24 October 1975, Volume 190, Number 4212

Scientific Uses of Random

Drilling Models

H. W. Menard and George Sharman

Success in petroleum exploration is
chancy. In 1973 the chance of discovering
an oil or gas field by drilling a wildcat hole
in the United States was 1/7 and the
chance of finding a million-barrel field or
its gas equivalent was 1/54 (/). The rela-
tive importance of the factors that in-
fluence the chance of success has been dif-
ficult to evaluate, although it is known that
success varies with the system of explora-
tion, meaning the combination of theory
and technology, that is used. In this article
we develop a simple model of random ex-
ploration and apply Monte Carlo methods
to generate possible histories of explora-
tion for oil within the land area of the con-
tiguous United States. The actual histori-
cal record of exploration is then shown to
correspond in general form for long peri-
ods to a random search using a system of
exploration with relatively constant effec-
tiveness. The correspondence between the
model and history suggests that the pow-
erful tools of probability theory can be use-
ful in analyses of future success in explora-
tion, volume of petroleum reserves, and
other matters of deep national concern.
The beginnings of a probabilistic analysis
of some aspects of petroleum exploration
are presented here.

Model of Exploration

The model is based on the following as-
sumptions: in a region of area S there is a
fixed total amount of oil in undiscovered
fields; the fields have a total horizontal
cross-sectional area F and are located
within the region by fixed, although not
necessarily known, size and spatial distri-
butions. One means of locating the oil is
conducting a purely random search of the
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region. This method, after infinite effort,
certainly locates the oil present and can be
used as a standard for exploration success
at intermediate times.

The probability P of discovering oil in a
single unit of random search effort, a single
drill hole, is

P-F/S

where F is the area of potential success
(undiscovered oil) and S is the area of pos-
sible search. Measured in area per search
effort, the rate at which F decreases is the
same as the rate at which oil is discovered.
The rate of discovery is, in turn, directly
proportional to the probability of discov-
ery. In mathematical terms, this leads to
the differential equation

df__ 4 F
dE S

where E is search effort. Approximat-
ing S as constant, the equation has a solu-
tion of the form
i
F=Ae"

an exponential relationship having a num-
ber of powerful and convenient properties.
A similar result can be derived for an ex-
plicit class of equal-sized oil fields. Let N
be the number of undiscovered fields, all of
equal area f, distributed as in the previous
case over the area S. The probability of
discovery is

N
s

the rate of discovery, in terms of number of
oil fields, is

AN _ Sy

dE S
and the solution is

N = Noe‘kz%f
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The exponential relationship has several
mathematical implications. First, all de-
rivatives and integrals are also ex-
ponential, differing only by a constant fac-
tor; rates and totals can be calculated. The
rate of discovery is then

dN
dE

and N,k, f/S is the initial rate at the time
of N, undiscovered fields. Second, the ex-
ponential implies that with equal effort a
constant fraction of the remaining undis-
covered fields will be found. Third, ex-
ponential data, when plotted on a semilog-
arithmic graph, will fall on a straight line,
the slope of which is proportional to the
exponent factor. Fourth, that exponent
factor consists of two parts. The first, k,, is
the number of trials in a unit of effort,
equal to unity if the unit effort is the single
drill hole. The second part is the probabili-
ty of finding a specific single oil field, f/S.
This is the relative target cross section, or
R, the relative size of a single target com-
pared with the entire search area. Finally,
Ny, the initial number of undiscovered oil
fields, is a fixed constant. In terms of the
rate of discovery, the integral of that rate
over effort must be the same constant. In
graphical terms, the area beneath the curve
for rate plotted against effort is that con-
stant.

There are two broad directions in which
the mathematical model may be applied.
One is to the direct problem of assigning
values to the variables and calculating a re-
sult for comparison or prediction in the
real world. This entails selecting values of
numbers and sizes of oil fields and the area
being searched for the prediction of discov-
ery rates. The other is the inverse problem,
using the historic trends of discovery and
exploration to assign values to the parame-
ters. In particular, the value of R, com-
bined with a discovery rate, can be used to
estimate total undiscovered oil.

Two units of exploration effort are used
in the ensuing discussion, the Hubbert unit
(HU), 10® feet of exploratory drilling (2),
or our own measure, 107 feet of new field
wildcat drilling for oil (1 foot ~ 0.3 m).
Rate of discovery refers to the number of
fields or area or volume of oil discovered
per unit of exploration effort. Slope refers

- ANOkz_f_e‘kz—S/—E
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to the change in rate of discovery per
unit of exploration effort. Specifically, on
a semilogarithmic graph, this slope is
directly proportional to R. Clearly, this is
also a measure of the fraction of remain-
ing oil fields discovered with each addi-
tional effort.

By comparing the R of a specific tech-
nology with that predicted for a random
search, success of the technology can be
numerically evaluated. Effective tech-
nology will be more successful than ran-
dom search in locating undiscovered oil
and will thus have a larger R = f/S. This
can be interpreted as reducing the area of
search or as enlarging the targets. In either
case, the relative target cross section is in-
creased. A numerical comparison of two
technologies can be made by dividing the
R’s of the technologies by the R’s of the
equivalent random searches.

The effect of a hypothesis or technology
reducing the search area includes the possi-
bility of excluding oil along with search
area. Such a situation will be called a par-
tially exclusionary hypothesis, such as
searching only the white squares of a
chessboard when, in fact, some fraction of
the targets lies on the black.

Economics dictates the lower thresholds
of field size and discovery rate—that is,
when a field is too small or too hard to find
to be economically productive. This article
does not deal with economic fluctuations,
but the model allows for calculating the
difference in total recovery by varying
technologies.

With a history of changing technologies,
there are a number of possible configura-
tions of slope and rate as well as transi-
tions from one to another. Since the slope
is related to f/S, one would expect differ-
ent slopes for different size classes, the
smaller classes having the lesser slopes.
Likewise, a change from a less effective to
a more effective technology should cause
an increase in both rate and slope. There
are possible configurations which conflict
with the simple model and would point to
such things as a partially exclusionary hy-
pothesis. One such configuration would be
a transition to steeper slope, indicating an
increase in relative target cross section (ef-
fectiveness) without a corresponding in-
crease in rate.

The effect of combined technologies,
two different systems operating in the
same region but analyzed in terms of the
individual systems, would be additive and
would produce inconsistent rates and
slopes. In this case the individual rates
would reflect the relative effectiveness of
the particular technologies, while the slope
would reflect the decline in undiscovered
fields due to the discoveries of both meth-
ods. The region, considered as a whole with
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Fig. 1. Area of all giant oil fields discovered per
Hubbert unit in the land area of the 48 con-
tiguous United States. The trend is uncertain
where lines are dashed. The upper dashed line is
more consistent with data from other sources

(5).

both technologies acting as one, would
conform to the model. If, however, one of
the competing technologies is operating
under a partially exclusionary hypothesis,
an abnormally low rate would be expected,
since only a fraction of the total population
is being targeted. Another effect would be
to improve the effectiveness of a competing
random search by eliminating some of the

search area, thus improving the relative.

target cross section. The net effect would
be transition from steep slope to that of
random drilling as the more effective tech-
nology operating under an exclusionary
hypothesis completes its search and thus
depletes the undiscovered fields available
to it.

In the following sections the history of
oil exploration in the United States is ex-
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Fig. 2. Area of the structural trap type of giant
oil fields discovered per Hubbert unit in the land
area of the 48 contiguous United States.

amined toward two ends, testing the model
and analyzing history in terms of the mod-
el. Since historic records have been conve-
niently broken down into size classes, the
analysis is by class and in terms of the spe-
cific model dealing with numbers and
rates.

Tests of the Model

Hubbert (2) states that the number of
barrels of oil discovered per 108 feet of ex-
ploratory drilling has declined approxi-
mately exponentially. This conclusion is
confirmed by analysis of the history of ex-
ploration for different sizes and types of oil
fields by different methods. The American
Association of Petroleum Geologists
(AAPG) classifies oil fields by size in mil-
lions of barrels as follows: A, greater than
50; B, 25 to 50; C, 10 to 25; D, 1 to 10; E,
less than I; and F, wells originally com-
pleted as new productive fields but aban-
doned within the year. In addition, fields
larger than 10* barrels are commonly
called giants. The area, volume, and date
and mode of discovery of giant oil and gas
fields in the United States have been com-
piled by Halbouty (3, 4). Our initial anal-
ysis is restricted to giant oil fields within
the land area of the 48 contiguous states in
order to have a coherent population and
constant area. During the period of the
first three Hubbert units the system of ex-
ploration changed rapidly and the rate of
discovery increased (Fig. 1). However,
from 1937.4 to 1956, the rate declined ex-
ponentially from 6800 km?/HU to an av-
erage of about 100 km?/HU. Evidently
during this period the major factors that
influenced the success rate were those in-
cluded in the probability model. This rela-
tionship is even clearer if the population is
limited to giant structural traps, which
have a smaller range of sizes than the quite
different stratigraphic traps (Fig. 2).

The probability model also predicts both
the decline of success in finding smaller oil
fields during the period from 1945 to 1966
(1) (Fig. 3) and the fact that the rate of de-
cline (slope) tends to diminish with field
size.

Some of the factors that influence the
chance of success in drilling can be isolated
by consideration of the discoveries per unit
effort of different modes of discovery. With
regard to giant oil fields, discovery by sur-
face seeps was most successful in the first
Hubbert unit and declined exponentially to
near zero four units later (Fig. 4). Surface
geology had a peak of success during the
second Hubbert unit and approached zero
five units later. The success of subsurface
geology and geophysics peaked in the third
Hubbert unit and declined exponentially to
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near zero four and five units later, respec-
tively. The slopes of the curves are essen-
tially the same for all methods but the
maximum rate of success was achieved by
surface geology—the first application of
science to exploration. Thus, each method
of discovery was equally successful in sam-
pling a dwindling population of giant oil
fields. Each method quickly found the
fields that it was capable of finding. Each
group of fields successively approached ex-
haustion until about 1950, when none of
the methods of exploration had any more
cream to skim. At that time an inflection in
the discovery rate curve occurred, and
since then it has declined very slowly be-
cause giant discoveries are few.

The rate-of-discovery curves for smaller
oil fields also tend to be inflected in the
1950’s, although the amount of the in-
flection decreases for smaller field sizes
(Fig. 3). For classes C and D it appears
that the transition is gradual, which can be
interpreted according to the probability
model as indicating that two systems of ex-
ploration—for example, random and sci-
entific—were operating simultaneously.
Indeed, the inflections in these curves give
strong evidence that in the 1950°s the
system of exploration for oil in the land
area of the 48 contiguous states decreased
markedly in average effectiveness.

In this analysis we have lumped all in-
dustry together for lack of appropriate
data to make a separation. However, there
are striking differences in the operations,
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Fig. 3. (Solid lines) Number of fields of different
sizes discovered per 107 feet of new field wildcat
drilling (NFWD) for oil in the land area of the
48 contiguous United States. (Dashed and dot-
ted lines) Interpretations of trends.
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success, and possibly even goals of explo-
ration systems in use by major and inde-
pendent oil companies and investment
funds (5). This can be seen in the fact that
from 1969 to 1973 the independents drilled
22,792 new field wildcats and the majors
drilled only 2,770 (1). A significant differ-
ence is also shown by the discovery rate, in
that the independents required 46.6 wells
to find one new field while the majors
needed only 19.4 wells. The contrast is
even more striking when the size of the
fields is considered, because the indepen-
dents found most of the little fields and the
majors found most of the big ones. Thus,
although the majors drilled only roughly
10 percent of the wells, they found roughly
60 percent of the oil. It is possible that part
of the change in the rate of discovery in the
1950’s reflects an increase in the propor-
tion of drilling by independents, as the ma-
jors were beginning to obtain cheap foreign
oil in increasing volume.

Success of Exploration

It is possible to calculate the probability
of the actual history of oil exploration and
compare it with other possible histories.
Thus, a technique exists for determining
the success of exploration systems, com-
paring them with purely random drilling.

In order to make a comparison it is nec-
essary to know the discovery history of a
class of oil fields, the total area being ex-
plored, and the total area of the fields. The
last of these is the most difficult to assess
with reasonable accuracy. Two pertinent
bodies of information are available. The
area of giant oil fields is given by Halbouty
(3) and the trivial rate of discovery at
present indicates that this closely approxi-
mates the total area. For smaller fields, the
discovery rate can be extrapolated to in-
finite effort to give the total number, which
can be converted empirically to area or
volume.

We begin with the discovery of giant
fields (Figs. 1 and 2). Halbouty’s data were
reorganized to give the history of discovery
per Hubbert unit by area (and volume).
Thus it was established, for example, that
the 3947th through 4048th square kilome-
ters of giant fields discovered were in the
Midway-Sunset field in California. A com-
puter was programmed to simulate ran-
dom search in a total area of 4,700,000
km? (6) for a total area of giant oil fields of
23,455 km?. Numbers were selected be-
tween 0 and 4,700,000 according to a ran-
dom number generator. If one was selected
between 0 and 23,456, it was printed in the
output. A Hubbert unit was taken to be
20,000 tries, equivalent to 20,000 wildcat
holes 5,000 feet deep. The printout identi-

fied a particular square kilometer of oil
field discovered by a random hole, and this
could be related to a particular oil field of
known area and volume by comparison
with the reorganized historical data.

The historical record is that the first
Hubbert unit discovered 4.6 x 10° barrels
of oil with an area of 4,100 km?. The aver-
‘age of ten computer runs equivalent to the
first Hubbert unit was 22.7 x 10° barrels
and 13,780 km? with a range between
17.5 x 10° and 26.0 x 10° barrels and
12,600 and 14,600 km?2. The random search
was four to five times more successful than
the early gropings of the oil industry. The
only substantial error in the calculation
lies in the simplifying assumption that each
well was 5,000 feet deep and thus that a
Hubbert unit included only 20,000 wells.
This is a fair approximation for the more
recent Hubbert units after the fourth, but
the average depth of the first unit may have
been only 500 feet (2). If so, the first Hub-
bert unit included 200,000 exploratory
wells; the computer program would have
discovered much more oil with the addi-
tional tries. There is a compensating fact in
that, historically, some fields were discov-
ered by holes deeper than average, perhaps
even deeper than 5,000 feet. However, the
larger fields were discovered by the com-
puter repeatedly on each run. Many would
have been found by reducing the number of
holes and varying the depth randomly
within a desired range. With these uncer-
tainties, the program was left unchanged,
although it appears to be biased in favor of
history.

The reason that random drilling is rela-
tively successful is that the probability of
finding giant fields is quite high because
many have a large area. For example, his-
torically the largest field by far, East
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Fig. 4. Rate of discovery of giant oil fields per
Hubbert unit by mode of discovery.
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Fig. 5. Historical rate of discovery of giant oil
fields, by area, compared with ten random
searches for the fields historically remaining at
the end of each Hubbert unit. If 22 extra super-
giant ficlds exist, the probable average discovery
rate of random searches would exceed the his-
torical record 50-fold.

Texas, was not discovered until 1930, in
the third Hubbert unit. On nine of ten runs
the computer program found the 5.1 x 10°
barrels of East Texas by 1902, in the first
Hubbert unit, because the area of 567 km?
is so large. Indeed the probability is

S
1-(1-Ly=091

where fis the area of the field (5.67 x 10?
km?), A the area of U.S. sedimentary ba-
sins (4.7 x 10° km?), and n the number of
holes per Hubbert unit (2 x 10*)—or just
nine to one in favor of finding in a single
Hubbert unit.

The historical procedures of the Ameri-
can oil industry clearly were not favorable
to the discovery of large oil fields, although
that might be thought of as the objective.
Perhaps it was not entirely chance that
even in the historical record the East Texas
field was discovered by random drilling.
Very roughly 300,000 exploratory holes
had already been drilled in the sedimentary
basins of the United States. The probabili-
ty of not finding this field with that many
random tries is 2 X 10-'6. There are many
possible explanations for this bad luck.
The important point here is that explora-
tion systems are not uniformly successful
in achieving different objectives. What
may be reasonable and traditional for
some times and objectives may be quite ir-
rational for others.

The random searches of a computer in
successive Hubbert units may be compared
with history in two useful ways. One proce-
dure is to determine what a random search
finds in the first Hubbert unit and reset the
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program to search for what remains in
each successive unit. In some ways a more
interesting approach is to reset the com-
puter program after each Hubbert unit by
subtracting the area discovered historically
during that unit. This approach makes it
possible to see how closely the discovery of
giant fields corresponds to a random
search for the targets that were still undis-
covered at a given time. Ten computer runs
have been compared with history (Fig. 5).
All were far more successful than history
in the first and second Hubbert units. By
the third unit, ending in 1937.4, the histori-
cal rate of discovery was just what would
have been achieved by a typical random
search. From then on history did not differ
significantly in its rate of discovery from a
random search. Sometimes, as from
1937.4 to 1945.1, it was in the lower range
of discovery rates and at other times, such
as the early 1950’s, it was on the high side,
but it was always within the range of the
computer runs.

This whole history can be viewed in
terms of the mode of discovery. In the ear-
lier years, when the mode was principally
by random drilling, seeps, and surface ge-
ology, the rate of success did not match the
computer. The introduction of subsurface
geology and geophysics as the dominant
modes of discovery managed to bring the
success rate up to what would have been
achieved by random sampling.

In terms of oil volume rather than oil
area, historical discoveries compare more
favorably with chance targeting (Fig. 6).
During the period from the first to the fifth
Hubbert unit, 1902 to 1948.9, the historical
discovery rate was greater than that of any
of the ten random searches and as much as
twice their average. Before and after that
period, however, the historical successes
were within the range of the random
searches.

In historical perspective, the American
oil industry has had mixed success in find-
ing giant oil fields. With regard to finding
the less prolific giant fields with large
areas, it has never been as successful as an
average random search. With regard to the
more prolific giant fields with small areas,
its actual targets, it was more successful
than any of ten random searches during
the period when geology and then geophys-
ics was used to find a still abundant popu-
lation. Since then it has been only slightly
more successful than the average random
search. The high point of the search for gi-
ant fields was in the fourth Hubbert unit,
when the volume of oil discovered was
more than twice the average volume found
in ten random searches, even though the
area found was less than average. That was
a period when a profusion of 100- to 200-
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Fig. 6. Historical rate of discovery of giant oil
fields, by volume, compared with ten random
searches for the fields historically remaining at
the end of each Hubbert unit. If 22 extra super-
giant fields exist, the probable average discovery
rate of random searches would exceed the his-
torical record 50- to 100-fold.

million-barrel fields were found over salt
domes in Louisiana, which were precisely
and easily located by geophysics. In such
circumstances the industry did far better
than average random drilling. Otherwise it
did not.

The effectiveness of exploration systems
in finding nongiant fields can be assessed
provided the total number and average size
of fields in each class and the area of
search are known. Consistent data on his-
torical discoveries of all sizes of fields are
available from 1945 to 1966 (Fig. 3). The
population as yet undiscovered in 1966 can
be determined by extrapolating the discov-
ery rates to infinity. The remaining un-
knowns are the number and size distribu-
tion of fields discovered before 1945, which
can be estimated, perhaps only crudely,
from analysis of other rate curves. The
curve for “wildcat producers” (I, 7) is
roughly parallel to that for giant fields dur-
ing the critical interval from 1945 to 1955.
The rate of discovery per Hubbert unit for
the total and for each class of field can be
adjusted to the total number of fields dis-
covered before 1945 and an approximation
of the giant field and wildcat producer
data. Combining all the estimates from
time zero to infinity gives a population of
243 giants (approximates class A);, 449
class B; 998 class C; 4,700 class D; and
42,100 class E (Table 1). The larger the
fields the earlier the median field was dis-
covered.

The relationship of volume to area of oil
fields in the Denver-Julesburg Basin, Colo-
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rado, is known (8), and a similar relation-
ship can be constructed for the dead or
moribund oil fields of California from the
data of the California Division of Oil and
Gas (9). The average for the two regions
reasonably approximates the expected
relationship that area varies as the volume
(V) to the 2/3 power. However, the range
of sizes in each class is very large (Table 1).

The area of all nongiant fields in the
contiguous United States can be estimated
by subtracting the area of giant oil and gas
fields from the total area of all sizes. When
the remainder is compared with the size-
frequency distribution for nongiant fields,
it appears that the class sizes of the Den-
ver-Julesburg Basin are a reasonable ap-
proximation of those in the whole United
States.

The remaining uncertainty is the area
being searched, and in 1945 and later this
is taken to be 2,600,000 km?, the most ex-
plored and most productive area of sedi-
mentary basins (10).

A computer program incorporating the
data on number, target size, and area of
search was used to make the same random
searches as for giant fields. Numerous
combinations of number and target size
were investigated and printed out in terms
of number of discoveries per search unit.
Some of the results appear as averages in
Fig. 7, which compares some of these com-
puter searches with history.

For class B fields, the average slope of
the historical success curve is steeper than
that for any of the computer searches. This
indicates that industry has been more suc-
cessful than random search in finding this
class of field. However, there appears to be
an inflection in the curve, and the slope af-
ter about 1950 is within the values for ran-
dom searches for fields the size of the Cali-
fornia or Denver-Julesburg ones. The slope
corresponds to a random search for fields
with an area of 11.7 km?2. Industry has al-
ready found most class B fields (Table 1).

The discovery of class C fields bears
about the same relationship to a random
search as that of class B fields. The average
slope indicates far greater effectiveness
than random drilling, the population has
been depleted, and the inflected slope in-
dicates effectiveness only slightly greater
than that of a random search since 1955.
The class D and class E fields are not so de-
pleted. For class D, the inflected slope is
hardly steeper than that for a random
search, and yet the discovery rate is at least
twice that of the most successful type of
random search. Perhaps the inflection is
not real and the slope remains constant. If
s0, the population will be depleted relative-
ly rapidly.

The record for class E fields is that the
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Fig. 7. Historical discovery rate of class B oil
fields compared with random searching for dif-
ferent total populations (reserves) and field
areas. (Solid line) Historical discovery rate.
(Dashed lines) Two interpretations of the histor-
ical trend. (Dotted lines) Average discovery
rates for random computer searches.

slope of the discovery rate curve is con-
stant and steeper than for a random
search. The remaining population is a
large fraction of the original one, and
therefore the effective industry is about 70
times as successful as ineffective random
searches.

In sum, for oil fields of classes B to E,
actual oil exploration has been more effec-
tive than a random search. Its successes
have effectively depleted not only giant
fields but also class B and C fields. Smaller
fields are not so depleted, and they are lo-
cated by industry far more successfully
than by a random search.

Undiscovered Oil Fields and Reserves

There are at least five different methods
of estimating the volume of undiscovered
hydrocarbon resources (/). One of the
methods was pioneered by Hubbert (2).
Extrapolating the historical data on the
rate of discoveries per exploration unit ac-
cording to the equation of change in the
rate, he determined that in 1966 the undis-
covered recoverable oil in the United
States, including the continental shelf but
exclusive of Alaska, was 71 x 10° barrels.
Essentially the same method is used here,

but with the refinement that the distribu-
tion of oil field sizes is also determined.
Although the giants are mainly gone and
the intermediate fields are following, a very
large number of small fields remain undis-
covered. However, infinity is a long time to
explore for oil, and it may be worthwhile to
examine the more modest discoveries pre-
dicted for drilling 140 more units of 107
feet of new field wildcat holes. At present
rates that would be the year 2020 and, by
exponential extrapolation of the uninflect-
ed rate of discovery curves, 14,300 fields
will have been discovered. Very few class A
or giant fields will be discovered; in the
other classes the numbers discovered will
be: B, 21; C, 41; D, 890; and E, 13,400. The
numbers are not too different for the in-
flected curves in this brief interval.
Converting the area or number of fields
to volume of recoverable oil involves con-
siderable uncertainty. For the older discov-
eries Hubbert (2) calculates a multiplier of
5.8 to the estimates of new discoveries at
the end of the first year to obtain the ulti-
mate amount recovered including second-
ary recovery and field extensions. For
1959, however, the increase after 6 years

- was only 20 percent, and a reevaluation of

all AAPG data since 1943 indicates that
after 9 years the original estimates were
good within +60 percent and -30 percent
(12). In recent years the original estimates
have tended to be high (13), which further
complicates the problem. These inconsis-
tencies are the result of some combination
of actual increases of oil discovered and
differences in methods of estimating vol-
umes. The analyses of the data used here in
predicting the number of undiscovered
fields indicate that the average of the vol-
umes as originally estimated is essentially
correct, particularly for the smaller fields,
which will predominate in the future.

The accepted average size in the year of
discovery for various classes of fields is ex-
pressed in millions of barrels as follows: B,
37, C, 17, D, 3; and E, 0.13. Accordingly,
the undiscovered reserve of oil in new fields
in the land area of the contiguous United
States lies between 14 x 10° barrels, in-
dicated by the constant decline curves, and

Table 1. Size-frequency distribution of oil fields discovered in 1945 to 1966 and estimated equivalent
distributions from the beginning to the end of exploration.

Number of fields Area (km?)
Class "
Before Denver- Cali- .
1945 1945-1966  1967- = Total Julesburg ~ fornia vV

A (giants) 211 32 Few 2434 :
B 328 64 57 449 25.1 4.5 10.5
C 690 196 112 998 13.4 28 6.2
D 2,240 1,324 1,140 4,700 3.6 1.0 1.9
E 5,150 5,828 31,100 42,100 0.6 0.2 04
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17 x 10° barrels, indicated by the inflected
curves. About two-thirds of the oil is in
class E fields, which are not considered
economically significant.

It is difficult to obtain estimates of un-
discovered reserves which are completely
comparable to those given here because
offshore and Alaskan areas are usually
added to the past and future discoveries in
the United States, and oil and gas equiva-
lents are not separated. However, there are
two recent estimates of the amount of oil
and natural gas liquids still undiscovered in
the land area of the contiguous states. One,
by Mobil Oil Co., is 13 x 10° barrels and
the other, by the U.S. Geological Survey
(USGS), is 110 x 10° to 220 x 10° barrels
(11, 14).

If the overall prospect for domestic oil
discoveries appears bleak, the economic
prospect is far bleaker. This is because
two-thirds of the oil is in class E fields.
Moreover, not all the oil can be found in
less than infinite time, and eventually it
will become uneconomic to preserve the
exploration systems just when they need to
be expanded to continue successful search-
ing. Consider no farther ahead than the
1980’s. Probable discoveries in that decade
are 10 class B, 21 class C, 210 class D, and
2200 class E ficlds. The probable annual
rate of discovery is about 2 x 10* barrels,
which is equal to only a few weeks of con-
sumption even at present rates. This small
quantity will be concentrated in minor
fields that are relatively difficult to find and
expensive to develop. Accelerated drilling
could bring a surge of successes at any
time compared to these estimates, but it
would only hasten the end.

Trade-off Between Exploration Success

and Quantity of Undiscovered Reserves

The probability theory of oil exploration
provides a trade-off between the discovery
rate of an exploration system and the
quantity of undiscovered oil. This makes it
possible to determine the implications of
seemingly unrelated estimates about re-
sources.

Consider, for example, the specific hy-
pothesis of Moody et al. (15) that in 1968
25 to 28 supergiants of 5 x 10% barrels or
more remained undiscovered in North
America. The undiscovered fields are as-
sumed to have sizes that are spread
throughout the range of known ones larger
than 5 x 108 barrels and to be evenly dis-
tributed within the regions where the
known ones have been found. Accordingly,
there were 22 undiscovered supergiants
with an average area of 168 km? in the land
area of the contiguous United States. If so,
the computer program should be adjusted
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to add 3700 km? of oil fields to the total re-
maining after each Hubbert unit. At first
this makes little difference, but as the un-
discovered fields of the historical record
decrease, the hypothesized addition looms
ever larger. By the end of the fourth Hub-
bert unit the average random search would
be about three times as successful as histo-
ry (Figs. 5 and 6). After the eighth unit in
about 1955, a random search would be
roughly 50 times more successful than the
oil industry.

The implications can also be determined
by calculation. The probability of discov-
ering one of these giant fields by random
drilling is 3,700 km? divided by 2,600,000
kmi2, where the denominator is the area of
the more promising and better explored
sedimentary basins. Thus the chance of
discovering one field with a single random
hole is about 1/700. In order to obtain a
fifty-fifty chance of finding some field it is
necessary to drill only 488 holes. A total of
57,200 holes would give a fifty-fifty chance
of finding all of them. In terms of a Hub-
bert unit drilled not just to 5,000 feet but
to 10,000 feet per hole, the chances are
about a million to one in favor of finding at
least one field. These calculations lead to
two plausible conclusions that are compat-
ible with the fact that new giant oil fields
have not been discovered since 1968 at the
indicated rates: either the hypothetical oil
fields do not exist, or the system of explo-
ration is drilling in the wrong places. This
second possibility has been seriously ad-
vanced by several eminent experts on pe-
troleum exploration. Hubbert (/6) refers
to a decline in the ability to find oil fields as
“in part the result of our inflexibility with
regard to our geological ideas concerning
where oil ought to be found. In fact, it is
entirely possible, physically, that a large
class of undiscovered fields may exist
which, on the basis of present geological
premises, would be discovered only by ac-
cident or not at all.” Halbouty (3, p. 1150)
proposes that many stratigraphic traps can
be found “but only if geologists direct
these methods and their thinking toward
them, not around them. Only by looking
purposely for such traps will giant fields
continue to be found.”

Another example of a trade-off is based
on the USGS estimates of undiscovered oil
reserves. The volume of oil in undiscovered
fields of classes B to E as of 1945 has been
calculated. To this is added the éxcess of
the USGS estimates over the present esti-
mates of reserves in 1974. Volume is di-
rectly convertible to area, and the new area
is distributed in some way among the
classes. Consider classes B and C after a
division of the additional oil in proportion
to future discoveries per class (Table I).
The average area of the undiscovered fields

is taken to be equivalent to that of the
same class in the Denver-Julesburg Basin.
If the reserve remaining in 1974 was
220 x 10° barrels, a random search begin-
ning in 1945 would have found about 20
times more class B fields than were found.
Even with the minimum estimate of
110 x 10Y barrels, a random search would
have discovered oil at ten times the histori-
cal rate. If the undiscovered fields in each
area are the same size as the discovered
ones, or even as small as those in Califor-
nia, the estimates of the USGS require
that the oil industry since 1945 has been
much less successful in finding class B
fields than a random search. The same
conclusion follows from analysis of class C
fields.

Perhaps the extra oil is not proportion-
ally distributed among the classes but is in-
stead concentrated in smaller fields which
industry is less apt to seek. Assume that
the excess is divided equally between
classes D and E. If so, a random search be-
ginning in 1945 would still have been more
successful than the historical record. Per-
haps all the oil is in class E fields. Once
again, history fails to match a random
search.

According to the probability model of
exploration, an exploration system can be
less successful than chance only if it con-
tains some flaw that causes it to deliber-
ately search in the wrong places. The
trade-off is that either the USGS estimates
are unrealistically large or the oil industry
has gone astray for the last quarter of a
century.

Conclusions

Successful oil finding is influenced by
chance as well as social, economic, scien-
tific, and technological factors (/7). The
history of success in petroleum exploration
in the United States indicates that for long
periods most of the factors have tended to
balance each other and statistical fluctua-
tion and progressive depletion of a finite
resource have been the dominant variables.

An industrial exploration system is
aimed at targets which could also be hit
without aiming. Thus, the success of the
system is determined not by its discoveries
but by how much it exceeds what might
have been achieved by random drilling.
Judged by the historical record, industry
has been successful in finding small targets
but less so in finding large ones. The most
plausible explanation of this is that indus-
try has selectively, if inadvertently, aimed
at the small targets. This, in turn, reflects
in some way the factors that influence the
exploration system.

The goals of the exploration system are
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also complexly determined; certainly they
have never been limited to just finding oil.
At the minimum the target had to be con-
ceived as a commercial quantity of oil, un-
der a property controlled by the producer,
and recoverable at a rate that gave an ap-
propriate return on capital. With those
goals it might be entirely reasonable for an
exploration system to aim at small targets.
However, quite different goals now exist in
the world. The governments of many large
countries are not concerned about the loca-
tion of an oil field because they control all
the mineral rights anywhere in the country
or in some region such as the continental
shelf. Likewise a quick return on capital
may not be as important as an inventory of
energy resources to serve as a guide for na-
tional policy. With these changing goals in
mind, it may be approprjate to reconsider
the relevance of the exploration systems
which have brought the discoveries of the
past. An apparently venturesome fraction-
al investment in a search for subtle giant
stratigraphic traps (3) or hydrodynamic
ones (16) may actually be a prudent course
for many large countries. The mean ran-
dom search of the sedimentary basins of
the United States would have discovered
more than 227 barrels of oil per foot of ex-
ploratory drilling for the first 108 feet. Ven-
turesome scientific targeting, such as drill-
ing on a grid, might be comparably suc-
cessful in a relatively undrilled large coun-
try or region.

The future for oil exploration in the land
area of the contiguous states appears rela-
tively bleak. With existing exploration sys-
tems, a search effort will discover less and
less. A significantly improved technology,
if one can be devised, will meet with in-
creased success briefly but will only hasten
the exhaustion of domestic reserves. More-
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over, about two-thirds of the oil undiscov-
ered by existjng exploration systems is
probably in small traps which are difficult
to target. In the United States, therefore,
there will be a growing need for ever more
detailed and exhaustive searches. Presum-
ably there will also be need for more and
more earth scientists until the expanding
exploration becomes economically or ener-
getically profitless.

The methods we have used in this study
predict that the undiscovered reserves of
oil in new fields in the land area of the con-
tiguous states are only 14 x 10° to
17 x 10° barrels, about the same as the
Mobil Oil Co. estimate. Moreover, at
present rates of drilling the discovery rate
in the 1980’s will average only 2 x 10# bar-
rels per year. This is equal to a mere few
weeks of consumption even at present
rates. The methods permit an evaluation
of the probability of much larger reserves
as predicted by the USGS. If the large
reserves exist, the petroleum industry is far
less successful than it would be if it just
drilled holes at random. This is only pos-
sible if the exploration system has inad-
vertently been designed to search in what
are now the wrong places. A similar analy-
sis of a hypothesis that many giant fields
remain undiscovered leads to the same
conclusion. With regard to national energy
policy, most of the undiscovered oil of the
future probably can be expected only from
Alaska, the continental shelf, or imports.

There is one possible basis for optimism,
namely the hypothesis advanced by some
geologists that the oil industry is no longer
searching in the right places. If the decline
curves merely apply to an exclusionary hy-
pothesis, they give little information about
the reserves in the area being excluded.
With the data available to us we are unable

to test this idea by separating the decline
curves for random and aimed targeting but
we believe that it may be possible to do so.
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