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reports a mean of 13.8 billion barrels. Given the
lack of information about ANWR'S subsurface
geology, it is not surprising that DOI and State of
’(*T'Zi'fj ;gt)'_”}?tﬁ?hoﬁ'éfh“e{heahsﬁ‘l't's RIPPRETY BT
studies conclude: a) that the key elements for
petroleum accumulations are present beneath
the coastal plain of ANWR, b) that there is only a
smail possibility that unusuaily large petroleum
resources are present, and c) that there is a
greater likelihood that resources more moderate
in size are present.”

One thing is important — much of the difference
between the two estimates is due mainly to sub-
jective factors. For instance, DOl and Aiaska
geologists identified different geological plays for
anaiysis (not unusual given the limited geoiogic
data available), had quite different opinions about
the quantity of potentially oil-bearing Ellesmerian
sequence rocks in the area, and disagreed about
the contributionqof pie-UisIsFiRP a0 98t e FrSH
accumulation.
mation been used in each study, the DOI and
State estimates using FASP and RASP wouid
have been about the same, but the estimates
would not necessarily have been more accurate,
Subjective factors necessarily introduce a con-

Table 3-9.—Comparison of Estimates for
Undiscovered In-place Oil in ANWR

Probability y State of Alaska Department of Interior
greater than RASP FASP
95% 0.08 BBO? 4.8 BBO
75% 1.28 8.2
50% 3.77 119
25% 9.18 17.2
5% 26.52 29.4
Mean 7.22 13.8

aTo be read, *‘there is a 95% probability the in-place oil resource is greater than
08 billion barrels.”

SOURCE Alaska Department of Natural Resources, “Overview of the Hydrocar.
bon Potential of the Arctic National Wildlife Refuge Coastal Plaln,
Alaska, " report of investigations 87-7

siderabie amount of uncertainty in estimates of
undiscovered resources. Drilling data is not
available for ANWR’s coastal plain.

The Department of the Interior estimated
economically recoverable resources using the
PRESTO (Probabilistic Resource Estimates-Off-
shore) model. With PRESTO, DOI estimated that
if at least one field with commercially recoverable
guantities of oil is present in ANWR, then there is
likely to be a mean of at least 3.23 billion barrels
of recoverable oil, a 5 percent probability of at
least 9.24 billion barreis, and a 95 percent prob-
ability of at least 590 million barrels. Note that
these estimates are very sensitive to DOI's mini-
mum areawide economic field size, which in turn
is dependent on the assumed price of oil (in this
case, world oil prices at $35 in the year 2000 in
1984 doilars, with North Slope oil $33 because of
market conditions).

The Energy Information Administration (EiA)
also estimated the undiscovered, economically
recoverable resources of ANWR. EIA assumed
that 25 percent of the in-place resources esti-
mated in the DOI study would be recoverable,
basing its assumed recovery factor on the ap-
proximately 26 percent area-wi ecovery factor
for known North Slope fields\.l\‘uj(aerhIS assumption
resuits in a base case estimate of 3.45 billion bar-
reis of recoverable oil. If EIA had applied the
same recovery factor to the State’s in-place es-
timate, the comparable undiscovered, economi-
cally recoverable estimate would be 1.8 billion
barrels. OTA has no basis for concluding that
one estimate is more accurate than the other, i.e.,
for using DOI's mean oil in-place figure versus
using Alaska’s figure.

Note that the EIA and DOI estimates are not as
similar as they appear. The DOI estimate depends
on the existence of at least one commercial field,
and, according to DOI, there is a 19 percent chance
that such a field exists in ANWR. The EIA estimate
assumes the probability of finding economically
recoverable oil is nearly 100 percent (uncondition-

47.J.J. Hanson and R.W.Kornbrath, “AComparison of State and Federal Appraisals of the Arctic National Wildlife Refuge Coastal
Plain,” Staff paper, Alaska Department of Natural Resources, Division of Mining and Geology, 1987,

48. bid., p. 4.
49. Ibid., p. 3.

50. Energy Information Administration, Potential Oil Production From the Coastal Plain of the Arctic National Wildlife Refuge,

October 1987.
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al); EIA reasons that the geologic ingredients are
present, that traps exist other than those used by
polin its PRESTO analysis, and that oil accumula-
tions smaller than 440 million barrels can be
economically recovered.

Various groups support DOI's risked mean es-
timate of approximately 600 million barrels—that
is, 3.23 billion barrels multiplied by the probability
of finding economically recoverable oil (19 per-
cent), —as the appropriate measure of ANWR'’s
resource potential. In OTA’s view, the more ap-
propriate interpretation of the DOI analysis is that
there is an 81 percent chance that N0 economi-

cally recoverable resources will be discovered in
ANWR, but if there are any economically
recoverable resources at all, there will be a mean
of at least 3.23 billion barrels.

On the other hand, if approximately 3.5 billion
barrels of recoverable oil are found in ANWR,
OTA considers peak production of about 800,000
barrels per day from two producing fields to be
reasonable (see OTA scenario — Table 2-4- in
Chapter 2). Production that started in 2002 might
peak by 2008 and then decline at a rate of about
12 percent per year.
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OIL

INDUSTRY COST-CUTTING AND THE

EFFECT ON OILFIELD DEVELOPMENT

Qilfield costs during the past 15 years have
been linked to oil prices. When prices were
rising, costs also tended to rise after a short time
lag. One reason was that the sellers of equip-
ment and services were able to raise their prices
and increase their profit margins when rising
prices spurred oilfield activity levels and when the
demand for services and equipment outran the
supply. Another reason was that rising oil prices
tended to dull the incentive for innovative, cost-
cutting design and operation. When oil prices
began to fall, beginning in 1981, oilfield activity
levels dropped, and prices for drilling and other
services fell substantially. When oil prices
nosedived in late 1985, prices for equipment and
sewices fell along with them. In many areas, for
example, day rates for rigs fell more than 50 per-
cent. At the same time, extensive cost-cutting in
the industry streamlined oilfield activities so that
the actual number of mandays and equipment-
days required to complete projects was dramati-
cally down.

For example, the industry drilled about 92,000
wells in 1981 with nearly 4,000 rotafy rigs active;
84,000 wells in 1982 with 3,100 ri_s active; and
85,000 wells in 1984 with 2,400 rigs.5+his improve-
ment in “rig efficiency” is a complex function of ac-
tual efficiency improvements and other factors,
such as changing geographical drilling patterns,
shifts in the balance of oil and gas targets, and lower
levels of exploration. Unfortunately, it is difficult, if
not impossible, to separate out the roles of the
various causal factors in the chan es in this and
other measures of oitfield efficiency. Thus, it is not
possible to predict reliably what portion of this in-
creased efficiency would remain if oil prices
rebound or other oilfield conditions improve.
Nevertheless, OTA believes that there is sufficient
evidence to conclude that a significant portion of the

measured increases in efficiency represent real in-
creases and are not merely statistical artifacts.

Anecdotal evidence implies that the North
Slope has seen considerable cost-cutting suc-
cess. For example, Standard Alaska Production
Company claims to be drilling development wells
at Endicott for 40 percent of the originally
projected cost—with no reduction in time rates
for rigs—and the overall cost for developing the
field was about one-third of original projections
($1.3 billion final cost, $3.8 billion conceptual es-
timate”). The majority of the savings came from
a combination of additional knowledge of the
resource that dictated less expensive require-
ments and lower material and labor costs be-
cause of the general slowdown in oilfield
activity— cost reductions that are not likely to be
repeatable. A substantial part of the savings,
however, resulted from Standard’s conscious
decision to scale-back and redesign the project.
Cost-saving measures included:

e using fewer but larger production
modules;

e using self-propelled, cantilevered drilling
rigs to allow smaller spacing for wells and
to reduce time for well-to-well moves;

e changing the design from one island to
two, reducing drilling costs;

e huilding a gravel causeway rather than un-
dersea pipelines; and

® using a single, rathe~~han a redundant, oil-
processing system-~

None of these changes are dramatic tech-
nological breakthroughs, and all could well have
been implemented without the decline in oil
prices that began in 1981. However, it seems
likely that the price drops were the proximate
cause of the process that led to these savings.

51. U.S. Congress Office of Technology Assessment, U.S. Oil Production: The Effect of Low Oil Prices- Special Report, OTA-E-348
(Washington, DC: U.S. Government Printing Office, September 1987).

52. Ibid.

53. MI. Curtis and D.B. Huxley, “Endicott Development-Making the Arctic Offshore Economical,” Twelfth World Petroleum

Congress, Houston, Texas, 1987.
54. Ibid.



Photo credit Standard Alaska

Endicott Field, August 1987. Careful redesign allowed substantial cost savings at this field,

The result of these and other cost-cutting suc-
cesses is that, as oil prices have declined, the
“breakeven” oil prices for project development
have declined as well. Consequently, projections
of reduced activity levels (because of low oil
prices) that relied strictly on previous estimates
of project costs should be viewed as overly pes-
simistic. Also, if oil prices rise back to previous
levels, much of the “benefit” associated with the
period of low prices would remain. For example,
the rates for services probably would rise also,
but not to previous levels. Higher efficiency
reached during the period of low oil prices would
probably remain, except for temporary losses
that might occur if the demand for oilfield ser-
vices and equipment outstripped the capacity of
the providers. The net result would be that a

return to previous oil price levels might find the
industry capable of doing more project develop-
ment than was economic at the time of the pre-
vious price peaks,

The oil industry’s ability to cut costs in the face
of low oil prices implies that projections based on
previous cost estimates should be viewed some-
what skeptically. This view applies to production
projections for the entire North Slope as well as
to estimates of the oil price necessary to develop
a 500-million-barrel oilfield in the Arctic National
Wildlife Refuge. For the North Slope, the ability
of the industry to complete projects at lower
costs makes it likely that the more optimistic of
the available production projections—forecast-
ing a 25 percent decline in production by 2000-
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is the more realistic of the two presented pre-
viousl y. However, basic resource constraints
and the unavailability of any “breakthrough” en-
hanced oil recovery technologies implies that still
higher production levels are unlikely. For ANWR,
OTA tends to agree with the Energy Information
Administration’s argument that DOI'S estimated
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MInimum Economic Field Sj (ME s
probably too Iargeés_thal[ %éfbbl 0|F§’)r|ce
(1984 dollars) would allow the development of a
field smaller than DOI's MEFS of 440 million bar-
rels of economically recoverable oil, or else that a
440-million-barrel field could be developed at a
price lower than $35/bbl (see Box 3-B).

55. Energ Wformation Administration, Potential Oil Production from the Coastal Plain of the Arctic National Wildlife Refuge, revised

edition, SRANGD/87-01, October 1957.



BOX 3-B
HOW MUCH OIL IS IN THE ANWR COASTAL PLAIN?

The decision to allow or block leasing of the ANWR coastal plain depends on balancing the poten-
tial damage that expiration and development may cause the wilderness, wildlife, subsistence, and
other values with the value of the potential oil resources, Resource estimates for undrilied regions
are notoriously subjective and inaccurate, however, and Congress should view the Department of
Interior's estimates of ANWR resources as “best guesses” rather than as accurate measurements,
Nevertheless, the methods and assumptions used by DOI can be reviewed objectively, and an
evaluation can be made of the degree to which the estimates may be conservative or optimistic.
OTA has examined DOI'S documentation of its economic assessment and reviewed critiques of the
assessment. In our view, the assessment is more likely to have produced results that are conserv-
ative, that is, resuits that are more pessimistic about the likely recoverable oil than the evidence
suggests. OTA did not review DOI's geologic assessment that produced estimates of total in-place
oil, but we note that this assessment is substantially more optimistic than the assessment produced
by the State of Alaska. Because the estimate of total recoverable resources reflects both the
geologic assessment of in-place resources and the economic assessment of recoverability, OTA is
reluctant to conclude that DOI's estimate of total recoverable oil resources in the ANWR coastal
plain is either conservative or optimistic. On the other hand, we conclude that DOI's estimate of the
likelihood that economically recoverable quantities of oil will be found in ANWR —19 percent at
world oil prices of $35/bbl (1984 doilars) — probably is overly pessimistic.

Opponents of development have argued that the DOI estimates of ANWR resources are overly op-
timistic because DOI assumed unrealistically high world oil prices —$35/bbi (1984 dollars) refinery
acquisition costs by the year 2000 with a continued growth in “real’ prices beyond 2000 of 1 per-
cent per year. 'f Because the size of the “minimum economic field” —the smallest oilfield that could
support the pipeline and other facilities needed to produce and transport ANWR oil — is inversely de-
pendent on oil prices, lowering the assumed prices would tend to increase the minimum field size
and thus reduce the estimated probability of finding commercial quantities of oil in ANWR. Lower-
ing the assumed oil price would also affect the estimated volume of recoverable oil. However, the
effect appears somewhat pewerse because the estimated “mean” voiume of oil, assuming that
economic amounts are found, actuaily increases if assumed oil prices are lowered. This counterin-
tuitive effect occurs because reducing the minimum field size adds a number of lower-resource
possibilities to the universe of resource possibilities sampled by DOJ’'s probabilistic model, In
reality, of course, if economic quantities of oil exist In ANWR, a lower oil price would tend to
decrease the volume of oil recovered.

The assumed oil price is only one of several factors that may affect the reliability of the economic
assessment. These factors include:

n2

1. Including or excluding ‘Sunk Costs."*/n determinating the mi’nimum economic fieid size
(MEFS), the costs of exploration and delineation weils are included in the total costs that
must be balancecf by the economic value of the oil found. Assuming that a company pur-
chases a iease and begins exploration, if it then discovers a field it will treat ail prior costs—
inciuding the costs of exploration —as sunk in determining whether or not to proceed with
commercialization. Hence, an oii company may choose to proceed with development even

1, J.S. Young and W.S.Hauser, Economics of Oil and Gas Production From ANWR for the Determination of Minimum
Economic Field Size, Bureau of Land Management Report PT-87-015-3120-985.

2. Sunk costs are costs that have already been incurred and cannot be recovered if the project fails.
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if the total costs exceed the economic value of the oil. The DOl assumption Ignores this pos-
sibility.

2. Including or excluding the possibility of “clusters” of small fields. The MEFS is calculated
on the basis of its stand-alone prospects. /n other words, each prospect is evaluated on the
bask of its ability to pay for all of the infrastructure necessary to develop the field, including
the main pipeline to TAPS Pump Station #| in the Prudhoe Bay area. In reality, two or more
fields can share the costs of production facilities, the main pipeline, and other infrastructure
costs. Also, offshore development in the Beaufort Sea could share infrastructure costs with
onshore fields.” Consequently, there Is a realistic possibility-lgnored by the DOl quantitative
analysis —that ANWR 011 could be developed even though no single field exceeds the MEFS.

3. Selection of the assumed tax and royalty system. The income taxes paid by a field developer
are calculated using the terms of the tax system prior to the 1986 changes in the tax law. These
terms include allowance of investment tax credits, 80 percent expensing of intangible drilling
costs, ACRS depreciation for 5-year property for tangible drilling costs, and a 46 percent
Federal income tax rate. The industry has claimed that the result of the 1986 changes, on
balance, has been to reduce the incentive to find and develop new fields. Thus, using current
tax rules might tend to lower the estimated oil potential in ANWR.

4. Assumed oilfield costs. The estimated costs of drilling, building the pipeline, and other neces-
sary construction and operations are based on the 1981 National Petroleum Council report on
Arctic oil and gas,” supplemented with other data. According to industry reports, experience
of the past few years—especially followingthe severe oil price drop of 1985/86-has
demonstrated that the costs of Arctic operations can be reduced significantly, For example,
both ARCO and the Standard Alaska Production Company claim to have reduced development
drilling costs sharply by Increasing drilling efficiency. Thus, there is a strong possibility that
the DOI cost data overstates the likely costs for ANWR field development and depresses the
estimated oll potential.

5. Assumed oil prices. in its base case, DOl assumed that world oil prices would rise to $35/bbl
in 1984 dollars by 2000 and would then rise in real terms by 1percent per year thereafter. DOI's
analysis clearly demonstrates that the estimates of MEFS— and thus theiikely resource value -
are highly sensitive to the assumed oll price. For example, for a field in the western portion of
ANWR, MEFS is 425 million bbi at a $35/bbl oil price and 1.39 billion bbl for a $22/bbl oil prices
Although DOI's price assumptions have been severely criticized, OTA believes that oll prices
could attain this level if current forecasts of future world oll demand and supply trends prove
to be correct. There are, however, plausible circumstances that would maintain prices sig-
nificantly below this level. in OTA’s view, the range of plausible year 2000 oil prices is wide—
probably at least from $22 to $40 per barrel in 1987 dollars—and there is no way to select a
“most likely” price that could achieve any kind of consensus.

6. Inclusion or exclusion of geologic targets. The DOl recoverable resource analysis is
restricted to the 26 largest structural prospects identified by the initial geophysical surveys of
the area. As noted in DOI’'s ANWR Resource Assessment,” additional amounts of economical-
ly recoverable oll may be present in smaller structural traps and in so-called stratigraphic traps

3. Thesetactors are discussed in the Department of the Interior, Arctic National Wildlife Refuge, Alaska, Coastal Plain Resource
Assessment, Aprif 19S7.

4. National Petroleum Council, U.S. Arctic Oif and Gas, December 19S1.
5. Young and Hauser, op.cit, Box 3-B, footnote 1.
6. U.S. Department of the Interior, Asctic Nationa!l wildlife Refuge, Alaska, Coastal Plain Resource Assessment, April 1967.
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that were not identified by the available geophysical? information. Including these additional
prospects should increase the estimated values of both the probability of finding economical-
ly recoverable oil IN ANWR and the mean recoverable resource.

The first, second, fourth, and sixth factors tend to understate the likely oil potential in ANWR; the
third tends to overstate it; and the fifth gives no clear direction. Overall, OTA believes that i)O1's
economic evaluation of ANWR oil potential is likely to be too pessimistic, especiaMy with
regard to the probability of finding a field of commercial size.

The DOI assessment of ANWR'’S oil potential is dependent on both the economic and geologic as-
sessments, however. The geologic assessment prepared by the State of Alaska is more pessimis-
tic than DOI's geoiogic assessment. For example, the State estimated the “50th percentile”
in-place resource to be 3,77 billion barrels (that is, there is a 50 percent chance that there are at
least 3.77 billion barreis of in-place resources) versus DOI's estimate of 11.9 billion. The primary
factors causing the disagreement are sharply differing views of the likelihood of finding large
volumes of oil-bearing Ellesmerian rocks in the coastal plain (the State largely discounts the role of
the Ellesmerian) and differing estimates of success rates for indhddual wells (the State expects
tower success rates than does DOI). Given the judgmental character of the estimates and the lack
of drilling data, this level of disagreement is not at all unusual. However, the State’s estimates
would imply a much lower resource value for the ANWR coastal plain than the value assigned by
DOl.

The Energy Information Administration (EIA) also has examined the DOI assessment of economi-
cally recoverable oil in the coastal plain. EIA concfuded that 1)01's assessment of in-place re-
sources was reasonable, but it disagreed strongly with 001's evaluation of the risk of finding
economically recoverable oil and also disagreed with DOI'S assessment of the likely magnitude of
any recoverable resources. In particular, EIA rejected DOI's estimate that there is only a is per-
cent probability of finding oil in economically recoverable quantities; instead, EIA concluded
that the probability of finding economically recoverable oil in ANWR is very high. EIA projects
the likely economically recoverable oil in ANWR (at DOI's assumed oil prices) to be 3.4 billion
barrels, with little likelihood (compared to DOI's 81 percent likelihood) that nothing will be
recovered. OTA generally agrees with EIA’s qualitative assessment of 001's economic evaluation,
We note, however, that EIA’s alternative methodology for estimating ANWR recoverable resources
is unsophisticated, relying on a simple extrapolation of the recovery rates of known North Slope
fields. On the other hand, given the limited data on ANWR, EIA’s simple approach may prove just
as accurate as the more detailed approach of DOI.

7. Energy Information Administration, Potential Oil Production from the Coastal Plain of the Arctic National Wildlife Refuge,
revised edition, SR/RNGD/87-01. In its repo EIA arrived at essentially the same qualitative conclusions about the details of
DOI's economic analylis as OTAdid and asfescussed them in more detail.
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Appendix A

Methods of Estimating Discovered In-Place

Resources and Reserves

An estimate is only as good as the quality and
quantity of the data available at the time it is
made. Estimating either in-place resources,
recoverable resources, or reserves is inherently
difficult because petroleum engineers cannot see
the reservoir. Typically they must rely on indirect
measurements (e. g., from well logs and cores,
seismic work, regional geology, etc. ) that supply
them with only a partial picture about the shape
and characteristics of the reservoir. As more
data become available through exploratory drill-
ing, development drilling, and production, early
estimates can be refined, Reserve estimates
often grow with time. For instance, accumulated
initial domestic reserve estimates have averaged
about 50 percent of final estimates. Also, there is
a tendency to overestimate small discoveries and
to underestimate large ones’ (estimates of Prud-
hoe Bay'’s reserves have indeed grown over time,
but estimates of original reserves (i.e., of ultimate
recovery) appear to be converging on 12 billion
barrels).

Several methods are available for estimating in-
place resources. The volumetric method, for in-
stance, is one of the simplest ways of calculating
in-place resources and is useful when not much
data are available. In the volumetric method,
seismic and drilling information are used to deter-
mine the structure, areal extent, and thickness of
potential reservoir rocks. A rough estimate of the
bulk rock volume of the resewoir can then be
made. In addition, estimates are made of the
average porosity and water saturation of the
reservoir and of oil and gas volume factors re-
lated to the reservoir's pressure and temperature.
Knowledge of the porosity—a measure of the
amount of void or pore space in a rock— enables
the reservoir engineer to estimate the amount of
fluids the reservoir is capable of holding.
Knowledge of average water saturation within the
pore spaces allows engineers to determine how

1. Rivaop. cit., p. 126.
2. Riva, op. cit., p. 125,

much of the pore space is not occupied by water
and could contain oil and/or gas. Once es-
timates of bulk volume, average porosity, water
saturation, and oil/gas volume factors have been
obtained, a calculation of the in-place resource
can be made.

Estimates made using the volumetric method
may vary widely depending on the amount of in-
formation available. If data are derived from only
a few wells or from the results of pre-driiling sur-
veys, the best one can do is assume uniform
thickness, porosity, and water saturation for
various segments of a reservoir. In reality, reser-
voirs are usually complex: for example, thick-
ness, porosity, and water saturation may all vary
considerably; faulting introduces barriers to flow,
as do low permeability zones; and oil and gas
within the gross reservoir may be in unconnected
compartments. Hence, if the geological inter-
pretation is not correct or not sufficiently precise,
the result of gross volumetric calculations will be
wrong.

A second technique sometimes used to obtain
estimates of in-place resources (and reserves as
well) is the material balance method. A material
balance calculation relies on the assumption that
a petroleum reservoir can function as a large
closed tank containing oil, gas, and water. By
measuring the change in pressure after various
known increments of production, it is possible to
calculate the original in-place amounts of oil, gas,
and water.’ A principal weakness of this method
is that reservoirs are treated as a single unit
under constant pressure. Typically, however,
pressure will vary considerably throughout a
reservoir. Treating the reservoir as an undifferen-
tiated unit, therefore, may not adequately model
the reservoir.

109
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Several techniques are also used for estimating
recoverable oil and gas. A rough estimate of
recovery can be made using the analogy method.
For this technique, one can simply apply a
recovery factor to in-place resources. A recovery
factor is the percentage of in-place resources
that are expected to be recoverable in a reser-
voir, and the factor used to estimate recoverable
volumes from a given reservoir is one associated
with another reservoir having a recovery factor
known from production history and characteris-
tics similar to the one being investigated.

A second recoverable resource estimation
technique is decline curve analysis. Peak
production must already have taken place to
properly use this technique. From a study of the
production trend over time, a mathematical
relationship can be established. Using this
relationship, one can then project production into
the future to the point where further production
would no longer be economically feasible. The
total production over time constitutes the ul-
timately recoverable oil and gas. A weakness in
the decline curve method is that it is only indica-
tive if wells are allowed to produce at their maxi-
mum (unrestricted) rate. If the flow rate is
restricted, either by company policy or State or
Federal regulations, the decline curve will show a
downward trend in time that will not truly reflect
recoverable oil and gas.’

The most sophisticated technique used to esti-
mate recoverable oil and gas is reservoir si-
mulation. In setting up a simulator, all available
information on reservoir and fluid characteristics
is used. Unlike the material balance method in
which the reservoir is considered to function as a
single tank, reservoir simulation more systemati-
cally considers the reservoir as an aggregate of
many cells, each with its own parametric values,
such as fluid saturations, permeabilities, pres-
sures, etc. Using all the data, flow equations are
developed for a reservoir which match the
reservoir's history. These equations are then
solved, using computer processing, to estimate
recoverable resources. Typically, reservoir
simulators are quite expensive to develop and
are developed only for the largest fields. The

Prudhoe Bay field, the country’s largest, has
been simulated using the best available methods.

All estimation techniques have their shortcom-
ings. Specifically, one must always keep in mind
that 1 ) although estimates may make use of the
best available data, the availability and quality of
data for oil and gas estimates are often limited,
and 2) the estimate is usually based on a number
of simplifying assumptions about the reservoir
characteristics and/or future trends in price and
technology development.

In addition to the inherent difficulty of making
accurate resource and reserve estimates, data
access problems hamper the accuracy, or at
least the credibility, of published estimates.
Published reserve estimates made by such agen-
cies as the Alaska Oil and Gas Conservation
Commission; the Alaska Department of Natural
Resources, Division of Oil and Gas; and the U.S.
Department of Energy’s Energy Information Ad-
ministration all ultimately rely on data supplied by
the oil and gas industry. Although some oil com-
pany data must by law be released to these and
other State and Federal agencies which make es-
timates and regulate the oil industry, much in-
dustry data is proprietary. Estimates that the oil
companies themselves make are generally not
publicly available. Moreover, oil companies
usually are not willing to be too precise about es-
timates they do release. Typically, a company
will confirm that recoverable resources, for ex-
ample, are likely within a specified range, but
they are reluctant to go further. Hence, public
estimates, even if in the same range as the
industry’s estimates, are usually not based on all
the information to which the oil companies have
access.

The oil and gas business is competitive, and
proprietary knowledge represents an advantage.
Among the reasons for industry’s desire to keep
information proprietary are that: 1 ) a competitor
with precise knowledge of a company’s reserves
estimate could gain an advantage in future lease
sales in the area; 2) estimates, even by the com-
panies themselves, are at best only approximate;
hence, publication of a resewe estimate that later
turned out to represent falsely company assets

3. Robert Hubbell, reservoir engineer, Golden Engineering, personal communication, Dec. 23, 1987.
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could significantly affect investors or potential in-
vestors; and 3) a company’s oil and gas resetves
can be the object of hostile takeover attempts.

An additional caveat in comparing estimates
made by different groups (particularly of reserves
or recoverable resources) is that the assump-
tions on which each estimate is based may not
be—in fact, usually are not— made explicit. Such
assumptions usually include the projected price
of oil, the amount of capital investment planned
for the field, and the type of secondary or en-

hanced oil recovery techniques expected to be
used. Also, it is sometimes difficult to determine
which portion of a reported resewes estimate is
proved and which is only inferred or potential
(some North Slope estimates include both
proved and potential reserves). This greatly
complicates attempts to compare alternative es-
timates of reserves. Also, unless all reserve es-
timates are accounted to the same time for a
specific field or group of fields, estimate com-
parisons will not be valid.



_ _ Appendix B
Estimation Methods for
Undiscovered Resources

The purpose of any resource estimate is to
produce the best possible guess about the extent
of resources in the absence of data which would
allow one to calculate a more precise figure.
Reasonably accurate data about oil and gas
resources can only be generated through exten-
sive drilling; however, geological and geophysi-
cal information prior to extensive drilling and
preliminary exploratory drilling at a later stage
does provide information which can be used for
gaining some insight into the amount of resour-
ces in an area. This information can be used to
estimate resources. Methods have been devel-
oped to estimate both undiscovered, in-place
resources and economically recoverable re-
sources. Geological factors are the main con-
sideration in estimating in-place resources;
estimates of economically recoverable oil and
gas must take into account various economic
and technological factors and regulatory policy
as well.

Although methods for estimating resources
have become sophisticated, estimates are only
as good as the data used to produce them. An
estimate may represent the best appraisal that
can be made at the time, but only by the greatest
of luck will the amount of resources eventually
found in an area be similar to the amount original-
ly estimated. As relevant today as in 1934 is J.T.
Hayward’s remark, “...we must not fall into the
error of believing that because we have attached
a number to a chance that we have thereby made
a successful issue more sure, or have in any way
altered its probability. Further, we must be ever
on the watch for that most insidious and
widespread superstition that assumes that math-
ematical manipulation, if sufficiently accurate, in-
volved, and prolonged can transmute doubtful
data into positive scientific fact.”

In a recent study of hydrocarbon estimation
techniques the National Research Council
pointed out that the quality of an estimate of un-
discovered resources is highly dependent upon:
1) the quantity and quality of the geologic infor-
mation available; 2) the knowledge, experience,
and awareness of the group making the estimate;
3) the appropriateness of the estimation
methodology; and 4) (for estimates of economi-
cally recoverable resources), the economic as-
sumptions used. Moreover, they noted that
users of any resource estimate must recognize
its probabilistic nature and resulting inherent un-
centainty.’

The variability between estimates made by dif-
ferent people using the same method (as well as
between estimates made using different techni-
gues) can also be wide. This is so because each
model calls for a number of subjective inputs.
For example, many models depend in one way or
another on the use of geologic analogy. Differ-
ences of opinion easily can exist over what
geologic analogy is most appropriate. When lit-
tle information is available, structural geology
and stratigraphy can and are interpreted dif-
ferently. For example, in evaluating the resource
potential of the Arctic National Wildlife Refuge,
geologists from the State of Alaska and from the
Department of the Interior used similar play
analysis methods; however, they identified the
plays differently.

A number of methodologies have been devised
to help estimate, with limited data, the expected
amount of resources in an area. Some of the
methods are fairly crude; others are quite sophis-
ticated, although again it must be stressed that
even the most sophisticated methods produce
only estimates, and many of these estimates re-
quire numerous assumptions and much subjec-

1. J.T. Hayward, “Probabilities and Wildcats Tested Through Mathematical Manipulation,” Oil and Gas Journal, vol. 33, No. 26,

Nov. 15, 1934, pp. 129-131.

2. National Research Council, Offshore Hydrocarbon Resource Estimation, p. 7.
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tive input.  Five basic types of assessment
methods are currently in use. These include:

1. Areal and volumetric yield methods in com-
bination with geologic analogy. These
techniques range from worldwide average
yields applied uniformly over a sedimenta~
basin to more sophisticated analyses in
which the yields from a geologically
analogous basin are used to provide a basis
of comparison.

2, Delphi or subjective consensus methods.
In this approach, the estimation of
petroleum resources is the consensus of a
team of experts who review all the geologic
information available in an area or basin.

3. Historical performance or behavioristic
methods. These methods are based on ex-
trapolating historical data, such as dis-
covery rates, drilling rates, productivity
rates, and known field size distributions.

4. Geochemical material balance methods.
These methods are used to estimate how
much oil or gas was generated in source
rocks of a given area, how much was in-
volved in migration, probable losses during
migration, and the quantity that accumu-
lated in deposits.

5. Integrated methods. These methods use a
combination of some or all of the above and
incorporate geological and statistical
models.®

The integrated methods, such as play and
prospect analyses, are the most sophisticated.
Play analysis methods have become popular in
recent years for assessing conventional
petroleum resources in identified or conceptual

exploration plays in a basin or province.’ These
methods produce a range of estimates related to
the probability of occurrence of certain amounts
of oil rather than a single estimate of resources
expected in one or more plays. Since much ef-
fort has been expended by State and Federal
resource agencies applying these methods to es-
timating the resources of both the National
Petroleum Reserve in Alaska and the Arctic Na-
tional Wildlife Refuge, these methods and the as-
sumptions that go into them will be described in
greater detail.

In-Place Resource Models:
RASP and FASP

In-place oil and gas resources include all cate-
gories of resources still in the ground, that is,
those that are considered to be economically
recoverable, those that are technically but not
economically recoverable, and those that cannot
yet be technically or economically recovered. In-
place resources, usually expressed in terms of
original in-place volumes, constitute the resource
base. Roughly 10 percent to at most 50 percent
of in-place oil resources in any given resource
area can typically be economically recovered
using currently available technology and techni-
gues. Estimates of in-place resources depend
upon the interpretation of the geology, economic
factors being irrevelant.

Play and prospect analysis models for assess-
ing in-place resources include the Resource Ap-
praisal Simulation for Petroleum (RASP) and the
Fast Appraisal System for Petroleum (FASP).
RASP has been used by the U.S. Geological Sur-
vey to assess resources in both the National
Petroleum Reserve in Alaska (1979) and in the

3. Betty M. Miller, “Resource Appraisal Methods: Choice and Outcome,” in Oil and Gas Assessment-Methods and Applications,
AAPG Studies in Geology #21, Dudley D. Rice (cd.) (Tulsa, OK: American Association of Petroleum Geologists, 19S6), pp. 2-5.

4.lbid., pp. 4-5.
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Arctic National Wildlife Refuge (1980 ).5 More
recently (1986) the State of Alaska used the
RASP methodology to estimate resources in
ANWR.°And the newer FASP method, which is
more efficient but produces similar estimates,
was used by the Department of the Interior in
1986 to estimate in-place resources in ANWR.’

Both methods are based upon the same
geologic model and employ the same probability
assumptions. "However, RASP employs a Monte
Carlo simulation technique which typically re-
quires 3000 to 5000 repetitions while FASP is an
analytic method which uses statistical techniques
and probability theory rather than simulation and
thereby greatly speeds up and reduces the cost
of the estimation process.

Both methods make extensive use of the judg-
ment of geologists familiar with the geology of
the area. In undrilled areas, geologists must
depend on surface geology and geophysical
data and consider possible geologic analogies
with other areas when they make their appraisals.
For each identified play (group of geologically re-
lated prospects with similar hydrocarbon sour-
ces, reservoirs, and traps) within an assessment
area, RASP and FASP require that geologists
judge the probability that a hydrocarbon source
exists, that the timing of oil formation has been
favorable, that oil migration from source to traps
has been successful, and that the trap contains
reservoir grade rock. The product of these four
regional geological characteristics (assuming the
probability of each occurring is independent of
the others’ occurrence) jointly determines the
marginal probability— the probability that the play
contains hydrocarbon accumulations.

Expert judgment is likewise called for at the
level of individual prospects, the untested
geologic features having the potential for trap-
ping and accumulating hydrocarbons. The
prospect attributes are the geologic characteris-
tics common to the individual prospects within a
play. Geologists must assess the probability of
the existence of a trapping mechanism for the
prospects, the likelihood that effective porosity
exceeds a certain amount, and the probability
that oil and gas exist in at least 1 percent of a
trap, The product of these probabilities (again
assuming independence) is the probability that a
prospect is a deposit, but it is conditional upon
the favorability of the play. Together the marginal
play probability and the conditional deposit prob-
ability are the risk factors. If all attributes com-
prising these risk factors are favorable, it is likely
that there will be hydrocarbons in at least some
of the prospects within the play.

A third set of judgments is needed to determine
how much oil may be contained in each
prospect. Geologists are asked to estimate the
range of possible values for each of five volume
attributes (area of closure, reservoir thickness, ef-
fective porosity, trap fill, and reservoir depth) and
to assign the probability of a given value to one of
seven categories. For example, a geologist may
estimate that there is a 100 percent probability
that the reservoir thickness of a deposit is greater
than or equal to 50 feet, a 75 percent probability
that the thickness is greater than 80 feet, and a 25
percent probability that the thickness is greater
than 100 feet. From these estimates, a prob-
ability distribution for each of the volume at-
tributes can be made. A range of values is also
estimated for the number of drillable prospects in
each play, And finally, geologists are asked to as-

5. Kenneth J. Bird, “A Comparison of the Play Analysis Technique as Applied in Hydrocarbon Resource Assessments of the
National Petroleum Reserve in Alaska and the Arctic National Wild like Refuge, " in Oil and Gas Assessment — Methods and Applications,
Dudley D. Rice (Tulsa, OK: American Association of Petroleum Geologists, 1986), pp. 133-142.

6.J.J. Hansen and R.W.Kornbrath, “Resource Appraisal Simulation for Petroleum in the Arctic National Wildlife Refuge, Alaska,”
Professional Report 90 (State of Alaska: Department of Natural Resources, 1986), pp. 1-13.

7.U.S. Department of the Interior, Arctic National Wildlife Refuge, Alaska, Coastal Plain Resource Assessment (Washington, DC:
U.S. Fish and Wildlife Service, U.S. Geological Survey, and Bureau of Land Management, 1987). See chapter lll, “Assessment of Oil

and Gas Potential and Petroleum Geology of the 1002 Area, ’

8. Robert A. Crovelli, “An Analytic Probabilistic Methodology for Resource Appraisal of Undiscovered Oil and Gas Resources in

Play Analysis, ”

U.S. Geological Survey Open File Report 85-657, 1985.
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Figure B.l.— Flow Chart of Simulation Method for Play Analysis
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sess the likely reservoir characteristics and
hydrocarbon mix.

If RASP is used, a simulation is run using the
probabilities estimated in the geologic model
(figure B-I). First, the marginal play probability is
sampled. If the sampled play is “dry,” zero
resources are assigned to that play on that pass.
If the play is not dry, the number of prospects in
the play are sampled. Then each of the
prospects in the play are examined in turn. Sam-
pling the conditional deposit probability for each
prospect determines whether the prospect is dry
or contains oil and/or gas. If hydrocarbons are
simulated as present, each of the hydrocarbon
volume attributes are sampled, and the resources
within the prospect are calculated using standard
reservoir engineering equations. After the last
prospect within the play is sampled, the resour-
ces are totaled for that play, and the simulation
proceeds to the next play. The process is
repeated until all the plays have been examined.
The resource estimates for all the plays are
summed to obtain the total amount of simulated
oil in the assessment area. The simulation is then
rerun as many as 5,000 times. Probability dis-
tributions can then be derived by ranking results
for each ass and dividing the rank ordering into
fractiles.

The simulation method is easier to understand
than the analytic method, but the outcomes are
much the same. In the FASP analytic method,
the simulation is replaced by a statistical proce-
dure which calculates means and variances of
the same geologic variables to derive an estimate
for one play (figure B-2). Results for individual
plays are then aggregated using the aggregation
model FASPA. Comparisons of RASP and FASP
have been made, and results show excellent
agreement. 10 The analytic method, however, ‘as
some advantages. A principle one is that it is
thousands of times faster. The cost to run the
program is therefore negligible and FASP can be

rerun frequently, incorporating new data as avalil-
able. The analytic method is also potentially
more useful because it produces mathematical
equations of probabilistic relationships involving
petroleum resources.

Estimating Economically
Recoverable Undiscovered
Resources: PRESTO

Models have also been developed to estimate
the amount of undiscovered but economically re-
coverable resources in a given area. In par-
ticular, the Minerals Management Service's
PRESTO (Probabilistic Resource Estimates-Of-
fshore) model (now in its third version) has been
used to estimate undiscovered, economically
recoverable resources in arctic offshore areas
and, recently, in the Arctic National Wildlife
Refuge. Conceptually, the model has much in
common with RASP, in that it incorporates Monte
Carlo simulation, ranges of values for volumetric
input parameters, and risk analysis."' The most
important unit of analysis used to derive PRESTO
estimates is the prospect, or individual potential
oil or gas field. As in RASP, marginal and condi-
tional risks are determined. The marginal basin
risk is the probability that no prospect within a
given basin contains hydrocarbons; the condi-
tional prospect risk is the probability that an in-
dividual prospect modelled is “dry,” conditional
upon the basin containing at least some
economically recoverable hydrocarbons. These
risks are determined by geologists using all avail-
able geological and geophysical data. Needless
to say, in undrilled and largely unexplored areas,
the data are usually scanty. Moreover, PRESTO,
like other resource estimation models, uses the
judgment of experts when “hard” data are un-
available. Identification and characterization of
prospects, for instance, calls for significant sub-
jective input in the absence of substantial drilling.

9. For additional information about RASP and FASP see Bird, “A Comparison of the Play Analysis Technique...”; Hansen and
Kornbrath, “Resource Appraisal Simulation for Petroleum...”; and L.P. White, “A Play Approach to Hydrocarbon Resource Assessment
and Evaluation, ” in Oil and Gas Assessment— Methods and Applications, AAPG Studies in Geology #21, Dudley D. Rice ed. (Tulsa,

OK: American Association of Petroleum Geologists, 1986), pp. 125-132.
10. R.A.Crovelli, “A Comparison of Analytic and Simulation Methods for Petroleum Play Analysis and Aggregation,” U.S. Geological

Survey Open-File Report 8&97, 1986.

11.L.W. Cooke, “Estimates of Undiscovered, Economically Recoverable Oil and Gas Resources for the Outer Continental Shelf As
Of July 1984." U.S. Department of the Interior, Minerals Management Service, 198S, p.9.
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Figure B-2.—Flow Chart of Analytic Method of Play Analysis
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Using risk factors and Monte Carlo simulation,
PRESTO simulates an exploratory drilling
program. For each PRESTO trial, every prospect
in the basin is “drilled, " and discovered resources
are summed to determine an area total. The
simulation is repeated as many as 5000 times,
and results are sorted, ranked, and divided into
percentiles. Output includes the conditional 95
percent, 5 percent, and mean resource estimates
for oil and gas and the corresponding probability
of economically recoverable hydrocarbons after
accounting for the possibility that there may be
no hydrocarbons in the area (the ‘(risked” es-
timates).

The major difference between RASP and PRES-
TO is that PRESTO incorporates economic fac-
tors into the model. Thus, not only does PRESTO
determine the amount of resources in each
prospect, it determines whether the resources
within each prospect are large enough to warrant
development. To accomplish this, PRESTO uses
a single point estimate of the minimum economic
field size (MEFS) required for development in the
area. The MEFS is derived from MONTCAR, a
discounted cash flow analysis program. An im-
portant consideration in determining MEFS is the
assumed price of oil — as the price of oil
decreases, the MEFS increases. Other important
considerations include development and operat-
ing costs, and distance from markets,

Significantly, the prospect's resources are
added to the total for the area only if the MEFS is

12. For example, Joe Riva of the Congressional Research Service.

exceeded for the prospect being “drilled. ” But if
the MEFS is not exceeded, the prospect’s resour-
ces are set to zero. Hence, PRESTO estimates of
undiscovered, economically recoverable resour-
ces may be conservative. For example, a
prospect that, in isolation, is not estimated to
contain enough resources to be developed may
nevertheless be developed if there are other
prospects in the area that are large enough to
develop, or even if a number of fields, all below
the MEFS, are found in close proximity and can
share infrastructure costs. The Lisburne, En-
dicott, and Milne Point fields, for instance, would
never have been developed were it not for their
proximity to Prudhoe Bay and the TAPS pipeline.
PRESTO would have modeled these fields as
having zero resources, but they are currently
contributing to TAPS throughput, if only about 5
to 10 percent. Likewise, some geologists believe
that PRESTO estimates of economically
recoverable resources in ANWR are conserva-
tive. 12 The MEFS for ANWR as a whole has been
determined to be about 440 million barrels (for a
$33 per barrel %ice of North Slol%e olg in 0|00
(1984 dollars)) . owever, given the Possibility
of shared infrastructure costs, recent declining
development costs, the high probability that
more prospects than were evaluated in DOI's
ANWR analysis will subsequently be identified,
and other factors, the estimate of economically
recoverable resources do appear too conserva-
tive. 14

13. U.S. Department of the Interior, Arctic National Wildlife Refuge, Alaska, Coastal Plain Resource Assessment, April 1987, p. 79.
14. Energy Information Administration, Potential Oil Production from the Coastal Plain of the Arctic National Wildlife Refuge (Revised

Edition), EIA Service Report, October 1987, pp. 15-17.
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Glossary

API gravity: The standard American Petroleum in-
stitute method for specifying the density of
crude petroleum. The density in degrees of
API equals (141.5 "P)-131 .5, where P is the
specific gravity of the oil measured at 60° F.

barrel: A common unit of measurement of liquids
in the petroleum industry; it equals 42 U.S.
standard gallons.

chemical flooding: An enhanced oil recovery
technique based upon adding various chemi-
cals to the water used in waterflooding in
order to increase waterflood efficiencies.

conditional mean resources: The average
amount of oil and/or gas expected to exist if
at least one of the prospects in an area con-
tained economically recoverable accumula-
tions of hydrocarbons and if all of the
prospects modelled were drilled.

directional drilling: Drilling that has been
deliberately angled away from the vertical.

drilling mud: A special mixture of clay, water, or
oil and chemical additives pumped through
the drill pipe and drill bit. The mud cools the
rapidly rotating bit; lubricates the drill pipe as
it turns in the well bore; carries rock cuttings
to the surface; serves as a plaster to prevent
the wall of the bore hole from crumbling or col-
lapsing; and provides the weight or hydros-
tatic head to prevent formation fluids from
entering the well bore and to control
downhole pressures,

economically recoverable resource estimate:
An assessment of the hydrocarbon potential
of a field that takes into account physical and
technological constraints on production and
the relation of costs and market price.

enhanced oil recovery: See tertiary recovery.

fault: A fracture along which the rocks on one side
are displaced relatively to those on the other.

field: Composed of a single pool or multiple pools

that are grouped on or related to a single
structural and/or stratigraphic feature. “Pool”
is a term meaning a body of reservoir rock
containing recoverable oil and/or gas.

formation: A rock mass composed of individual
beds or units with similar physical characteris-
tics or origin.

gas lift: The effect of either naturally or artificially
induced gas pressure in an oil well t hat causes
the oil to flow from the well.

gas/oil ratio: The proportion of gas produced
relative to oil produced from a reservoir(s) or
field(s), usually expressed as cubic feet per
barrel of oil.

gas injection: The process of injecting (or rein-
fecting) gas into a reservoir to maintain the
producing pressure.

infill drilling: Drilling at a smaller spacing than
called for in the original development plan,
designed to speed up production and/or in-
crease ultimate recovery.

in-place resources: The total amount of oil in a
field, only a portion of which will ultimately be
recoverable.

inferred, potential reserves: Those resources
that should eventually be added to proved
reserves through extensions of known fields,
revisions of earlier reserves estimates result-
ing from new subsurface and production in-
formation, and production from new
producing zones in known fields.

log, well log: Measurements of the physical
properties of the drilled section, generally
taken while raising measurement devices up
the wellbore on an electrical cable.

marginal probability: The probability that
economically recoverable oil and gas resour-
ces exist in an area under study.
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migration: The movement of oil, gas, or water
through porous and permeable rock.

miscible flooding: A technique based upon using
some gas — such as enriched reservoir gas or
C02—-to miscibly displace some oils, thereby
permitting the recovery of most of the in-place
oil contacted.

outer continental shelf: The part of the continen-
tal shelf beyond the line that marks State
ownership; that part of the offshore area
under Federal jurisdiction.

pay: A rock stratum or zone that yields oil or gas.

permafrost: Any soil, subsoil, or other surficial
deposit occurring in arctic, subarctic, and al-
pine regions at a variable depth beneath the
Earth’s surface in which a temperature below
freezing has existed continuously for a long
time.

permeability: The degree to which a rock will
allow liquid or gas to pass through it.

play: A rock formation or group of formations
within a sedimentary basin with geological
characteristics similar to those that have been
proven productive. A play serves as a plan-
ning unit around which an exploration
program can be constructed.

pool: A subsurface accumulation of oil and/or gas
in porous and permeable rock, having its own
isolated pressure system, Theoretically, a
single well could drain a pool. Also known as
a resemaoir.

porosity: The proportion of a rock’s total volume
occupied by the voids between the mineral
grains.

pressure cycling: A technique of injecting natural
gas or CO2 into a producing formation and al-
ternating high and low pressures to induce
mixing with the crude and thus stimulating the
flow.

primary recovery: The fraction of original oil
and/or gas in-place that will flow unaided or
can be pumped from the reservoir rock matrix
to the surface.

production: Activities that take place after the
successful establishment of means for the
removal of oil and/or gas, including such
removal, field operations, operation monitor-
ing, maintenance, and workover driiiing.

proprietary information: Scientific, engineering,
and financial data, information, and deriva-
tives thereof that are not released to the public
for a specified term. Federal laws, regula-
tions, statutes, or contractual requirements
affect the terms,

prospect: An area that is a potential site of
economically recoverable petroleum ac-
cumulation based on preliminary exploration.
A play is composed of one or more prospects.

recoverable oil: The sum of proved and potential
reserves. May also inciude estimated undis-
covered recoverable oil.

reserves, proved reserves (oil): The portion of
an oil field’'s resource base that has been iden-
tified by drilling and estimated directly by en-
gineering measurements, and that is
recoverable at current prices and technology.

reservoir pressure: The pressure existing at the
level of the oil and/or gas productive zone in
a well.

reservoir rock: A porous and permeable rock,
e.g., sandstone or limestone, which contains
oil and/or gas that can be produced.

resources: The total amount of oil or gas that
remains to be produced in the future.
Generally does not include oil or gas in such
small deposits or under such difficult condi-
tions that it is not expected to be produced at
any foreseeable price/technology combina-
tion.

risked mean resources: The product obtained by
multiplying the conditional mean value by the
marginal probability that economically
recoverable hydrocarbon resources exist in
the area under study.

secondary recovery: Oil and gas obtained by the
augmentation of resetvoir energy, often by
the injection of gas or water into a producing
reservoir.
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show: An indication of the presence of oil or gas
in the formations penetrated during drilling.

shut-in: Shutoff, so there is no flow; refers to a
well, plant, pump, etc., when valves are
closed. A shut-in well can be returned to
production, often with some downhole
cleanup work.

source rock: Sedimentary rock in which organic
material under pressure, heat, and time was
transformed to liquid or gaseous hydrocar-
bons. Source rock is usually shale or lime-
stone.

stratigraphic trap: A trap for oil and/or gas, result-
ing from changes in rock type, porosity, or
permeability, that occurs as a result of
sedimentation and diagenetic processes
rather than from structural deformation.

structural trap: A trap for oil or gas resulting from
folding, faulting, or other rock deformation.

tertiary recovery: Oil recovered using advanced
techniques beyond secondary recovery tech-
niques. Techniques include injection of steam
or of other injected substances, such as rich
miscible gas, carbon dioxide, polymers, sol-
vents, surfactants, micellar fluids, or even
microorganisms.

thermal recovery/stimulation: A petroleum re-
covery process that utilizes heat (in the form
of steam or hot gas) to thin viscous oil in an
underground reservoir and allow it to flow

more readily toward wells through which it
can be brought to the surface.

trap: Any barrier to the upward movement of olil
or gas that allows either or both to accumu-
late. A trap includes reservoir rock and over-
lying impermeable cap rock.

viscosity: That prope~y of a fluid which deter-
mines its rate of flow. As the temperature of
a fluid is increased, its viscosity decreases,
and it therefore flows more readily.

waterflood: A secondary-recovery operation for
oilfields in which water is injected into a
petroleum reservoir to force more oil to the
producing wells.

work-over: A term applied to any remedial opera-
tion performed on a well after completion.

undiscovered, economica lly recoverable
resources: Quantities of economically
recoverable oil and gas estimated to exist out-
side known fields.

undiscovered, in-place resources: Quantities of
oil and gas estimated to exist outside known
fields, without reference to technological or
economic factors.

wellhead: The equipment used to maintain sur-
face control of a well. It is formed of the
casing head, tubing head, and Christmas tree
(assemblage of valves, gages, fittings, etc.).
Also refers to various parameters as they exist
at the wellhead: wellhead pressure, wellhead
price of olil, etc.



