east of the Canning River (that is, 
off the ANWR) developed in a dominantly 
compressional setting above one or more extensive, 

1 This paper also appears in the volume "Alaskan North Slope 
Geology" (failleur and Weimer, 1987). 

2U.S. Geological Survey, Menlo Parle, Calif. 

south-rooted thrust faults that are inferred to extend 
northward beneath the entire shelf. The folded strata are 
also offset by listric normal faults. Some of these faults 
resulted from failur~ of the steepened north limb of the 
Camden detachment anticline toward the gravitational 
free face of the continental slope. Others resulted from 
gravity failures in the outer part of the sedimentary prism 
of the prograding continental terrace toward the same 
free face. Tectonic processes are still active in at least 
the western half of the area because (1) the western half 
of the ANWR and the adjacent shelf as far seaward as 
the core of the Camden anticline are generating shallow 
earthquakes (fig. 21.4; Grantz and others, 1983), and (2) 
Holocene deposits on the shelf off the ANWR are offset 
by faults (Dinter, 1985). 

STRA TIGRAPHY 

Seismic interpretation, together with projection 
of geologic relationships using data from the northeast 
Brooks Range and test wells in the Canning River area, 
suggests that the basement complex of the continental 
shelf north of the ANWR consists of variously deformed 
and mildly metamorphosed Proterozoic to Devonian 
sedimentary and volcanic rocks. These rocks are 
inferred to be overlain unconformably by weakly 
deformed, dominantly fine-grained marine sedimentary 
rocks of Jurassic and Early Cretaceous age in the 
Dinkum graben (fig. 21.1) and beneath most of the 
eastern Beaufort shelf. Thicknesses locally exceed 4 km 
(13,000 ft). The Jurassic and Lower Cretaceous rocks 
are succeeded locally by Upper Cretaceous coastal to 
deep-marine basinal shales and sandstones that may in 
places be as thick as 2 km (6,500 ft). Above these rocks 
is a stratigraphically complex section of Tertiary coastal, 
shelf, slope, and basinal shales and sandstones that is 4 
to 7.2 km (13,000 to 24,000 ft) thick, and in places 
probably thicker than 10 kIn (33,000 ft). A prominent 
angular unconformity dated as late Eocene on the 
Canadian Beaufort shelf (1. Dixon and J. Dietrich, 
written commun., 1985) lies in places within and in other 
places at the base of the Tertiary section off the eastern 

Chapter 21: Structure of the Continental Shelf 271 



half of the ANWR. On the Beaufort shelf east of 
longitude 144°15' W. this unconformity separates an 
uppermost Eocene or Oligocene to Quaternary 
sedimentary section from upper Eocene to Cretaceous 
beds below (fig. 21.3). 

STRUCTURE 
Between the Canning River and the Canadian 

border, the shallow geologic structure of the Beaufort 
shelf (figs. 21.2, 21.3) is dominated by long, arcuate, 
roughly parallel compressional detachment anticlines and 
synclines. Two of the synclines became sedimentary 
subbasins (Demarcation and Barter, fig. 21.3) that 
deepened contemporaneously with folding. To the west, 
the folds die out at the north end of the Canning 
displacement zone (CDZ) (Grantz and others, 1983), 
which is interpreted to be a broad, roughly linear zone in 
which northeast Brooks Range thrusting and related 
detachment folding die out by splaying and tear faulting 
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(fig. 21.1). West of the CDZ, the geologic structure of 
the shelf is dominated by flat to gently seaward-dipping 
strata that, on the middle and outer shelf, are offset by 
regional systems of north-dipping, west-northwest­
striking normal faults and listric growth faults. These 
growth faults were formed by gravitational failure of the 
sedimentary rocks of the continental terrace toward the 
free face of the continental slope. A large rollover 
anticline is developed on the seaward side (hanging wall) 
of the growth-fault system. 

The growth-fault province is not bounded by the 
CDZ. The growth faults and associated rollover anticline 
extend eastward into the northern part of the offshore 
area with compressional detachment folds, where they 
drop the north flank of the Camden anticline down and 
thus contribute to the structural relief of its north flank. 

All the compressional anticlines and intervening 
synclinal subbasins are inferred to overlie one or more 
low-angle detachment faults rooted in the Brooks Range, 
and they are tentatively inferred to terminate distally 
beneath a series of folds beneath the continental slope 
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and rise (fig. 21.4; Eittreim and Grantz, 1979). Structure 
contours on the highest detachment fault that could be 
observed or inferred on the USGS seismic profiles are 
shown in figure 21.2. The contoured surface may be a 
composite of two or more thrust faults, and splay faults 
(which were not identified on the profiles) may merge 
into it from below. 

Off the western ANWR the highest 
detachment-fault surface is interpreted to lie at depths of 
4 to 5 s of two-way seismic-reflection time and is 
broadly warped. North of Camden Bay this surface 
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appears to lie at the base of the Tertiary section (Grantz 
and May, 1983, fig. 13), and the overlying Camden 
anticline is developed mainly in Tertiary rocks. In this 
area the overall cross-sectional shape of the fold 
somewhat resembles an antiformal stack of thrust slices, 
and USGS seismic profiles suggest that splay faults may 
be present in the core. However, perhaps because of 
disruption by later listric normal faults, a complete 
pattern of imbricate thrust faults was not delineated. 
Farther east, near Barter Island, the Camden anticline 
becomes a simple detachment fold. Broad warping of 
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W. are speculative. Approximate equivalence of reflection time to depth given in figure 21.5. 
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the detachment surface off the western ANWR suggests 
that this fault may be defonned above a deeper, younger 
thrust fault not identified on the seismic profiles. 

The detachment-fault surface (fig. 21.2) deepens 
and its dip steepens eastward from Camden Bay. 
Concomitantly, the stratigraphic position of the fault 
apparently drops from the base of the Tertiary section to 
progressively deeper levels in the underlying bedded 
sequence, which is inferred to consist of mainly fine-
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I 

grained Jurassic and Cretaceous marine clastic rocks. 
These changes correlate with changes in the structure of 
the overlying rocks. For example, the eastern part of the 
Camden anticline and the en echelon Herschel arch (fig. 
21.3) are broader and less strongly faulted at the level of 
the Tertiary rocks than the west end of the Camden 
anticline; the late Eocene unconfonnity is best developed 
where the underlying detachment fault descends into 
beds of inferred pre-Late Cretaceous age; and, at least as 
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far east as longitude 1430 W., the detachment fault is 
more strongly warped. In addition, the thick upper 
Mesozoic section, which is broadly folded near Barter 
Island, is increasingly broken by moderately steep, 
south-dipping thrust faults to the east. The folds and 
thrusts are interpreted to overlie the detachment fault and 
to have been the structures that produced late Eocene 
relief on the Herschel arch and the eastern part of the 
Camden anticline. 

Growth of the compressional folds off the 
eastern part of the ANWR was contemporaneous with 
the latest Eocene or Oligocene to Holocene filling of the 
Demarcation and Barter subbasins. The late Eocene 
unconformity on the crests of the eastern part of the 
Camden anticline and the Herschel arch shows erosional 
microrelief indicating structural uplift. The clastic strata 
overlying the unconformity buttress against, and thicken 
away from, the crests of these folds. Strata within each 
subbasin thicken toward the axis, and the basinal axes at 
progressively higher horizons have migrated landward, 
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away from the anticlinal crests to the north. These 
features, plus local down-to-basin normal faults on the 
south flank of the Herschel arch, indicate that the folds 
were at least intermittently active from Eocene to 
Quaternary time. 

The depths of the Demarcation and Barter 
subbasins, and the amplitudes of the bounding anticlines, 
appear to have been enhanced by diapiric flow driven by 
the accumulating weight of sediment deposited in the 
subbasins. The fill in the Demarcation subbasin, for 
example, constitutes a relatively local sedimentary load, 
7 km (23,000 ft) thick, that may have mobilized some of 
the thick underlying sedimentary section and moved it 
into the adjacent Herschel arch. Sonobuoy velocities 
from the upper part of the underlying sedimentary 
section in the Herschel arch, probably of late Mesozoic 
age, range from 2.6 to 4.3 km/s (8,500 to 14,000 ft/s). 
The generalized average seismic-reflection times as a 
function of depth for the Beaufort Sea are shown in 
figure 21.5. These low to moderate velocities indicate 
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that the thick sedimentary section in the core of the arch 
is not highly indurated, and that it might have been soft 
enough to flow diapirically when the folds and subbasins 
started to form in Eocene time. 
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Figure 21.5. Generalized average seismic-reflection time 
as a function of depth for Beaufort shelf, derived from 
seismic-stacking-velocity measurements. Dashes indicate 
less certainty. 

QUATERNARY TECTONIC ACTIVITY 

The axes of the Camden anticline and the Barter 
subbasin (fig. 21.3) are also clearly delineated by 
isopachs drawn on a late Wisconsin or Holocene 
sedimentary prism (fig. 21.4). The Holocene axes, 
however, have migrated some 4 to 10 km (5,000 to 
33,000 ft) southeast from their earlier Cenozoic positions. 
A Quaternary high that developed over the south flank of 
the Herschel arch may be an extension of the Marsh 
Creek anticline, and the Quaternary sedimentary section 
is thickened near the axis of the Demarcation subbasin. 
The disconformity underlying the late Wisconsin or 
Holocene sedimentary prism could not be confidently 
identified over the subbasin, and therefore no contours 
are shown there. 

Faults mapped on high-resolution seismic­
reflection profiles north of the Camden anticline offset 
Quaternary deposits by as much as 10 m (33 ft), and 
they must therefore be presumed active. Quaternary 
strata that are undeformed in the Barter subbasin are 
warped and truncated at the seafloor in the axial region 
of the Camden anticline, and thus the latter structure 
must be active as well. This is corroborated by the 
clustering of earthquake epicenters beneath its crest, with 
the largest so far recorded being of magnitude 5.3. 

In addition to the active faults and folds evident 
beneath the Beaufort shelf north of the ANWR, 
numerous high-amplitude folds also deform the 
sediments of the continental slope and rise. Those that 
buckle or offset the seabed are shown in figure 21.4. 
These folds have previously been interpreted as diapiric 
folds induced by continental-margin slope failures 
(Grantz and others, 1979), but they are considered here 
to be related to thrust faults that underlie the entire shelf 
and root in the Brooks Range. 
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Chapter 22. 

Assessment of In-Place Oil and Gas Resources 

1 2 Cr 11. 1 
By Gordon L. Dolton, Kenneth J. Bird, and Robert A. ove 1 

INTRODUCTION 

Oil and gas resources, in general, can be thought 
of in two principal ways: (1) in-place resources-that is, 
that amount of oil and gas that may exist in nature 
without reference to its recoverability, but from which 
some part may be extractable in a technological and (~r) 
economic sense; and (2) recoverable resources-that IS, 

the amount of the in-place resources that may be 
considered extractable under various present or future 
economic and technological assumptions. In this report, 
we present estimates of in-place oil and gas resources of 
the Arctic National Wildlife Refuge (ANWR) 1002 
area,3 while in the following report (chap. 23), Callahan 
and others estimate the quantity of oil resources that may 
be recoverable. None of the gas resources in the 1002 
area are considered to be economically recoverable in the 
near term (chap. 23). 

As should be expected, recoverable resources 
constitute only a small part of the total in-place 
resources. The size threshold for economic deposits in 
this harsh environment varies, depending upon such 
parameters as reservoir properties, drilling depths, and 
location factors, but it is generally greater than 400 
million barrels of recoverable oil (see chap. 23). 

Separate methods were employed in estimating 
in-place and recoverable hydrocarbon resources in the 
ANWR. The in-place assessment utilized a "play­
analysis" method whereby prospects (potential 
hydrocarbon accumulations) are grouped according to 
their geologic characteristics into "plays," or natural 
associations with common characteristics. In assessing 
recoverable resources, Callahan and others (chap. 23) 
employed a site-specific analysis of individual prospects 
in order to model the elements that determine 
recoverability (exploration, development, production, and 
transportation) at that level. Both assessment techniques 
were carried out independently of each other, even 
though both techniques utilized similar components of 
the extensive geologic data base. Each method depends 

1V.S. Geological Survey, Denver, Colo. 
~.S. Geological Survey, Menlo Park, Calif. 
3The 1002 area at the time of the assessment included what are 

now the KIC Lands south of approximately 70° N. latitude. 

fundamentally upon recognition of potential hydrocarbon 
traps (prospects) and description of their geologic and 
fluid characteristics. Particular care was taken to ensure 
consistent treatment of the geologic data in each 
assessment. 

In general, the assessment of in-place resources 
by the play-analysis method deals with prospects in the 
aggregate, whereas the assessment of recoverable 
resources deals with separate assessments of the larger or 
selected prospects, which are then aggregated. Prospects 
of the in-place resource assessment consist of those 
identified and those estimated to exist on the basis of 
geologic setting-both structural and stratigraphic traps 
are included. However, estimation of recoverable 
resources was limited to those prospects (all structural) 
identified and delineated with a reasonable degree of 
certainty and physically large enough that they could 
reasonably be expected to contain commercial quantities 
of oil. These two related assessment techniques provide 
for a desirable verification of the precision of the results 
and allow a degree of confidence not attributable to 
either method alone. 
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ASSESSMENT METHOD 

The method employed to estimate in-place oil 
and gas resources in the 1002 area is a modified version 
of the play-analysis technique developed by the 
Geological Survey of Canada to assess Canada's oil and 
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gas resources (Canada Department of Energy, Mines and 
Resources, 1977) and used in earlier assessments of the 
National Petroleum Reserve in Alaska (NPRA) and the 
ANWR (U.S. Department of the Interior, Office of 
Minerals Policy and Research Analysis, 1979; Mast and 
others, 1980; Miller, 1981; Bird, 1986a). However, the 
present assessment is driven by a more efficient 
computer program, called Fast Appraisal System for 
Petroleum (FASP), that utilizes probability theory rather 
than Monte Carlo simulation (Crovelli, 1986; Crovelli 
and Balay, 1986). 
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modeled accumulations of each play. The volume of 
hydrocarbons in the hypothetical traps is determined 
using reservoir-engineering formulas. The play is treated 
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In this appraisal method, geologists make 
judgments about the geologic factors necessary for the 
formation of an oil or gas deposit and quantitatively 
assess those geologic properties that determine its size. 
The computer program FASP then performs the resource 
calculation based on this information. This arrangement 
utilizes the geologist's expertise with geologic factors 
and the computer's facility in manipulation of numbers 
within the appraisal model. The method provides for a 
systematic analysis and integration of the geologic 
factors essential for the occurrence of oil and gas, a 
thorough documentation of the analysis, and an 
assessment '. that provides information on the size, 
distribution, and number of hydrocarbon accumulations 
as well as their sum. 

In this assessment, seven plays were identified 
encompassing Precambrian to Cenozoic rocks (fig. 22.1) 
that underlie the 1002 area; for each play, in-place oil 
and gas resources were estimated. Estimates for each of 
the seven plays were aggregated using probability theory 
to produce the estimate of total resources for the 1002 
area. 

Figure 22.1. Generalized stratigraphic column for 
northern part of ANWR showing rock interval of each of 
seven plays (see figs. 22.2 - 22.8) assessed in 1002 area. 
Hue Shale may range into the Paleocene in parts of this 
area. 
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DESCRIPTION OF PLAYS 

Brief narrative descriptions of each play follow. 
Illustrations accompanying these descriptions provide for 
each play a map and diagrammatic cross section showing 
play limits and geologic relations, the assessment data 
form, and the estimated in-place resources and pool 
sizes. Some plays are similar or equivalent to plays with 
known hydrocarbon accumulations in adjoining areas. 
The plays are presented in the order that they were 
assessed rather than by their estimated oil and gas 
potential. Definitions of terms on the assessment form 
are presented in appendix 22.1 at the end of this chapter. 

Topset Play 

The Topset play consists of stratigraphic traps in 
sandstone reservoirs of Tertiary age and includes those 
rocks represented on the seismic records in the top set 
position in a topset-foreset-bottomset sequence. This 
play is limited to the northwestern part of the 1002 area 
and is generally unaffected by Brooks Range folding and 
faulting (fig. 22.2). The southeastern boundary is 
selected as the line marking the north flank of the Marsh 
Creek anticline. These rocks, based on well penetrations 
immediately west of the ANWR, are assigned to the 
Sagavanirktok Formation and consist of marine and 
nonmarine deltaic sandstone, siltstone, shale, 
conglomerate, and minor amounts of coal. A maximum 
thickness of about 3,000 m(IO,OOO ft), estimated from 
the seismic records, occurs in the eastern part of the 
play; the sequence thins westward to about 2,130 m 
(7,000 ft) in wells just west of the ANWR. 

The reservoir rocks are composed of sandstone 
and conglomerate that may comprise as much as half the 
total thickness of the play interval, even though 
individual reservoir beds seldom exceed 15 m (50 ft). 
Fair to good reservoir continuity in sand bodies is 
expected parallel to depositional strike (northwestward), 
but marked changes may occur over short distances 
perpendicular to strike. Porosity of reservoir rocks is 
expected to be excellent, averaging 20 to 30 percent, and 
permeability is in the hundreds of millidarcies. 

Potential source rocks immediately associated 
with the reservoirs are deltaic shales and mudstones, 
which are immature and probably biogenic gas prone. 
The underlying marine shales are both oil prone (Hue 
Shale) and gas prone (Canning Formation and pebble 
shale unit) and are mature below about 3,660 m (12,000 
ft) in the play area. As a consequence, oil accumulations 
in this play are likely to be the result of vertical 
migration along faults or inclined foreset beds in the 
underlying Canning Formation. Oil shows are reported 
in several wells in the Point Thomson area from the 
lower part of the rock sequence included in this play. 
The multibillion-barrel heavy oil and tar accumulations 

just west of the Prudhoe Bay field (West Sak and Ugnu) 
and the small oil accumulations in the northeastern 
NPRA (Simpson and Fish Creek) are considered to be 
analogs for potential accumulations in this play (see fig. 
3.1, table 3.1). 

Postulated traps in this play are mostly 
stratigraphic, related to facies changes, or combination 
structural and stratigraphic traps formed against small­
displacement normal faults. Faults, interbedded shales, 
facies changes, permafrost, and asphaltic hydrocarbons 
are expected to provide only fair to poor seals. Poor 
seals-that is, barriers to hydrocarbon migration-may 
have allowed preferential escape of gas and thus left 
mostly oil accumulations in this play. Drilling depths 
range from 30 to 3,000 m (100 to 10,000 ft). 

Turbidite Play 

The Turbidite play consists of stratigraphic traps 
in deep-marine sandstone reservoirs of Late Cretaceous 
and Tertiary age that occur in the foreset and bottomset 
units of the Canning Formation as shown by seismic 
reflectors. The play is limited to the northwestern part of 
the 1002 area, which is generally unaffected by Brooks 
Range folding and faulting (fig. 22.3). The southeastern 
play boundary is a line marking the transition between 
folded and faulted rocks of the Marsh Creek anticline 
and the adjacent undeformed rocks. On the basis of well 
penetrations adjacent to the ANWR, these rocks consist 
of relatively deep marine shale, siltstone, and turbidite 
sandstone. A maximum thickness for rocks in this play 
is about 1,520 m (5,000 ft). Drilling depths range from 
1,220 to 6,700 m (4,000 to 22,000 ft). 

Reservoir rocks, which are turbidite sandstones, 
may occur anywhere within the play interval, but in 
wells adjacent to the ANWR they are most frequently 
encountered in the lower third as toe-of-slope or basin­
plain turbidites. Sandstone bodies are expected to be 
laterally discontinuous and to have an aggregate 
thickness of several hundred feet, although individual 
beds are expected to be less than 15 m (50 ft) thick. 
Abnormally high fluid pressures are expected in the 
lower part of the play interval, since such pressures are 
found in wells west of the ANWR; thus, porosities 
should be better than those normally encountered for 
turbidite sandstone at these depths. 

Potential source rocks include deep-marine 
shales adjacent to the reservoirs (Canning Formation) and 
below the reservoirs (Hue Shale and pebble shale unit). 
These shales are gas prone (Canning Formation and 
pebble shale unit) and oil prone (Hue Shale) and are 
mature below about 3,660 m (12,000 ft). Oil and gas 
have been recovered from turbidite reservoirs in several 
wells adjacent to the ANWR. The oil, generally 210 to 
270 API gravity, but as high as 440 API gravity in one 
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Figure 22.2. Topset play (no. 1, fig. 22.1). A, Map of play area. B, Diagrammatic cross section. C, Assessment data 
form. D, Estimated resources and pool sizes. 
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occurrence, has been recovered on drillstem tests at 
calculated rates of as much as 2,500 barrels per day. 
Gas flows of 2.25 million ft3/day were also measured in 
the Alaska State A-I well (fig. l.lB). 

Most postulated traps in this play are 
stratigraphic and are related to facies changes, with 
structural traps also formed against small-displacement 
normal faults; three broad, low-amplitude structures have 
been identified seismically. Faults and the surrounding 
thick marine shales are expected to provide fair to good 
seals. 
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of the Marsh Creek anticline and the adjacent 
undeformed rocks. Sandstone in this play overlies the 
so-called Lower Cretaceous (regional) unconformity, was 
deposited in shallow-marine to possibly nonmarine 
depositional conditions, and is expected to be 
discontinuous. Drilling depths range from 3,660 to 7,620 
m (12,000-25,000 ft). 

The reservoir rock may range from a fine­
grained, well-sorted quartzose sandstone (Kemik) to a 
detrital dolomite and quartz conglomeratic sandstone 
(Thomson). Thicknesses of as much as 105 m (345 ft) 
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have been penetrated by wells, but the distribution of 
sandstone is unpredictable and appears to be seismically 
undetectable. Average porosity is expected to be about 
12 percent. Abnormally high fluid pressures are 
expected in this play, as in wells west of the ANWR in 
these same units. Owing to abnormal pressures, 
porosities are expected to be better than normal for 
similar sandstone at these depths. 

Potential source rocks consist of the Canning 
Formation, Hue Shale, and pebble shale unit, and 
possibly the Kingak Shale and Shublik Formation where 
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these formations are present beneath the regional 
unconformity. Geochemical data indicate that the Hue 
Shale is oil prone and the other units are gas prone, and 
that in the play area these deposits may be marginally 
mature to mature. Both oil and gas are present in the 
Thomson sand in the Point Thomson field, which is 
reported by the Exxon Corporation to contain reserves of 
5 trillion ft3 (tef) of gas and 375 million barrels of 
condensate. Flow rates are reported to be as much as 13 
million ft3 of gas and 2,283 barrels of oil per day. Oil 
gravity generally ranges from 35° to 45° API, but some 
oil with gravity as low as 18° API has been reported. 

Postulated traps in this play are mostly 
stratigraphic and are related to facies changes, although 
structural traps may also occur against small­
displacement normal faults; three broad, low-amplitude 
structures have also been identified seismically. Faults 
and the overlying thick marine shales are expected to 
provide fair to good seals. However, should a 
widespread basal lag deposit occur above the 
unconformity, it would make the occurrence of a purely 
stratigraphic trap less likely. 

Un deformed Pre-Mississippian Play 

The Undeformed Pre-Mississippian play consists 
of stratigraphic traps in carbonate or sandstone reservoirs 
in the pre-Mississippian basement complex. In this play, 
it is critical that the reservoir rocks be charged and 
sealed by source rocks in the overlying Ellesmerian or 
Brookian sequences. Pre-Mississippian rocks were 
metamorphosed, folded, faulted, uplifted, and eroded 
prior to the deposition of younger strata. The occurrence 
of reservoir rocks in the basement complex is 
unpredictable. This play is limited to the northwestern 
part of the 1002 area, which is unaffected by Brooks 
Range folding and faulting (fig. 22.5). The southeastern 
play boundary is a line marking the transition between 
folded and faulted rocks just north of the Marsh Creek 
anticline and the adjacent undeformed basement rocks. 
Drilling depths are expected to be 3,660 to 7,620 m 
(12,000 to 25,000 ft). 

Potential reservoir rocks may be dolomite, 
limestone, and sandstone. Dolomites may be vuggy, as 
is observed in the Katakturuk Dolomite in outcrops. 
Sandstone may also be present. Under favorable 
conditions, leaching of calcareous cements may improve 
the reservoir character of the rocks. Although carbonate 
rocks may be thick and may locally have porosity as 
much as 25 percent, the average porosity for the entire 
unit is expected to be less than 10 percent. Fractures are 
expected in these rocks and should enhance the observed 
low-matrix permeabilities. Flow rates from basement 
rocks in the Alaska State F-I well were about 3 million 
ft3 per day and 150 barrels of 35° API gravity oil per 

day. Saltwater was recovered from the Alaska State A-I 
well at a rate of 4,220 barrels per day, and freshwater 
was recovered from the Katakturuk Dolomite in the 
Canning River Unit A-I well at a rate of 4,800 barrels 
per day. Abnormally high formation pressures were 
encountered in the basement rocks in some Point 
Thomson area wells. 

Source rocks within the pre-Mississippian 
basement complex are unlikely because of the regional 
metamorphic character of these rocks. Hence, 
juxtaposition of younger (Cretaceous or Tertiary) source 
rocks with basement reservoir rocks is critical for 
hydrocarbon accumulations in this play. The Hue Shale 
is expected to be a mature oil-prone source rock, and the 
Canning Formation and pebble shale unit are expected to 
be gas-prone source rocks. Possible asphaltic 
hydrocarbons are described from the Katakturuk 
Dolomite in the Canning River Unit A-I well, and oil 
and gas have been recovered from Point Thomson wells. 

Postulated traps in this play are stratigraphic and 
are located in areas where truncation places Cretaceous 
or Tertiary source rocks in contact with reservoirs in the 
basement complex. 

Imbricate Fold Belt Play 

The Imbricate Fold Belt play consists primarily 
of structural traps in sandstone reservoirs of Cretaceous 
and Tertiary age. These traps are the result of Brooks 
Range folding and faulting. This play encompasses that 
part of the area southeast of a line marking the limit of 
deformation of rocks along the north flank of the Marsh 
Creek anticline (fig. 22.6). Rocks included in this play 
are bounded below by a major structural detachment 
zone; in the area of the Sadlerochit Mountains this zone 
lies within the Kingak Shale, and in the subsurface to the 
north it is believed to cut stratigraphically up-section and 
eventually to die out within rocks of the Marsh Creek 
anticline. 

Sandstone reservoirs in this play may consist of 
the Kemik Sandstone, Canning Formation turbidites, and 
Sagavanirktok Formation deltaic deposits. Drilling 
depths in this play range from 30 to 7,920 m (100 to 
26,000 ft). The turbidite reservoirs are expected to be 
most prospective in this play. Distribution of the Kemik 
is expected to be as unpredictable as it is in the 
ThomsonlKemik play. Deltaic sandstones are generally 
expected to have the same excellent reservoir qualities 
but poor sealing characteristics, as described in the 
Topset play; also included in this play are the very poor 
reservoir sandstones and conglomerates of the Jago River 
Formation in the southeastern part of the area. The 
distribution of this thick formation beyond the area of its 
surface exposure is unknown. 

Potential source rocks consist of the Kingak 
Shale, pebble shale unit, Hue Shale, and Canning 
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Formation. These shales may be present within this play 
or below the detachment zone in the subjacent Folded 
Ellesmerian/Pre-Mississippian play. The Canning 
Formation is expected to be a poor, submature source 
rock, whereas Jurassic and Cretaceous shales are 
expected to be fair to good source rocks in the submature 
to mature range. Oil seeps at Manning Point and Angun 
Point are thought to be from rocks assigned to this play. 
In addition, oil-stained sandstone is known from many 
surface exposures of these rocks. 

Tmps in this play are mainly structural and are 
expected to consist of relatively small but numerous 
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fault-cored anticlines. Stratigraphic traps, such as updip 
pinchouts on the flanks of anticlines, may also be 
present. Shales within the play are expected to provide 
fair to good seals for these traps, although faulting and 
related fracturing may reduce their effectiveness. 

Folded EllesrnerianlPre-Mississippian Play 

The Folded Ellesmerian/pre-Mississippian play 
consists mostly of structural traps in sandstone or 
carbonate reservoirs of pre-Mississippian to earliest 
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Figure 22.5. Undeformed Pre-Mississippian play (no. 4, fig. 22.1). A, Map of play area. B, Diagrammatic cross 
section. See figure 22.2 for explanation. C, Assessment data form. D, Estimated resources and pool sizes. 
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Cretaceous age. The structures are the result of Brooks 
Range folding and faulting. This play underlies nearly 
the same area as the Imbricate Fold Belt play. The play 
area lies southeast of a line marking the approximate 
northern limit of deep basement faulting, which lies just 
north of the surface trace of the Marsh Creek anticline 
(fig. 22.7). Rocks included in this play lie beneath the 
major structural detachment zone that marks the base of 
the overlying Imbricate Fold Belt play, and reservoirs 
consist mainly of Ellesmerian and pre-Ellesmerian rocks. 
Depending upon the stratigraphic level of the main 
structural detachment zone, some Brookian rocks may 
also be included. 
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Reservoir rocks in this play consist of both 
carbonate rocks and sandstone. Potential carbonate 
reservoirs include the Katakturuk Dolomite, Nanook 
Limestone, other unnamed pre-Mississippian carbonate 
rock units, the Lisburne Group, and the Shublik 
Formation. Potential sandstone reservoirs consist of pre­
Mississippian sandstone, the Kekiktuk Conglomerate, 
Echooka Formation, Ivishak Formation, Karen Creek 
Sandstone, Kemik Sandstone, and possibly turbidite 
sandstones in the basal part of the Brookian sequence. 
The most important sandstone reservoir is expected to be 
the Ivishak Formation (Ledge Sandstone Member), and 
the most important carbonate reservoirs are expected to 
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be the Lisburne Group and Katakturuk Dolomite. The 
areal distribution of reservoirs in this play is uncertain. 
This uncertainty is caused by the Lower Cretaceous 
regional unconformity in which erosion has removed an 
undetermined amount of underlying strata. The Ivishak 
Formation and Lisburne Group can be projected eastward 
from the Sadlerochit Mountians iflto the subsurface of 
the southernmost part of the 1002 area with a relatively 
high degree of confidence. North of this area, the 
character of seismic reflections offers the possibility of 
their presence. However, their northern extent is 
dependent upon a number of factors, such as the rate of 
truncation on the unconformity, the amount of northward 
transport by thrust faulting, and the possible existence of 
downdropped fault blocks north of the truncation edge, 
about which we have little direct information. Drilling 
depths range from 610 to 7,620 m (2,000 to 25,000 ft). 

Potential source rocks consist of marine shales 
in the Kayak Shale, Ivishak Formation, Shublik 
Formation, Kingak Shale, pebble shale unit, and possibly 
the Hue Shale. The Hue Shale is expected to be the best 
oil-prone source rock where it occurs above the thermal 
gas threshold (about 6,700 m, or 22,000 ft). The other 
shales are all apparently gas-prone source rocks. They 
are generally mature to possibly overmature. As with 
reservoir rocks (described above), truncation is expected 
to reduce by an unknown amount the areal extent of all 
source rocks that predate the pebble shale unit. 

Traps in this play are mostly structural and are 
expected to consist of a relatively few large, broad 
anticlines and fault traps. A significant number of 
structures smaller than the present 3 x 6 mi seismic grid 
are also expected to be present. Stratigraphic traps 
related to truncation by the Lower Cretaceous 
unconformity are also possible. The pebble shale unit 
and younger shales are expected to provide good to 
excellent seals. However, oil seeps and oil-stained 
sandstones in the play area indicate that leakage is 
occurring from traps in this play or the overlying 
Imbricate Fold Belt play. 

Within this play area, two extremely large 
structures were seismically identified (structures 18 and 
19, fig. 22.7). These structures were assessed 
independently from other structures composing this play, 
and special consideration was given both to their position 
relative to the Ellesmerian truncation edge and to the 
relationship of trap fill to hydrocarbon-column height 
(fig. 22.7). 

Un deformed Ellesmerian Play 

The Undeformed Ellesmerian play consists of 
stratigraphic traps in carbonate and sandstone reservoirs 
in the Ellesmerian sequence. The play is limited to the 
northwestern part of the 1002 area, which is unaffected 
by Brooks Range folding and faulting (fig. 22.8). The 

southeastern play boundary is a line marking the 
transition between folded and faulted rocks and adjacent 
undeformed Ellesmerian rocks. This boundary coincides 
with the northwest boundary of the Folded 
Ellesmerian/pre-Mississippian play. A wedge of 
Ellesmerian rocks is seismically mapped beneath the 
Lower Cretaceous unconformity only in the 
southwesternmost comer of the play area. Elsewhere in 
the play area, there may be one or more fault-bounded, 
downdropped blocks that preserve Ellesmerian rocks. 
Such fault-bounded blocks are well known in the 
Prudhoe Bay area, but they have not been identified thus 
far on the seismic data in the ANWR. Drill depths to 
Ellesmerian rocks are 3,660 to 7,620 m (12,000 to 
25,000 ft). 

Potential reservoirs consist of both sandstone 
and carbonate rocks. The most important reservoirs are 
expected to be dolomite in the Lisburne Group and 
sandstone in the Ledge Sandstone Member of the Ivishak 
Formation. Reservoir properties may be improved by 
proximity to the Lower Cretaceous unconformity, as at 
Prudhoe Bay. Average carbonate porosity is expected to 
be about 4 percent, and average sandstone porosity about 
15 percent. 

Potential source rocks consist of marine shales 
within the Ellesmerian sequence (Kayak Shale, Ivishak 
Formation, Shublik Formation, Kingak Shale) and the 
overlying pebble shale unit and Hue Shale. These shales 
are expected to be submature to mature. Only the Hue 
Shale is expected to be an oil-prone source rock. 

Postulated traps in this play are stratigraphic and 
are dependent upon the pebble shale unit or younger 
shales for seals. 

ASSESSMENT MODEL 

The play-analysis method attempts to describe 
the natural occurrence of oil and gas and therefore is 
described as a model. The model divides the geologic 
characteristics and attributes of potential hydrocarbon 
accumulations into three classes: (1) play attributes, (2) 
prospect attributes, and (3) number of prospects and their 
reservoir and trap characteristics. Play and prospect 
attributes, which determine the presence of hydrocarbons, 
are assessed as to their probability of occurrence. 
Reservoir and trap characteristics, which determine 
hydrocarbon volumes, are assessed in terms of ranges of 
values (sizes). The number of prospects in a play is 
likewise assessed in terms of a range of values. 

The geologist's judgments of these 
characteristics are recorded on a data form. An example 
of this form is annotated in figure 22.9 to show how this 
method addresses the two fundamental questions asked in 
any assessment: (1) are there oil or gas accumulations in 
the area, and (2) if so, how much oil and gas is present? 
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To answer the first question, it is necessary to 
assess the play and prospect attributes. Play attributes 
are the geologic conditions or regional characteristics 
that apply to the playas a whole. They include the 
presence or favorability somewhere within the play area 
of hydrocarbon source, timing, and migration and of 
potential reservoir-rock facies. Jointly, they determine 
the favorability for the occurrence of oil or gas within 
the play. These play attributes are taken to be 
independent, and the product of their individually 
assessed probabilities of occurrence (the marginal play 
probability) is the probability that the play-level 
attributes necessary for occurrence of hydrocarbons are 
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present. The existence of favorable play attributes is a 
necessary, but not sufficient, condition for the existence 
of hydrocarbon accumulations in the play; favorable 
prospect attributes are also required. 

Prospect attributes are those geologic conditions 
concerning hydrocarbon occurrence that vary at the 
prospect level. They include the existence of a trapping 
mechanism, effective porosity, and hydrocarbon 
accumulation; the latter term refers to the probability of 
hydrocarbons being available to the individual prospect 
with proper timing relative to trap formation. Each 
attribute is assessed as to its probability of occurrence at 
a randomly selected prospect within the play, conditional 
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Figure 22.8. Undeformed Ellesmerian play (no. 7, fig. 22.1). A, Map of play area. S, Diagrammatic cross section. 
See figure 22.2 for explanation. C, Assessment data form. D, Estimated resources and pool sizes. 
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on the assumption that the play attributes are favorable. 
Prospect attributes are ordinarily treated as independent. 

For a prospect to be an accumulation, the 
attributes of the play in which it exists must also be 
favorable. The conditional deposit probability, which 
describes the probability that a random prospect is a 
hydrocarbon accumulation given that the play is 
favorable, is simply their product. The probability that a 
hydrocarbon accumulation exists at a prospect is the 
product of the marginal play probability and the 
conditional deposit probability. The commonly used 
term "prospect risk" is simply 1 minus this product. 
Therefore, from the total number of prospects in a 
potentially productive play, some proportion will be 
hydrocarbon bearing and the remainder "dry "-a 
common situation in nature. Because of the small 
limiting values that are used for hydrocarbon volume 
parameters, prospects modeled as hydrocarbon 
accumulations will encompass deposits of all sizes, 
including very small deposits. This is one of the 
significant differences that must be recognized in 
comparing results between the in-place and recoverable 
resource estimates. The in-place estimate for each play 
includes the full range of accumulation sizes for each 
prospect containing hydrocarbons. 

To answer the second question of how much oil 
and gas is present, it is necessary to assess the number of 
prospects and the hydrocarbon volume parameters-those 
characteristics that determine the number and size of oil 
or gas deposits within the play. 
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Figure 22.9. Example of play-analysis data form, 
annotated to show two fundamental questions asked in 
petroleum assessment. 

The identification of all prospects within a play 
is generally impossible because of limitations on data 
quality, availability, or resolution. The number of 
prospects is therefore an uncertain quantity and is 
described by a distribution having a range of possible 
values. This distribution is derived largely from 
geophysical maps showing structural closures and 
anomalies tempered with an understanding of the 
geologic framework, which allows an estimation of 
unseen but suspected prospects, and is assessed in seven 
fractiles (probability levels). 

The estimates of oil or gas volumes in deposits 
are functions of the probability distributions of five 
hydrocarbon volume parameters. These parameters are 
(1) area of the trap, (2) reservoir-rock thickness, (3) 
effective porosity, (4) trap fill, and (5) reservoir depth. 
They are treated as statistically independent. These five 
parameters are established by the assessment committee, 
whereas the sixth parameter is built into the computer 
program. The sixth parameter, water saturation, which is 
the complement of hydrocarbon saturation, is chosen 
from one of two distributions-{)ne for sandstone and 
one for carbonate rock-developed by the Geological 
Survey of Canada, and is based on negative correlation 
(r=-O.9) with effective porosity. These six parameters 
describe characteristics at randomly selected prospects 
within the play. They are uncertain quantities, described 
as distributions, and are assessed by seven fractiles. 
They are conditional on the prospect containing 
hydrocarbons. 

Once the volume parameter values are estimated 
for a random deposit, and the tendency of accumulations 
in the play to be oil or nonassociated gas also estimated 
(hydrocarbon mix), it is possible to determine the oil or 
gas volume. Each deposit is either oil or nonassociated 
gas (that is, gas that exists free and independently of oil). 
The equations for in-place hydrocarbon resources are the 
standard volumetric expressions for the calculation of 
pore space occupied by fluid, expressed as barrels of 
liquid or cubic feet of gas . 

oil in place 
gas in place 

where A 
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area of closure (acres), 
trap fill (decimal fraction), 
reservoir thickness (feet), 
effective porosity (decimal fraction), 
water saturation (decimal fraction), 
oil formation volume factor, 
original reservoir pressure (psi), 
reservoir temperature (degrees Rankine), 
gas compressibility factor, 
temperature, standard conditions 
(degrees Rankine), 
pressure, standard conditions (psi). 
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Those prospects in the play that are hydrocarbon 
bearing are represented in size by the conditional pool­
size estimates, which are reported in the data output as 
"accumulation size," and their total is the oil or 
nonassociated gas resource for the play. 

Dissolved gas (that is, gas in solution with the 
oil) is assumed to be at saturation and is calculated from 
the in-place oil by using an engineering equation 
(Crovelli and Balay, 1986). The assessment results 
include dissolved gas, nonassociated gas, and their 
combined totals; however in this report we generally 
give their sum. 

In the geologic model, based on geochemical 
and geothermal studies in and adjacent to the ANWR, a 
floor for hydrocarbon liquids was assumed at 6,860 m 
(22,500 ft), and all hydrocarbon-bearing prospects 
beneath it were calculated to be gas. 

Plays were described to minimize dependencies 
between them and were treated as independent. Within 
each play, attributes and parameters were also generally 
treated as independent, except in special cases. Where 
dependency was assumed, as between the prospect 
attributes of trap mechanism and effective porosity in 
stratigraphic traps, the assessment was handled on a 
dependency basis. In both plays containing reservoirs of 
differing lithologies (Folded Ellesmerian/Pre-Mississip­
pian and Undeformed Ellesmerian plays), the prospect 
attributes of trapping mechanism and hydrocarbon 
accumulation were considered shared between the 
reservoirs. Dependency problems are inherent in any 
analysis and affect the extreme values of derived 
resource distributions more than their central parts. 
Uncertainty attendant to assessment of a play's geologic 
characteristics generally appears to be more significant. 

Although robust and flexible in its handling of 
uncertain events for frontier areas, the play-analysis 
method requires that all plays be identified and properly 
described when used for assessment of the total resource 
base. In the exploration process, unanticipated 
discoveries and failures occur often enough to warrant 
cautioning users of this report that as new data become 
available and play concepts are modified or revised, 
resource estimates will change. 

The computer program FASP, which utilizes 
probability theory, processed the geologic input from the 
data forms. The specific structure of the probabilistic 
methodology used for calculation of individual play 
resources (Crovelli and Balay, 1986), shown in figure 
22.10, can be considered in three basic components: (1) 
determination of the potential size of a deposit for the 
commodity being assessed in a random prospect; (2) 
determination of the number of prospects in the play that 
contain the commodity being assessed; and (3) derivation 
from (1) and (2) of the play resource potential. Each 
resource-that is, oil, nonassociated gas, and dissolved 
gas-is separately calculated. Finally, the estimated 
resources of each play and subplay are aggregated, using 

·Oil. nonassociated gas. dissolved gas. and gas resources are each assessed in turn 

Figure 22.10. Flow chart of analytic method of play 
analysis. 

probability theory, for the grand totals of oil and gas as 
reported for the various assessment areas. 

ASSESSMENT PROCEDURE 

The assessment of the oil and gas resources of 
the 1002 area was completed in several stages. The final 
assessment was accomplished in October 1985 and 
subsequently reviewed in April 1986. Two committees 
of USGS and BLM geologists, geophysicists, and 
appraisal specialists participated. The Geologic 
Assessment Committee was convened specifically to 
develop the initial geologic input required for the play 
analysis. The Assessment Review Committee functioned 
as a review panel whose purpose was to ensure 
completeness of geologic input, conformity with 
statistical and methodologic requirements of the 
assessment procedure, and adequate representation of 
plays, and to review the magnitude and distribution of 
possible resources. Observers from the BLM, USGS, 
and FWS attended. 

The assessment was organized into three 
segments: (1) review of the geologic and geophysical 
data and identification of the plays and subplays (the 
units of assessment); (2) assessment of the geologic input 
parameters and computer generation of initial oil and gas 
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resource estimates; and (3) reVIew of the entire 
assessment. 

In assessing each play, the assessment team 
reviewed and synthesized extensive data summaries and 
interpretations, representing many months of work by a 
team of geologists. A typical data summary for a play 
consists of several types of maps, cross sections, charts, 
and graphs, of which many are included in the 
preceeding chapters. Such comprehensive data 
summaries are essential for an efficient and reliable 
assessment and were based upon data derived from 
seismic, surface, geological, geochemical, aeromagnetic, 
gravity, and other studies, as well as subsurface data 
from contiguous or analog areas. Judgment values were 
elicited by consensus and entered on appraisal data 
forms. This included assignment of risk to the geologic 
attributes in each play and its prospects, and estimation 
of probability distributions using seven fractiles for such 
variables as effective porosity, reservoir thickness, and 
number of prospects. Graphic displays were generated 
for each input distribution to ensure valid input. 

As the form for each play was completed, the 
information on the data form was entered into the 
computer and calculated by the play-analysis program 
FASP, which for each play resulted in initial resource 
estimates of in-place oil and gas and pool sizes. These 
initial estimates were analyzed by the committees, who 
ranked the plays and modified input where deemed 
necessary. 

ESTIMATES AS DISTRIBUTIONS 

The estimates of in-place oil and gas resources 
included in this report are in the form of complementary 
cumulative probability distributions, as shown in figure 
22.11. These distributions summarize the range of 
estimates generated by the FASP computer program as a 
single probability curve in a "greater than" format. 
Because of the uncertainty attached to the many geologic 
variables, no single answer is possible to the question of 
how much oil and gas are present; instead, an infinite 
number of answers are possible, each with its own 
confidence level. In nature only one real value exists, 
and the curve is an expression of the uncertainty about 
its size. The degree of uncertainty is expressed in the 
"spread" or variance of the distribution. Larger quantities 
correspond to lower probabilities-that is, there is less 
confidence that greater than those quantities are present. 

Our estimates are reported at the mean and at 
the 95th and 5th fractiles. In addition to the mean value, 
other central values are presented. We consider the 95 th 

and 5th fractiles to be "reasonable" minimum and 
maximum values. Values exist beyond this nominal 
range, but estimates in those extreme parts of the 
probability distribution are highly sensitive to 
assumptions on the form of the statistical distribution and 
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IN·PLACE OIL, IN BILLION BARRELS 

Figure 22.11. Typical cumulative probability curve 
showing decreasing probability associated with increasing 
amounts of resource. At a given probability, quantity of 
resource is greater than corresponding value shown. F, 
fractile (probability) value. The curve is read as follows: 
there is a 50 percent chance that the resource potential is 
greater tha!1 2.0 billion barrels, and there is a 5 percent 
chance that the resource is greater than 5.7 billion 
barrels. 

assumptions and dependencies in the underlying 
assessment. Slight changes in these factors can produce 
large changes in resource quantities beyond the 95th and 
5th fractiles, making them unreliable for planning 
purposes. 

ESTIMATES OF IN-PLACE RESOURCES 

In-place oil and gas resources within the 1002 
area of the ANWR are estimated to range from 4.8 to 
29.4 billion barrels of oil (bbo) and from 11.5 to 64.5 
trillion ft3 of gas (tefg), at the 0.95 and 0.05 probability 
levels, respectively (fig. 22.12, table 22.1). Although 
these ranges of values show a relatively high degree of 
uncertainty regarding the true value, they do indicate the 
potential for large quantities of oil and gas or the 
possibility that there may be no exploitable petroleum 
resources in the ANWR. Mean in-place values are 
calculated to be 13.8 bbo and 31.3 tefg. The median 
(50th fractile) is 11.9 bbo and 27.3 tefg and the "most 
likely" (modal) values are 8.8 bbo and 20.8 tefg. The 
mean values are larger as a result of the resource 
distributions being positively skewed. For perspective, 
the Prudhoe Bay field is calculated to have initially 
contained in-place resources of about 23 bbo and more 
than 35 tefg in the Triassic resecvoirs. Furthermore, an 
area similar in size and shape to the 1002 area, centered 
at Prudhoe Bay, encompasses 10 oil and gas 
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accumulations, both economic and uneconomic, with in­
place resources of nearly 60 bbo and 45 tcfg. 

This assessment of in-place oil and gas 
represents those deposits that constitute the resource base 
without reference to recoverability. Included are 
accumulations estimated to range in size from very small 
(in-place reserves of far less than 1 million barrels of oil 
or equivalent) to very large (in-place reserves greater 
than 1 billion barrels). (See figs. 22.2 through 22.8 for 
tabulations of pool sizes.) The accumulations are made 
up of both stratigraphic traps and structural traps, and 
they include not only those traps that are unequivocally 
identified and measured by seismic data, but also those 
that are inferred to exist on the basis of framework 
geology. Clearly, these in-place resources include many 
deposits well below any economic size limit that may 
currently be assumed for the Arctic, as well as deposits 
that have reservoir characteristics that would preclude 
them from being economic (see chap. 23). 
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Figure 22.12. Probability curves showing estimated in­
place oil and total gas resources of 1002 area. F, fractile 
(probability) value. See figure 22.11 for further 
explanation. 

The seismic data show that the 1002 area 
consists of two distinct geologic provinces: (1) an area 
of little deformation showing very subtle structures, 
similar to the Prudhoe Bay-Point Thomson region, that 
comprises the northwestern one-third of the 1002 study 
area, and (2) an area of much deformation showing 
numerous structures, with some similarities to the Brooks 
Range foothills elsewhere on the North Slope, that 
comprises the southeastern two-thirds of the 1002 study 
area. The boundary between these two provinces is 
approximated by the axis of the Marsh Creek anticline. 
Five plays are located in the northwestern area and two 
in the southeastern area (refer to play area maps in figs. 
22.2-22.8). The two distinct geologic provinces of the 
1002 area have very different estimated resource values 
(table 22.1). Approximately 25 percent of the mean 
estimated in-place oil and gas is in the northwest sector, 
whereas 75 percent is in the southeast sector. 

Estimated in-place resources of each of the 
seven plays are compared in figures 22.13 and 22.14. 
The most significant play in terms of resource 
contribution is the Folded Ellesmerian/pre-Mississippian 
play, containing approximately 50 percent of the area's 
estimated in-place oil and 60 percent of its estimated 
gas. This play has several unusually large structural 
prospects and is estimated to contain large 
accumulations. Following this play, in order of 
decreasing importance, are the Imbricate Fold Belt and 
the Turbidite plays. However, in these and several other 
plays, the estimated accumulation sizes, though perhaps 
substantial, are often of such size as to be of little or no 
current economic interest if occurring singly, and they 
are often mapped with great difficulty. If occurring 

Table 22.1. Summary of 1985 USGS/BLM assessment 
of in-place oil and gas resources in the ANWR 1002 area 

[F9S, 95'" fractile; FOS, sth fractile; oil in billions of barrels; gas in tril­

lions of cubic feet; total gas represents dissolved gas plus nonassociated 

gas] 

Oil 
Nonassociated gas 
Total gas 

F95 F05 
Total ANWR 1002 area 

4.8 29.4 
3.7 43.6 

11.5 64.5 
Northwest sector (plays 1--4, 7) 

Oil 
Nonassociated gas 
Total gas 

0.9 8.7 
1.0 11.9 
3.0 17.8 

Southeast sector (plays 5, 6) 

Oil 
Nonassociated gas 
Total gas 

2.7 24.7 
1.7 36.3 
6.2 54.4 

Mean 

13.8 
16.7 
31.3 

3.6 
4.6 
8.4 

10.3 
12.2 
22.9 
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above deeper and larger deposits or close to them, such 
accumulations may be of interest. 

To facilitate weighing of land-use values within 
the 1002 area, the mean values of in-place oil and gas 
resources were assessed for four separate geographic land 
blocks, as shown in figure 22.15. 

COMPARISON WITH 1980 ASSESSMENT 

The current assessment shows an overall 
increase of estimated in-place oil and gas resources and 
pool sizes when compared with the 1980 USGS 
assessment (Mast and others, 1980; table 22.2). The 
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Figure 22.13. Estimated in-place oil for all plays in 1002 area. Individual probability curves show relative 
contribution of each play. Triangles show mean values on principal distribution curves. 
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Figure 22.14. Estimated in-place gas for all plays in 1002 area. Individual probability curves show relative contribution 
of each play. Triangles show mean values on principal distribution curves. 
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mean values show slightly less than a threefold increase 
in spite of a smaller assessment area in 1985. The area 
assessed in 1 980 included all ANWR lands north of the 
mountain froni. (about 2.4 million acres), an area 56 
percent larger than the 1002 area (about 1.5 million 
acres). 

Even though both assessments utilized the play­
analysis technique, direct comparison is difficult because 
different geologic plays were defined for this assessment 
than were defined and employed in the 1980 assessment. 
In the 1980 assessment, all 10 plays were defined by 
stratigraphic reservoir interval and included both 
structural and stratigraphic prospects. The current 
assessment utilized five plays defined by stratigraphic 
reservoir interval, and two defined by structural interval 
that may include more than one reservoir. Furthermore, 
these two multiple-reservoir plays (Imbricate Fold Belt 
and Folded Ellesmerian/Pre-Mississippian plays) account 
for nearly two-thirds of the assessment area and about 75 
percent (mean value) of the estimated in-place oil and 
gas resources. 

The reasons for the almost threefold difference 
in the estimated in-place oil and gas resources are 
ultimately related to additions to the data set since 1980. 
The most important addition is the 1,451 line-mi of 
seismic data, which provide information on number and 
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Figure 22.15. Land blocks A-D of 1002 area (shaded) 
and approximate distribution of in-place oil and total gas 
resources (mean values). bbo, billion barrels of oil; tcfg, 
trillion cubic feet of gas. 

size of prospects, structural style, timing, and reservoir 
depth. Also since 1980, a doubling of the number of 
wells (from 9 to 18) available for study immediately 
west of the ANWR has provided important information 
on subsurface temperature, pressure, stratigraphy, and 
reservoir and source rocks. Additionally, new field 
observations and samples provided improved information 
on structural style, ages of rocks, and source and 
reservoir potential. These new data had the effect of 
significantly changing estimates of (1) number and size 
of prospects, (2) depth range of oil generation, and (3) 
conditional deposit probability. 

In the 1980 assessment, the number and size of 
prospects were guesses based on analogy with areas 
outside of the ANWR because of the scarcity of known 
structures in the ANWR. (Only the Marsh Creek 
anticline was known at the time.) The current 
assessment adds information not only on the number, 
size, and location of structures, but also about the 
distribution of reservoir and source rocks with respect to 
structures. This information shows that the average size 
of postulated drilling targets (prospects) is about one-half 
of our 1980 estimate, but that there are nearly twice as 
many prospects as we had thought 

An observation related to the comparison of 
prospects (above) is that most of the oil resources (95 
percent at the mean value) were estimated to occur in 
younger (Cretaceous and Tertiary) rocks in the 1980 
assessment. In the current assessment, the same rocks 
are estimated to contain only 50 percent of the oil, and 
the additional resources estimated by the 1985 
assessment are largely in the older Ellesmerian sequence. 

Table 22.2. Comparison of estimated in-place oil and 
gas resources and pool sizes in ANWR coastal plain by 
the USGS in 1980 (Mast and others, 1980) and 1985 
(this report) 

[F9S, 9Sth fractile; FOS, sIh fractile; oil and pool size in billions of bar­
rels; total gas (dissolved and nonassociated) in trillions of cubic feet; 
size of accumulations in 1980 assessment may be somewhat understated 
because the possibility of stacking several reservoirs (plays) in a single 
prospect was not taken into consideration. Figures for 1985 are for oil­
pool sizes, whereas 1980 figures are for barrels-of-oil equivalent sizes] 

F95 F05 Mean 

Oil in place 1980 0.2 17.0 4.9 
1985 4.8 29.4 13.8 

Gas in place 1980 1.4 33.9 11.9 
1985 11.5 64.5 31.3 

Pool size 1980 .01 3.81 .89 
1985 .01 1.31 .34 
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The reasons for this marked difference have to do with 
the nature and size of the prospects revealed by seismic 
data. Prospects identified in Cretaceous and Tertiary 
rocks in the 1985 assessment consist of a few low-relief 
structural or stratigraphic traps in the northwestern part 
of the coastal plain and many small, complexly folded 
and faulted structures in the southeastern area. Volumes 
of oil and gas estimated to occur in these rocks are 
matched by comparable or larger resource volumes 
estimated to occur in mostly pre-Cretaceous rocks within 
numerous large and relatively simple structures. 

Present-day subsurface temperature profiles 
combined with geochemical studies suggest that the 
depth range of oil generation in the ANWR is 3,660 to 
6,860 m (12,000 to 22,500 ft). This compares with a 
depth of 4,570 m (15,000 ft) for the base of the oil 
window employed in the 1980 assessment. As a result, 
much of the section that was estimated to be gas bearing 
in 1980 is now estimated to be oil bearing. 

The most significant change, one that depends 
on all factors mentioned above, is the assignment of 
higher probabilities to hydrocarbon occurrence and 
greater optimism in terms of trap fill. The average value 
of the conditional deposit probability for all geologic 
plays assessed in 1980 was 0.1, whereas it was 0.3 for 
plays assessed in 1985. Marginal play probabilities in 
both assessments are mostly 1. Most of the increase in 
estimated in-place oil and gas resources is probably 
caused by the changes in conditional deposit probability, 
which reflect an increased confidence in the favorable 
geologic setting as a result of data acquired since 1980. 

Hanson and Kornbrath (1986) have also reported 
estimates for the ANWR as prepared by the State of 
Alaska. Comparison of our estimates with theirs is 
difficult because the plays assessed are different than our 
own and because different assumptions apparently 
underlie the assessments. Nevertheless, there is great 
overlap in the range of estimates: 4.8-29.4 boo versus 
0.1-26.5 boo and 11.5-64.5 tcfg versus 0.7-43.6 tcfg 
(our estimates versus State of Alaska). Both sets of 
estimates express great uncertainty as to the actual 
resources present, and both recognize the potential for 
large resources. 

APPENDIX 22.1-GLOSSARY FOR OIL AND 
GAS APPRAISAL DATA FORM 

This section consists of a glossary of terms used 
in the OIL AND GAS APPRAISAL DATA FORM, 
which was developed for the appraisal of the 
undiscovered hydrocarbon resources of large frontier 
areas. The terms are arranged according to their order 
on the data form (fig. 22.9). Terms printed in capitals 
indicate that their definitions are included in this section. 

OIL AND GAS APPRAISAL DATA FORM: A form 
designed for systematic recording of geologic judgments 
pertaining to the occurrence of oil and gas. The form is 

organized by three main categories: (1) PLAY 
ATTRIBUTES, (2) PROSPECT ATTRIBUTES, and (3) 
HYDROCARBON VOLUME PARAMETERS. Judg­
ments recorded on this form are used in a computer 
simulation of the petroleum geology of the PLAY under 
consideration, and this simulation yields a probabilistic 
resource appraisal and pool-size distribution of the play 
and, for multiple plays, of the region as a whole. 

PLAY: An area consisting of one or more PROSPECTS 
in a common or relatively homogeneous geologic setting, 
the PROSPECTS of which can be explored by using 
geological, geochemical, and geophysical techniques. 

PLAY ATTRIBUTES: Four regional characteristics that 
describe a given PLAY. They include (1) HYDRO­
CARBON SOURCE (S), (2) TIMING (T), (3) 
MIGRATION (M), and (4) POTENTIAL RESERVOIR 
FACIES (R). These attributes determine whether 
conditions underlying the PLAY are favorable for 
occurrence of oil or gas within it. 

HYDROCARBON SOURCE (S): This PLAY ATTRI­
BUTE estimates the probability of occurrence of a rock 
unit that has generated and expelled oil or gas. 
Evaluation of this attribute is accomplished by recording 
a single value between 0 (total certainty that the attribute 
is absent) and 1 (total certainty that the attribute is 
present) for the probability that oil or gas has been 
generated and expelled from source rocks in sufficient 
quantity to form an accumulation within the PLAY. Its 
evaluation is based on a set of minimum source-rock 
criteria that includes organic richness, kerogen type, and 
thermal maturity. As utilized in this study, minimum 
organic richness values are 0.5 weight percent for clastic 
source rocks and 0.35 weight percent for carbonate 
source rocks. Kerogen types favorable for oil are 
amorphous and herbaceous; for gas, herbaceous and 
coaly. Minimum requirements for thermal maturity are 
vitrinite reflectance values of 0.6 percent for oil and 1.2 
percent for condensate and gas. When known 
HYDROCARBON ACCUMULATIONS occur in the 
PLAY, this PLAY ATTRIBUTE probability is 1. 

TIMING (T): This PLAY ATTRIBUTE estimates the 
probability of occurrence of a suitable relationship 
between the time of trap formation and the time of 
hydrocarbon movement into or through the PLA Y area. 
Evaluation of this attribute is accomplished by recording 
a single value between 0 (total certainty that the attribute 
is absent) and 1 (total certainty that the attribute is 
present) for the probability that favorable timing 
occurred somewhere in the PLAY. Its evaluation is 
based on knowledge of the time of trap formation and 
estimates of the time of maturity of source rocks. When 
known HYDROCARBON ACCUMULATIONS occur in 
the PLAY, this PLAYA TTRIB UTE probability is 1. 
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MIGRATION (M): This PLAY ATIRIBUTE estimates 
the probability of effective movement of hydrocarbons 
through a conduit that may be a penneable clastic or 
carbonate rock, a joint, or a fault. Evaluation of this 
attribute is accomplished by recording a single value 
between 0 (total certainty that the attribute is absent) and 
1 (total certainty that the attribute is present) for the 
probability that oil or gas has migrated in sufficient 
quantity to fonn an accumulation somewhere in the 
PLA Y area. Its evaluation is based on structural and 
stratigraphic infonnation from which inferences can be 
drawn concerning the presence of a geologically 
favorable conduit. When known HYDROCARBON 
ACCUMULATIONS occur in the PLAY, this PLAY 
ATTRIBUTE probability is 1. 

POTENTIAL RESERVOIR FACIES (R): This PLAY 
ATTRIBUTE estimates the probability of occurrence of 
a rock that may contain porosity and penneability 
capable of containing producible hydrocarbons. 
Evaluation of this attribute is accomplished by recording 
a single value between 0 (total certainty that the attribute 
is absent) and 1 (total certainty that the attribute is 
present) for the probability that favorable reservoir rocks 
occur somewhere in the PLAY area. Infonnation used in 
the evaluation of this attribute may include reservoir data 
from the PLAY, projections from adjacent areas, or 
analog comparisons. When known HYDROCARBON 
ACCUMULATIONS occur in the PLAY, this PLAY 
ATTRIBUTE probability is 1. 

MARGINAL PLAY PROBABILITY (MP): This tenn 
expresses the probability that all of the first four PLA Y 
ATTRIBUTES are concurrently favorable somewhere in 
the PLAY. Because each PLAY ATTRIBUTE is 
assumed to be statistically independent of the others, this 
probability is the product of the four separate PLAY 
ATTRIBUTE probabilities. A discovered oil or natural 
gas deposit in the PLAY is an indication that all four 
PLAY ATTRIBUTES are concurrently favorable, and 
therefore the marginal play probability is 1. 

PROSPECT: A geologically and (or) geophysically 
defined feature that may contain trapped hydrocarbons; 
in this assessment, prospects are limited to those of 600 
acres or more in areal size. 

PROSPECT ATTRIBUTES: Three local characteristics 
that determine the nature of PROSPECTS within a 
PLAY. They include TRAPPING MECHANISM (TM), 
EFFECTIVE POROSITY (P), and HYDROCARBON 
ACCUMULATION (A). Evaluation of these attributes is 
accomplished by recording a single value between 0 
(total certainty that the attribute is absent) and 1 (total 
certainty that the attribute is present) for the probability 
that the attribute is generally favorable in a randomly 
selected prospect within the play area. When the 

prospect-attribute probability judgments are being made, 
it is assumed that all four components of the 
MARGINAL PLAY PROBABILITY are favorable. 
Thus the prospect attribute probability judgments are 
conditional upon the PLAY ATTRIBUTES being 
favorable. In a play for which all the regional 
characteristics are favorable, the existence of a 
HYDROCARBON ACCUMULATION at any particular 
PROSPECT is detennined by the simultaneously 
favorable occurrence of the three prospect attributes. 

TRAP OCCURRENCE (TM): This PROSPECT AT­
TRIBUTE estimates the probability of occurrence of a 
structural or stratigraphic configuration that provides a 
trap for migrating hydrocarbons. Evaluation of this 
attribute is accomplished by recording a single value 
between 0 (total certainty that the attribute is absent) and 
1 (total certainty that the attribute is present) for the 
probability that a trap will be found to exist in a 
randomly selected PROSPECT within the PLAY. When 
evaluating this attribute, it is assumed that the PLAY 
ATTRIBUTES are favorable. Data used in the 
evaluation of this attribute are based on seismic or 
geologic mapping, projection from nearby areas, or 
analog comparison. 

EFFECTIVE POROSITY (P): This PROSPECT AT­
TRIBUTE estimates the probability of significant 
interconnected void space of a POTENTIAL 
RESERVOIR FACIES (R) capable of holding 
hydrocarbons. Evaluation of this attribute is 
accomplished by recording a single value between 0 
(total certainty that the attribute is absent) and 1 (total 
certainty that the attribute is present) for the probability 
that porosity equal to or greater than 3 percent will be 
found in any randomly selected PROSPECT within the 
PLAY. When evaluating this attribute, it is assumed that 
the PLAY ATTRIBUTES are favorable. In the special 
case of stratigraphic traps, which deal with the presence 
of a geometric configuration of a POTENTIAL 
RESERVOIR FACIES that may produce a trap, the 
assessment of EFFECTIVE POROSITY is made 
dependent upon the occurrence of the TRAP 
OCCURRENCE (TM)-that is, given the necessary 
trapping configuration of a potential reservoir, the 
probability of EFFECTIVE POROSITY within it is 
assessed. Data used in the evaluation of this parameter 
are based on the porosity of the potential reservoir rocks 
as estimated by measurement, calculation, projection, or 
analog comparison. 

HYDROCARBON ACCUMULATION (C): This PROS­
PECT ATTRIBUTE estimates the probability of the 
combination of HYDROCARBON SOURCE (S), 
TIMING (n, and MIGRATION (M) necessary for the 
fonnation of HYDROCARBON ACCUMULATIONS. 
Evaluation of this attribute is accomplished by recording 
a single value between 0 (total certainty that the attribute 
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is absent) and 1 (total certainty that the attribute is 
present) for the probability that hydrocarbons will be 
found adequate to fill at least 1 percent of any randomly 
selected PROSPECT within the PLAY. When evaluating 
this attribute, it is assumed that the PLAY 
ATTRIBUTES are favorable. In other words, this 
attribute deals primarily with the availability of 
hydrocarbons to a trap at a PROSPECT. Data used in 
the evaluation of this parameter are based on the 
structural, stratigraphic, and thermal history of the 
PLAY. 

CONDITIONAL DEPOSIT PROBABILITY (CP): This 
term expresses the probability that any randomly selected 
PROSPECT is an accumulation, given that the PLAY 
ATTRIBUTES are favorable. This probability is the 
product of the three PROSPECT ATTRIBUTE 
probabilities. 

RESERVOIR LITHOLOGY: This PLAY characteristic 
describes the most common reservoir rock type expected 
in the play. Evaluation of this attribute is accomplished 
by selecting either sandstone or carbonate rocks. No 
probabilities are expressed. Besides describing the 
reservoir rock type, the computer program is currently 
implemented so that RESERVOIR LITHOLOGY 
determines which of two distributions for water 
saturation will be selected. Values for water saturation 
are negatively correlated (r=-0.9) with the estimated 
distribution for the HYDROCARBON VOLUME 
PARAMETER EFFECTIVE POROSITY (~3 percent). 

HYDROCARBON MIX: This PLAY characteristic 
describes the tendency of accumulations in the play to be 
variously oil or nonassociated gas. The computer 
program employed in this method is set to consider 
HYDROCARBON ACCUMULATIONS to be either all 
oil (with solution gas) or all nonassociated gas; it is not 
set to simulate the mixture of oil and free gas (gas cap) 
that may occasionally occur in a single reservoir in 
nature. Evaluation of this attribute is accomplished by 
estimating two probabilities that sum to one. For 
example, a mix of 0.8 gas and 0.2 oil would indicate an 
80 percent chance that a randomly selected accumulation 
in the PLAY would be nonassociated gas and a 20 
percent chance that the accumulation would be oil. Data 
used in the evaluation of this parameter are based on 
concepts of thermal maturity, the type of organic 
material in the source rock, and the type of hydrocarbon 
observed in wells and seeps. 

HYDROCARBON VOLUME PARAMETERS: These 
five parameters include (1) AREA OF CLOSURE, (2) 
RESERVOIR THICKNESS, (3) EFFECTIVE POROS­
ITY, (4) TRAP FILL, and (5) RESERVOIR DEPTH. 
(The distribution for a sixth parameter, water saturation, 
is selected by the choice of RESERVOIR 

LITHOLOGY.) They describe the range of possible 
values of the generic reservoir characteristics that 
determine the volume of hydrocarbons present in an 
individual accumulation within the PLAY. Evaluation of 
these parameters is accomplished by recording 
judgmental values at seven fractiles (probability levels) 
ranging from 100 percent (total certainty that at least this 
estimated value will be attained) to 0 percent (total 
certainty that this estimated value will not be exceeded). 
MINIMUM THRESHOLD VALUES may be recorded at 
the 100th fractile. When the hydrocarbon volume 
parameters are being assessed, it is assumed that both the 
MARGINAL PLAY PROBABILITY and the CON­
DITIONAL DEPOSIT PROBABILITY are 1. Thus, the 
hydrocarbon volume parameter judgments are conditional 
on the PLAY ATTRIBUTES and the PROSPECT 
ATTRIBUTES being favorable. 

MINIMUM THRESHOLD VALUES: These minimum 
values apply to the five HYDROCARBON VOLUME 
PARAMETERS: AREA OF CLOSURE-600 acres; 
RESERVOIR THICKNESS-5 ft; EFFECTIVE POROS­
ITY-3 percent; TRAP FILL-I percent; RESERVOIR 
DEPTH-IOO ft. These minimum values are used at the 
100th fractile unless a higher value is selected. The 
probabilities that these threshold values are achieved are 
incorporated in the PROSPECT ATTRIBUTE judgments 
and the NUMBER OF DRILLABLE PROSPECTS 
distribution. The minimum threshold values are selected 
to be less than any reasonable economic limit in order to 
prevent economic considerations from influencing the 
evaluation procedure. 

AREA OF CLOSURE (x103 acres): This HYDRO­
CARBON VOLUME PARAMETER estimates the 
possible range for the number of acres within a trap 
above the spill point Evaluation of this parameter is 
accomplished by entering estimates for the size of 
closure at seven fractiles ranging from 100 percent (total 
certainty that at least this value will be attained) to 0 
percent (total certainty that this value will not be 
exceeded). Intermediate fractiles indicate the relative 
confidence (subjective probability) that the area of 
closure is at least as large as the recorded fractile value. 
A MINIMUM THRESHOLD VALUE of at least 600 
acres is required, and the probability that this minimum 
value is achieved is incorporated in the TRAP 
OCCURRENCE (TM) judgment (pROSPECT AT­
TRIBUTE). Data used in the evaluation of this 
parameter may include seismic mapping, surface 
geologic mapping, or analog comparison. 

RESERVOIR THICKNESS (ft): This HYDROCARBON 
VOLUME PARAMETER estimates the possible range 
for the thickness of the reservoir, or the amount of 
vertical closure in the situation where structural 
amplitude is less than individual reservoir thickness. 
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Evaluation of this parameter is accomplished by entering 
reservoir thickness or vertical closure estimates 
(whichever value is less) at seven fractiles ranging from 
100 percent (total certainty that at least this value will be 
attained) to 0 percent (total certainty that this value will 
not be exceeded). Intermediate fractile values indicate 
the relative confidence that the reservoir thickness or 
vertical closure is at least as great as the recorded fractile 
value. Thickness values in the fractiles describe the 
maximum reservoir thickness for a single reservoir or 
stacked multiple reservoirs with EFFECTIVE 
POROSITY of 3 percent or more. Thus, these judgments 
assess the net thickness of the reservoir rather than the 
total thickness of, the structure. A MINIMUM 
THRESHOLD VALUE of 5 ft is used at the lOOth 
fractile. Data used in the evaluation of this parameter 
may include seismic mapping, surface and subsurface 
geologic measurements, projection from nearby areas, or 
analog comparison. 

EFFECTIVE POROSITY (~3 percent): This HYDRO­
CARBON VOLUME PARAMETER estimates the 
average value for the amount of interconnected void 
space of the reservoir rock at a randomly selected 
PROSPECT. Evaluation of this parameter is 
accomplished by entering porosity estimates at seven 
fractiles ranging from 100 percent (total certainty that at 
least this value will be attained) to 0 percent (total 
certainty that this value will not be exceeded). 
Intermediate fractiles indicate the relative confidence that 
the effective porosity is at least as large as the recorded 
fractile value. A MINIMUM THRESHOLD VALUE of 
3 percent is used at the 100th fractile, and the probability 
that this minimum value is achieved is incorporated into 
the EFFECTIVE POROSITY (P) judgment (pROSPECT 
ATIRIBUTE). Data used in the evaluation of this 
parameter are based on measurement, calculation, 
projection, or analog comparison. 

TRAP FILL (percent): This HYDROCARBON VOL­
UME PARAMETER estimates the possible range for 
trapped hydrocarbon volume as a percentage of the 
porous volume under closure. Evaluation of this 
parameter is accomplished by recording percentage 
values at seven fractiles ranging from 100 percent (total 
certainty that at least this value will be attained) to 0 
percent (total certainty that this value will not be 
exceeded). Intermediate fractile values indicate the 
relative confidence that the trap is at least as full as the 
recorded fractile value. A MINIMUM THRESHOLD 
VALUE of 1 percent is used at the 100th fractile. The 
probability that this minimum value is achieved is 
incorporated into the HYDROCARBON ACCUMU­
LATION (A) judgment (pROSPECT ATTRIBUTE). 
Evaluation of this parameter is based on (1) source-rock 
richness and thermal maturation, (2) hydrocarbon 

drainage area, (3) size of structure, (4) porosity and 
permeability of reservoir rock, or (5) analog comparison. 

RESERVOIR DEPTH (x103 ft): This HYDROCARBON 
VOLUME PARAMETER describes the possible range 
for the depth that must be drilled to penetrate the 
POTENTIAL RESERVOIR FACIES (R). Evaluation of 
this parameter is accomplished by entering depth 
estimates at seven fractiles ranging from 100 percent 
(total certainty that at least this value will be attained) to 
o percent (total certainty that this value will not be 
exceeded). Intermediate fractile values indicate the 
relative confidence that the reservoir is at least as deep 
as the recorded fractile value. A MINIMUM 
THRESHOLD V ALUE of 100 ft is used at the lOath 
fractile. The probability that this minimum value is 
achieved is incorporated into the TRAP OCCURRENCE 
(TM) judgment (pROSPECT ATIRIBUTE). Data used 
in the evaluation of this parameter may include seismic 
mapping, projection from nearby areas, or analog 
comparison. 

NUMBER OF DRILLABLE PROSPECTS: This PLAY 
characteristic describes the range of possible values for 
the number of valid targets that would be considered for 
drilling if the PLAY were to be fully explored. 
Evaluation of this attribute is accomplished by recording 
the estimated number of PROSPECTS at seven fractiles 
ranging from 100 percent (total certainty that at least this 
value will be attained) to a percent (total certainty this 
value will not be exceeded). Intermediate fractile values 
indicate the relative confidence that the number of 
drillable prospects is at least as great as the recorded 
fractile value. Only PROSPECTS of at least 600 acres 
(AREA OF CLOSURE) with RESERVOIR DEPTHS of 
at least 100 ft are considered. The distribution of the 
number of drillable prospects also takes into account the 
probability that the reservoir formation may be absent in 
parts of the PLAY area. Data used in the evaluation of 
this parameter may include seismic mapping, surface and 
subsurface geologic mapping, and projection from nearby 
areas. Based on these data, additional PROSPECTS may 
be added to account for the existence of stratigraphic 
traps. 

PROVED RESERVES: A compilation of all recoverable 
HYDROCARBON ACCUMULATIONS that have been 
found to date within a given PLAY. The presence of 
proved reserves indicates that at some time and place 
within the PLAY, all PLAY ATIRIBUTES were present. 
Therefore, the MARGINAL PLA Y PROBABILITY is 1. 
Because no ANWR PLAY is yet productive of 
hydrocarbons, this item was deleted from the assessment 
form (fig. 22.9). 
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Chapter 23. 

Economically Recoverable Oil Resources 

1 1 1 By James E. Callahan, Gary W. Brougham, and Robert J. Bascle 

INTRODUCTION 

Amounts of economically recoverable oil 
resources in the Arctic National Wildlife Refuge 
(ANWR) coastal plain (1002 area) were estimated in 
order to indicate the relatively near-term (approx 40 
years) production potential of the area. Because of the 
extremely high development, operating, and 
transportation costs in this area, economics of scale is an 
unavoidable consideration that limits the potential 
accumulations included in the recoverable resource 
estimates to those in excess of about 440 million barrels 
of technically recoverable oil, or upwards of 1 billion 
barrels of in-place oil. Natural gas from the 1002 area 
was not found to have economic potential for the time 
period considered. 

METHOD OF ASSESSMENT 

This estimate of economically recoverable oil 
resources for the 1002 area results from a prospect­
specific analysis using the computer simulation model 
PRESTO II. PRESTO is an acronym for Probabilistic 
Resource Estimates-Offshore, developed and currently 
used by the U.S. Minerals Management Service for 
generating hydrocarbon resource estimates for Outer 
Continental Shelf Planning Areas. 

PRESTO II uses prospect-specific hydrocarbon 
volumetric input data for identifiable prospects and 
produces prospect-specific and areawide resource 
estimates. Input data for this recoverable oil assessment 
were provided by the following individuals: A.C. Banet, 
Jr., Rl. Bascle, G.W. Brougham, J.E. Callahan, RL. 
Foland, W.S. Hauser, D.J. Lalla, M.L. Menge, and J.S. 
Young. The uncertainty in a frontier area is addressed 
by allowing the user to input geologic risk factors and a 
range of values for each volumetric input parameter. 
Economic constraints are applied through the use of an 
economic field size cutoff, termed the minimum 
economic field size (MEFS). 

The PRESTO model uses Monte Carlo 
simulation to calculate a range of possible hydrocarbon 

1 U.S. Bureau of Land Management. Anchorage. Alas. 

volumes for each prospect considered and for the area as 
a whole. This technique involves repetitive calculations 
of resource volumes using random samples from each 
range of values for the volumetric parameters. Repeated 
many times, this process yields a range of estimated 
volumes representing many possible combinations of 
subsurface conditions. The arithmetic average of this 
range is the mean, or the expected volume of 
hydrocarbons in each prospect and the area. It cannot be 
emphasized too strongly that the mean or any other 
number in the range of values is neither the only answer 
nor the right answer. Resource values are presented at 
various probability levels, as well as at the mean, in 
order to illustrate the extent of the range of possible 
values. 

PRESTO MODEL INPUTS 

The PRESTO II model requires input of the 
following categories of information for the area or basin 
being modeled (see fig. 23.1): 

Area characteristics: 
Area dry risk (input geologic risk) 
Number of prospects 
Area minimum economic field size 

Prospect characteristics: 
Prospect dry risk (input geologic risk) 
Number of reservoir zones 
Prospect minimum economic field size 

Zone charactertistics: 
Zone dry risk 
Hydrocarbon volume parameters: 

Productive area 
Zone pay thickness 
Hydrocarbon recovery factors 

Risk Factors 

The PRESTO model requires an assessment of 
"dry-hole," or unconditional, geologic risk at the zone, 
prospect, and area levels. The unconditional risk is the 
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probability that the zone, prospect, or area is barren of 
recoverable hydrocarbons. 

At the zone and prospect levels, risk is assessed 
on the basis of confidence in the data, interpretations, 
and assumptions that determine a prospect; these include 
reliability of seismic data, confidence in projections of 
geologic data or trends from well control or outcrops, 
type of closure, existence of reservoir zones, source-rock 
richness, maturity, kerogen type, timing of hydrocarbon 
generation, and adequacy of seals. For the 1002 area, 
variations in geologic risk between individual prospects 
were assessed primarily on the basis of structural 
characteristics, type of trap, and confidence in the 
seismic interpretation. Reservoir and source-rock 
characteristics were generally considered from a regional 
perspective, common to all prospects, taking into account 
the attributes of equivalent geologic plays considered in 
the in-place resource assessment (chap. 22). 

PRESTO RESOURCi ESTIMATE INPUT FCf!NAT 

YOUR NAIIEISI...I ______________ DATl: __ 

NANE OF SAL! ARU ___________ SALE NO. __ _ 

NO. OF PROSPECTS IN SALE AREA.A ______ _ 

REGIONAL KISK FACTOR _________ _ 

PRCSPECT NO. ________ ---'PROSPECT RISK RW::TOR __ _ 

NO. OF ZOIIES IN THIS PROSPECT ___ _ 

RESERVOIR OBJECTlVEe".) _____ _ 

YIELD (STB/Ma') 

CONVERSION FACTOR (MCF I BOE I 
ZONE NIMIIE!! 

I 2 3 

PR09A8ILIT Y OF A Ll Olio 
PR08AIILITY OF ALL....\iMI. 
70NF: RISK FACTOR 

TOTAL CLCSURE IN ACR..ES. 
PRODUCTIVE ACRES 

MIN. 

MAX. 

MOST LIKELY 

PAY TNICKNESS (.el fl.1 
MIN. 

IIAX. 

MOST LIKELY 
PROPORTIONAL GAS PAY c-. .., par) 

MIN. 

MAX. 

MOST LIKELY 
OIL RECOVERY FACTOR (bill. I ae-fl.l 

MIN. 

MAX. 

MOST LIKELY 
GOR (SCF/STB) 

MIN. 

MAX. 

MOST LIKELY 

GAS RECOVERY FACTOR (Mef/ae-III 
MIN. 

MAX. 

MOST UKELY 

Figure 23.1. Input form for prospect-specific analysis 
using computer model PRESTO II. 

At the area level, the dry risk reflects the 
probability that the whole area is barren of recoverable 
hydrocarbons. For purposes of this analysis, the area risk 
is derived by identifying the prospects that are physically 
large enough to be capable of containing commercially 
recoverable volumes of oil and then taking the combined 
product of the geologic risks of these prospects. In other 
words, the area risk is based on an assessment of the 
probability of occurrence of at least one economic field, 
taking into consideration the field size requirement for 
the area and the number of prospects that might be large 
enough to meet this requirement. This method for 
deriving the area risk presupposes no geologic 
dependencies among the large prospects used. The input 
area geologic risk should not be confused with the output 
marginal probability of occurrence of economically 
recoverable hydrocarbons for the area (described below), 
which incorporates economic as well as geologic risk. 

In the PRESTO model, conditional prospect and 
zone dry-risk factors are calculated using the following 
relationships: 

CPR = (PR-AR)/(I-AR), 
CZR = (ZR-PR)/(l-PR), 

where 
CPR = conditional dry prospect risk, 
PR = unconditional dry prospect risk, 
AR = area dry risk, 
CZR = conditional zone dry risk, and 
ZR = unconditional zone dry risk. 

These conditional risk factors are used by the 
model to control the frequency with which a given 
prospect or zone is sampled during the Monte Carlo 
simulation (see below). The sampling frequency, in turn, 
controls both the relative contribution of each prospect to 
the area conditional resource estimates and the relative 
contribution of each zone in a prospect to the prospect 
conditional resource estimates (Cooke, 1985, p. 9). 

Prospects 

Twenty-six structural prospects, identified and 
delineated as a result of interpretation of seismic data, 
were considered in the 1002 area recoverable resource 
assessment. The locations and areal extents of these 
prospects are shown in figure 23.2, and their pertinent 
characteristics are listed in table 23.1. The minimum 
areal size of prospects that can be identified is a function 
of the seismic grid density and the resolution (quality) of 
the data on seismic record sections, which is variable in 
the area. Additional recoverable resources may be 
present in stratigraphic traps, and the seismic data 
indicate the probable presence of numerous small, 
complexly faulted structures that cannot be adequately 
mapped with the current seismic data set. 
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Zones 

Each prospect is modeled as having one or more 
prospective reservoir zones. For the purposes of the 
1002 area recoverable resource assessment, the number 
and reservoir characteristics of zones within prospects 
were based on the areal distribution and characteristics of 
the equivalent geologic plays used in the in-place 
resource assessment (see chap. 22). Stratigraphic units 
modeled as zones in the various prospects are shown as 
"potential objectives" in table 23.1. 

Volumetric Inputs 

The basic unit for calculation of hydrocarbon 
volumes in the PRESTO model is the reservoir zone. 
The model accepts seven volumetric input parameters, 
which are described below. All nonzero parameters used 
in the 1002 area resource assessment were entered as 
ranges of values, with associated probability 
distributions. To the maximum extent possible, ranges 
and distributions were correlated with equivalent 
parameters in the equivalent play reservoirs used for the 
in-place resource assessment (chap. 22). 

1. Productive Area-Estimates of productive acreage are 
based on the total structural closure for the prospect 
(area enclosed by lowest closing contour) and on 
estimates of trap fill for the zone, expressed as a 
percentage of the area of total closure. Trap-fill 
estimates are derived from an assessment of (1) the 
quantity and types of organic source material available in 
the vicinity of the prospect and (2) the occurrence of 
geologic events and subsurface conditions conducive to 
the generation and migration of hydrocarbon fluids into 
reservoir zones. 

2. Pay Thickness-Estimates for pay thickness represent 
the aggregate thickness (ft) of intervals in the reservoir 
zone thought to have both sufficient porosity to hold 
significant quantities of fluids and sufficient permeability 
to allow movement of fluids to a wellbore. 

3. Oil Recovery Factor-Oil recovery factors for the 
1002 area assessment were derived from the standard 
volumetric equation for oil by setting the productive area 
and thickness equal to 1: 
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Figure 23.2. Seismically mapped prospects in the 1002 area. Numbers 1-26 refer to table 23.1. Blocks A-D refer to 
table 23.4. 
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where 
RF = recovery in stock tank barrels per acre-ft of 

reservoir rock, 
7,758 = number of 42-gal barrels in an acre-ft, 
cjl = reservoir rock porosity (decimal fraction), 
Sw = connate water saturation (decimal fraction), 
RE = recovery efficiency (decimal fraction), and 
Bo = formation volume factor (shrinkage factor). 

The input range of values for a zone recovery 
factor was calculated from the above equation by using 

Table 23.1. Data on petroleum prospects in the 1002 area 

the respective estimated ranges for porosity, hydrocarbon 
saturation (l-Sw)' and recovery efficiency, as well as the 
appropriate formation volume factor for the estimated 
depth of the zone in the prospect. Ranges of values for 
porosity, hydrocarbon saturation, and recovery efficiency 
used in the 1002 area recoverable resource assessment 
are shown in table 23.2, along with the resulting oil 
"yield" factor, which represents the volume of 
recoverable oil per acre-ft under reservoir conditions of 
pressure and temperature. The formation volume factor 
varies with depth. For this assessment, the following 

[Depths are below mean sea level. Potential objectives: 1, pre-Mississipian carbonate rocks; 2a, Ellesmerian sequence (clastic rocks); 2b, Ellesmerian 

sequence (carbonate rocks); 3, Thomson sand (of local usage) and Kemik Sandstone, undivided; 4, turbidites; 5, lower Neogene(?) topset beds; x, 

objective with potential; -, no potential] 

Crestal Lowest Potential Number 
Prospect Area Size depth closing objectives of 

contour seismic 
(acres) (mi) (ft) (ft) 1 2a 2b 3 4 5 lines 

1 148,512 18 X 6 14,000 15,000 x x x x x 5 
2 11,793 8X3 14,820 15,000 x x x x 2 
3 13,120 12X 3 13,000 14,000 x x x x x 3 
4 12,922 8 X 3.5 14,900 15,500 x x x 4 
5 34,234 16 X 4 12,700 15,000 x x x x 6 

6 11,940 lOX 3 11,500 13,800 x x x 3 
7 18,970 16X 2 8,500 10,500 x x x x x 6 
8 4,880 4X2 16,300 17,000 x x x 2 
9 2,200 4Xl 12,500 13,200 x x x 1 
10 6,291 11 XI 11,900 12,500 x x x 3 

11 19,430 8X3 5,200 6,000 x x x x 2 
12 3,950 6Xl 19,000 21,000 x x x 2 
13 1,344 4X 0.8 10,900 11,500 x x x x 1 
14 14,915 5X2 5,640 6,000 x x x x 1 
15 142,500 13 X '1 0 22,500 23,000 x x x 6 

16 6,720 6.3 X 2.4 1,230 2,300 x x 3 
17 3,170 3X2 21,600 22,000 x x x 1 
18 1226,822 27 XIS 13,500 >24,000 x x x 16 
19 129,587 22 X 13 9,790 17.000 x x x x x 10 
20 79,738 30X 7 11,900 17,500 x x x 10 

21 165,300 21 X 4 7,500 14,500 x x x 7 
22 14,560 5X2 11,600 12,000 x x x 1 
23 3,706 5 X 1.5 16,300 16,500 x x x 1 
24 111,872 8X3 10,400 12,000 x x x 
25 12,360 4Xl 11,950 12,000 x x x 1 

26 4,954 5X3 16,500 17,000 x x x x x 2 

1 Prospect area includes extensions or projections outside the 1002 area as shown in figure 23.2. 
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depth-dependent relationships were used in the 
calculation of formation volume factors: 

Reservoir temperature (OF) = 35 + depth (ft) x 0.012, 
Reservoir pressure (psi) = depth (ft) x 0.465, 
API oil gravity = depth (ft) x 0.00182 + 7.473. 

These values result in formation volume factors 
ranging from about l.05 at a depth of 3,000 ft to 3.00 at 
19,500 ft. 

4. Gas Recovery Factor-Since natural gas was 
categorically determined to be noneconomic for purposes 
of this assessment, nonassociated gas recovery factors 
were set to zero. 

Table 23.2. Reservoir volume parameters used in 
estimating recoverable oil in the 1002 area assessment 

["Hydrocarbon saturation" range and probability distribution are based 

on equivalent range and distribution currently built into the USGS 

F ASP Model for carbonate rock and sandstone reservoirs. "Recovery 

efficiency" is based on reported or projected estimates published for 

North Slope reservoirs in industry trade publications or State of Alaska 

reports: proven primary and enhanced recovery technology (water 

flood, gas injection) are considered implicit in these estimates. "Yield" 

is estimate of technically recoverable oil at reservoir conditions, not 

corrected for formation volume factor. Formation volume factor is 

depth dependent and, therefore, prospect specific. bbl, barrel of oil; 

acre-ft, a volume of reservoir rock that covers one acre and is one ft 

thick] 

Zone Range Porosity Oil Recovery Yield 
equivalent saturation efficiency 

(Ect) (~t) (pet) (bbl/acre-ft) 
Topset beds Minimum 10 35 20 54 

Most likely 25 73 25 354 
Maximum 32 95 35 825 

Turbidites Minimum 3 35 25 20 
Most likely 13.5 73 32 245 
Maximum 30 95 40 884 

Thomson sand Minimum 3 35 25 20 
of local usage - Most likely 11 73 32 199 
Kemik Sandstone Maximum 30 95 40 884 

Ellesmerian Minimum 3 35 25 20 
sequence Most likely 11 73 32 199 
clastic rocks Maximum 30 95 40 884 

Ellesmerian Minimum 3 35 10 8 
sequence Most likely 4.5 75 25 65 
carbonate rocks Maximum 15 95 35 387 

Pre-Mississippian Minimum 3 35 10 8 
carbonate rocks Most likely 5.5 75 25 80 

Maximum 15 95 35 387 

5. Proportional Gas Pay-This is an estimate of the 
fraction of the total zone thickness occupied by free gas 
above the oil column. For this assessment, this 
parameter was set to zero. There are insufficient data to 
realistically quantify the probable proportions of gas and 
oil in a reservoir containing both oil and free gas in a 
gas cap. 

6. Solution Gas/Oil Ratio-This ratio was set to zero for 
the 1002 area assessment. 

7. Condensate Yield-This factor was set to zero for the 
1002 area assessment. 

Economic Inputs 

In order to estimate economically recoverable 
resources, the PRESTO model uses a predetermined 
minimum economic field size for each prospect 
considered. The minimum field size for a prospect 
represents the minimum volume of hydrocarbons (oil 
only, in this case) that could be developed and marketed 
at a profit. While engineering costs and other economic 
factors are generally similar for all prospects within a 
given geographic area, each prospect has some unique 
geologic characteristics that effect development and 
production costs and, therefore, the per-barrel economic 
recoverability of the resource. In other words, different 
prospects may require different volumes to be 
economically viable. The methods, types of data, and 
assumptions used for deriving minimum economic field 
sizes (MEFS) for prospects are described by Young and 
Hauser (1986). 

An important assumption in the economic 
analyses of various prospects for the determination of 
MEFS is that unitized development is assumed among 
lessees and other interest holders at the prospect level, 
but that shared regional transportation and infrastructure 
costs are assumed among all interests at the area level. 
In other words, the economic analyses assume that 
development of the resource will take place in the most 
technically efficient and cost-effective manner regardless 
of ownership within the 1002 area. The same 
assumption is made for contiguous private, State, or 
outer continental shelf (OCS) lands for prospects that 
extend outside the 1002 area. 

Under the "most likely case" economic scenario, 
the minimum economic field size for the 1002 area as a 
whole is about 440 million barrels. For the 1002 
assessment, the area minimum resource size equals the 
lowest prospect minimum economic field size. For 
individual prospects, the MEFS varies, depending on 
prospect-specific characteristics such as depth, well 
spacing, and pipeline distance. 

Minimum economic field sizes were also 
calculated using alternative, more optimistic economic 
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assumptions. Under these assumptions, the areawide 
MEFS (that is, the least costly prospect) is about 155 
million barrels of technically recoverable oil. This is 
referred to as the "optimistic case" economic scenario. 
The sensitivity of field-size economics to variations in 
economic parameters is discussed in more detail by 
Young and Hauser (1986). 

NATURAL GAS ECONOMICS 

Given (1) the projected high costs of North 
Slope natural gas at market, (2) uncertainties associated 
with development of a natural gas transportation system 
to a viable market for proven North Slope natural gas 
reserves located at Prudhoe Bay, (3) the additional costs 
of moving potential gas resources from the 1002 area to 
a major transportation system near Prudhoe Bay, and (4) 
the quantity of proven reserves likely to be developed 
prior to any gas reserves found in the 1002 area, it was 
assumed here that there would not be a demand for 
acquiring acreage in the area in the early to mid-1990's 
for the purposes of finding and producing natural gas in 
the 1002 area. 

It was further assumed that any gas reserves 
discovered through oil exploration activities will remain 
undeveloped or will be used only locally. This is not to 
say that potential gas resources in the 1002 area are 
without value. At some future time, national or 
international economic conditions or technological 
advances may warrant exploration for, and development 
of, potential natural gas resources in the 1002 area. For 
a detailed discussion of the alternatives and issues 
affecting development of potential natural gas resources 
in the 1002 area, see Young and Hauser (1986). 

THE PRESTO MODEL 

The following is a brief description of the 
PRESTO II drilling simulation model. Schematic 
flowcharts for this model are shown in figures 23.3 and 
23.4. For the purposes of the ANWR study, the terms 
"basin" and "area" are synonymous. Also, the term 
"productive" in the flowcharts means hydrocarbon 
bearing, not necessarily commercially productive. For a 
more detailed description of the PRESTO model, see 
Cooke (1985). Similar models and Monte Carlo 
simulation in general are described by Newendorp 
(1975). 

From the user inputs described above, PRESTO 
first generates a random number to determine if the area 
contains hydrocarbons (fig. 23.3). If the random number 
is less than the area dry risk, then the area is considered 
to be dry, in which case the trial is not counted against 
the number of input trials. If the random number is 
greater than the area dry risk, then the area is considered 
to be hydrocarbon bearing. 

If the area is found to contain hydrocarbons, 
then PRESTO proceeds to "drill" the prospects. The 
program generates a random number for the first 
prospect If the random number is less than the prospect 
conditional dry risk, the prospect is considered to be dry 
and PRESTO proceeds to the second prospect, for which 
another random number is generated. If this prospect is 
dry, PRESTO proceeds to the third prospect, and so on, 
until all prospects have been tested. If all prospects are 
found to be dry, then the area is considered to be dry 
and the trial is not counted against the input number of 
trials. If the random number generated is greater than 
the prospect conditional dry risk, then the prospect is 

Don't count 
trial against YES 

input number 
01 trials 

Return and 
call routine 
"Reserve" 

NO 

Another YES 
trial 

NO 

Area 
dry , 

NO 

Another 
prospect , 

NO 

NO 

Prospect 
productive , 

NO 

YES Another 
zone , 

NO 

Start 
from 

PRESTO 

Area 
productive 

Figure 23.3. Routine for PRESTO drilling simulation. 
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considered to be hydrocarbon bearing and PRESTO 
proceeds to test the individual zones within the prospect 
(if the prospect is modeled as having more than one 
zone). Another random number is generated for the first 
zone within the prospect If the random number is less 
than the conditional zone risk, the zone is considered to 
be dry and PRESTO proceeds to the next zone. If all 
zones within the prospect are found to be dry, then the 
prospect is considered to be dry and PRESTO proceeds 
to the next prospect, where the process is repeated, until 
all prospects within the area have been tested. If the 
random number is greater than the conditional zone risk, 
then the zone is considered to be productive (not 
necessarily commercial) and the trial number, prospect 
number, and zone number are stored as a "hit" This 
process repeats until all prospects have been tested on 
the first trial, and then PRESTO returns to the area level 
and begins the second trial. 

Tnal> 
minimum , 

YES r< 

l~ YES Another NO 
trial , 

Another 
trial , 

NO Another 
basin , 

YES 

Another 
prospect , 

YES 

YES 

YES Another 
tnal , 

Figure 23.4. Routine for calculating resources using 
PRESTO. 

After the area has been drilled, PRESTO starts 
the second phase, which is testing for economically 
recoverable resources (see fig. 23.4). The program finds 
all trials on which the first zone of the first prospect was 
hit, samples from the volumetric input distributions 
(productive acres, thickness, oil recovery) for that zone, 
and computes a value of oil resources for that trial. This 
is done for each trial on which the zone was hit Then 
PRESTO does the same for the second and third (if 
necessary) zones of the first prospect. After all zones 
have been searched and resources computed for each 
trial of each zone, PRESTO sums the zones to the 
prospect level by trial. These summed resources are then 
compared with the prospect minimum economic field 
size, and all summed trials less than the minimum 
economic field size are excluded from the prospect 
resources. All summed trials remaining are averaged and 
reported as the prospect conditional economically 
recoverable resources-that is, given the condition that 
the prospect contains economically recoverable 
hydrocarbons, this would be the average value. This 
process is repeated for each prospect within the area. 
After all zones have been summed to the prospect level, 
PRESTO proceeds to sum the prospect results to the area 
level for each trial and compares area results for each 
trial with the area minimum economic field size. Any 
trial less than the area minimum economic field size is 
excluded. All remaining summed trials are then arranged 
in ascending order to produce a cumulative frequency 
distribution of the conditional area resources, and they 
are then averaged to give the area conditional mean 
resources. Because the PRESTO methodology sums 
prospects to the area level, individual prospect 
conditional resources cannot be added to give the area 
resources. Next, risked resources for each prospect and 
for the area are computed by averaging all trials, 
including dry, noneconomic (considered as zero), and 
economic trials. Finally, PRESTO recomputes the area 
dry risk to reflect the number of economic trials-that is, 
the input area dry risk determines the number of times 
the area is simulated as dry. The additional probability 
that the area contains noncommercial hydrocarbons is 
reflected in this recomputed area economic risk. The 
complement of the area economic risk (1 minus area 
economic risk) is reported as the marginal probability of 
occurrence of economically recoverable hydrocarbons. 

RESULTS 

Estimates of economically recoverable oil 
resources were calculated using two economic scenarios. 
The results are shown in table 23.3 along with the 
economic assumptions that most significantly affect the 
estimate of minimum economic field size for the "most 
likely" and "optimistic" cases. 
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To provide a basis for assessing the 
consequences of resource management decisions in terms 
of the oil resource potential of the 1002 area, the 
unconditional resource potential for the area was 
allocated on a percentage basis to the blocks shown in 
figure 23.2. This allocation is based on the unconditional 
resource potential of the individual prospects contained 
in each block (table 23.4). A similar resource allocation, 
by percentage, was made to "activity areas" in the Sec. 
lOSB Economic and Policy Analysis for the National 
Petroleum Reserve in Alaska 

The conditional mean resource is the expected 
volume for the area, given that economically recoverable 
resources occur somewhere in the area. By definition, 
this condition requires the existence of at least one field 
containing a sufficient volume of recoverable 
hydrocarbons to pay for the development, production, 
and transportation of the resource to market As noted 
previously, the mean is simply the arithmetic average of 
a range of estimated values. The 5th and 95th 
percentiles are an indication of the extent of the range of 
possible values, given the uncertainty about the factors 

Table 23.3. Undiscovered, conditional, economically 
recoverable oil resources in the 1002 area 

[bbo, billion barrels of oil] 

Greater Economic scenario 

than Most likely Optimistic 
(pet) case case 

Conditional, economically recoverable oil 

Probability 99 0.49 boo 0.18 boo 
.23 bbo 
.67 bbo 

1.49 boo 
3.67 boo 
7.65 bbo 

Maximum simulated oil 

Mean (arithmetic average) 
Marginal probability' 

Minimum economic field 

95 .59 boo 
75 1.12 boo 
50 2.21 boo 
25 4.24 boo 
5 9.24 boo 
1 17.19 boo 

22.34 boo 
15.73 boo 
22.34 boo 

3.23 2.66 
19.0% 26.0% 

.44 boo .15 boo 

Significant economic assumptions 

Crude oil market price (1984 
dolIars/barrel in year 2000) 

Annual inflation rate (percent) 
Discount rate (percent): 

Real 
Nominal 

Federal royalty rate (percent) 
Development cost multiplier 

$33.00 
6.0 

10.0 
16.6 
16.67 
1.0 

$40.00 
3.5 

8.0 
11.78 
12.5 

.75 

, The marginal probability is the probability of occurrence of 
economically recoverable oil somewhere in the 1002 area. 

affecting hydrocarbon volumes and the geologic risk 
associated with individual prospects. The risked mean 
volume is an indicator of the relative recoverable 
resource potential of the area. It is the product of the 
conditional mean times the marginal probability that the 
area contains economically recoverable hydrocarbons 
(that is, the probability associated with the condition). 

Prospect Resources 

Under the "most likely" case, 18 of the 26 
identified prospects in the 1002 area were modeled by 
PRESTO as being economic at least one time during the 
Monte Carlo simulation. For these 18 prospects, 
conditional mean resource estimates ranged from about 
500 million to over 3.5 billion barrels of economically 
recoverable oil. For the five largest prospects, the 
conditional mean estimate exceeds 1.5 billion barrels­
the size of the Kuparuk River oil field. At the 5 percent 
probability level, the conditional, economically 
recoverable resource estimate for the largest prospect 
exceeds 10.5 billion barrels. 

Under the "optimistic" case, 21 of the 26 
prospects were simulated as economic on at least one 
Monte Carlo pass. 

For both of these cases, the average number of 
prospects contributing to the area resource on anyone 
Monte Carlo pass was two, and the maximum was five. 

SUMMARY AND CONCLUSIONS 

The effect of field-size economics on 
recoverability of hydrocarbons in a remote frontier area 
is obvious in the comparison between the in-place and 
the economically recoverable resource estimates in the 
1002 area. Nevertheless, the occurrence of several very 
large structural closures, along with the potential 
occurrence of Ellesmerian reservoir rocks at depth, 
indicates a very large production potential for the 1002 
area despite the extremely high costs associated with its 
remote and hostile environment 

Table 23.4. Distribution of estimated unconditional 
mean recoverable oil resources by blocks in the 1002 
area 

Block 

A 
B 
C 
D 

Location in 
1002 area 

West 
Central 
East 
South 

Resource 
distribution 

(percent) 

9 
3 

63 
25 

Number of 
prospects in 

block 
14 
3 
4 
5 

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



The conditional recoverable resource potentials 
of the eight largest prospects identified in the 1002 area 
are compared with those of several other large oil fields 
in the U.S. in figure 23.5. As noted above, five of the 
prospects have estimated conditional mean recoverable 
resources larger than the Kuparuk River field. 

12.-------------------------------------, 

EXPLANATION 

CONOITIONAL RESOURCES OF THE EIGHT 
LARGEST PROSPECTS IN THE 1002 AREA 

ESTIMATED RECOVERABLE RE­
SERVES OF SELECTED FIELDS 

Figure 23.5. Conditional, economically recoverable oil 
resources of eight largest prospects in 1002 area 
compared with estimated recoverable reserves of five 
producing fields. Modified from McCaslin (1986, p. 
318-319). 
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Trans-Alaska pipeline system (T APS) .............................................. 20. 22 
Traps ......................................... 10. 59. 151. 212.235. 248. 277-298. 300 
Triangle zone ................................................. 238. 246-248. 253. 265. 267 
Tuktoyaktuk Peninsula ............................................................................. 22 

Thermal alteration index (TAI) ...................................................... 128-137 
Thermal maturity ........ 9. 12.127. 186-188. 195-198.203-207. 295.297 
Thomson sand ........................................................................................... 51 

geochemistry ................................................................ 189--192. 196 u, V, W 
petroleum assessment .......................................... : ................ 281-283 
petrology ............................................................................... 117-122 Umiat ............................................................................ 27-30.55. 181. 193 
reservoir rocks ................................................................... 84-86. 91 Unconformities ..................................... 37.40.48.77. 255. 266. 268. 270 
structure ........................................................................................ 249 Eocene .................................................................................. 253.265 
thermal maturity ........................................................................... 149 pre-Mississippian ........................................................ .246-248. 253 
See also Kemik Sandstone. See also Lower Cretaceous unconformity. 

Thrust faults ..................................................... .48.59.240.246. 269.274 Van Krevlen diagram ............................................................................. 129 
Itkilyariak ............................................................ 257. 261. 266. 269 Velocity analysis ............................................................................ 227.250 
Katakturuk .................................................................................... 265 Vibrator (Vibroseis) ......................................... 12. 225-227. 233. 235-237 
Marsh Creek ................................................................................. 260 Vitrinite reflectance ........ 55. 120. 127-129. 131-133. 186. 206. 215. 295 
Nularvik ........................................................................................ 264 Wahoo Limestone ..................................................................................... 43 
Sunset ........................................................................................... 258 Water resources .................................................................................. .32-34 
Weller ........................................................................................... 258 Well logs ................................................ .l2. 15.51.79.81. 154-178.214 
West Fork ..................................................................................... 261 Winds ...................................................................................... 27-29.32.35 
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