
















AN INVESTIGATION OF THE PROBLERilS OF COST 
DETERMINATION FOR THE DISCOVERY, 
DEVELOPMENT, AND PRODUCTION OF 

LIQUID HYDROCARBON AND 
NATURAL GAS RESOURCES 

INTRODUCTION 

T HE present investigation is concerned with the prob- 
lems of determining the costs incurred in finding, devel- 

oping, and producing liquid hydrocarbons and natural gas. 
It is necessary at the outset to define the three categories 

of cost which will be adopted here, particularly since the 
definitions are not identical with those used by many stu- 
dents of the problem. The definitions are based primarily 
upon theoretical considerations, with the three categories 
being (1) finding cost, (2) development cost, and (3) produc- 
tion cost. 

The first cost category is that of finding cost, or exploratory 
cost. (These two terms are used interchangeably.) This is 
defined to include all costs oE lease acquisition, all geological 
and geophysical expenditures, the drilling costs of all ex- 
ploratory wells, and the costs of completing the successful 
exploratory wells, through the installatioil of the Christmas 
tree. 

The second cost category is development cost. This cate- 
gory includes the costs of all items which are necessary to 
develop the potential of an oil pool which has already been 
discovered. These include outlays to equip the successful 
discovery well for production follotving the installation of the 
Christmas tree, and outlays for the drilling of subsequent 
deveIopment wells to define the Iimits of the pool. Accord- 
ingly, development cost would include outlays on flow lines, 
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separators, and storage tanks for the original discovery well, 
and all drilling and field-development outlays for all subse- 
quent development wells, whether productive or dry. 

The third cost category is production cost. This category 
includes current operating outlays that are made to secure 
production from existing wells. Major subclassifications 
would be (1) pumping or other lifting costs, (2) field main- 
tenance and upkeep items, such as the current operating ex- 
penses of secondary recovery efforts (the capital expendi- 
tures for which would be included under development cost), 
and (3) continuing expenditures in connection with leasing 
or other land-use arrangements. 

The ideal way to measure cost in the petroleum industry 
would be to compute the finding cost per barrel, the de- 
velopment cost per barrel, and the production cost per barrel, 
by comparing the relevant cost aggregates to the actual 
physical volume of fluid hydrocarbons found, developed, and 
produced over the life of the pool. Unfortunately, it is not 
a simple matter of selecting total dollar costs for finding, 
developing, and producing crude oil and dividing these data 
by the appropriate volumes. I t  may not be premature, at this 
stage, to list the major difficulties which are encountered in 
attempting such computations. 

1. Lack of adequate information as to the volume of re- 
serves added by a particular operation. 

2. Lack of adequate information as to costs incurred for 
discovery and developmental effort. 

3. Conceptual dBculties encountered in attempting to 
match the costs of a given year with the discoveries 
which may ultimately be attributable to the efforts of 
that year. 

4. The perennial problem of the allocatio~~ of costs to the 
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jointly discovered products of oil and gas, a problem 
inescapably arbitrary in its manner of resolution. 

This introduction has presented the problem, set forth the 
definitions of the cost categories to be employed in the 
analysis, and indicated where major difficulties will be en- 
countered. The discussion itself will be organized in three 
sections. In the first section, several of the more ambitious 
recent attempts to determine costs for the petroleum industry 
will be reviewed. It wilZ be shown that these studies have 
not been uniform in their approach and have dealt in differ- 
ent ways with different aspects of the problem. 

The second section consists of an analysis of the problems 
which would be encountered in a comprehensive study, to- 
gether with suggestions regarding methods for making such 
a study where the researcher must rely chiefly on currently 
available data. 

The third section of this paper attempts to measure and 
to assess the significance of trends in the costs of crude oil 
exploration, development, and production. I t  is recognized 
that the data ideally required for such a project are not 
available at present; however, there are two compelling 
reasons for measuring cost trends with the data that are avai.1- 
able. First, such a procedure makes the recommendations of 
Section I1 pertaining to future data collection far more con- 
crete than they could possibly be in the absence of any 
empirical analysis. Second, the behavior of crude oiI costs is 
of such obvious significance to the industry and to the public 
that even partial and incomplete findings are valuable. It 
must be emphasized, however, that Section 111 is in the 
nature of a progress report. Further progress awaits improve- 
ment in the quality of the basic data upon which serious cost 
studies must inescapably rest. 



I. A SURVEY OF RECENT COST STUDIES 

T HE great majority of the articles which deal with the 
cost of finding, developing, and producing oil and na- 

turd gas are partial in coverage, or largely speculative in 
nature. We shall single out for consideration only those 
articles which are (1) reasonably recent, (2) comprehensive 
in scope, and (3) relatively explicit as to sources and method- 
ology. This limits the field to a very few studies of particular 
interest and value. Even so, these pioneering studies are 
often lamentably reticent as to their sources and methods of 
analysis. 

The first studies to be considered are the investigations of 
exploration costs whicl~ have been published by H, J. Struth 
for a number of years.' Struth's chief contributions to the 
literature of discovery costs and yields are contained in two 
sets of estimates. The first of these deals with what he terms 
'C exploration costs,'" and the second presents the results of his 
efforts to allocate subsequent extensions and revisions to an 
oil field or pool back to the year of initial discovery. We shall 
consider each contribution in turn. 

Struth is interested almost exclusively in what corresponds 
to our first cost category, that of finding costs. He is inter- 
ested in computing the per-barrel finding cost for the oil dis- 
covered in a given year, and in revising this cost in the light 
of additional information concerning the magnitude of these 
discoveries revealed in subsequent years. But we must dis- 
tinguish Struth's definition of finding costs from that which 
we prefer to employ in the present treatment. We define find- 
ing costs to consist of all expenses which lead to, and are ex- 
pended in, the drilling of exploratory wells. 

One useful and comprehensive definition of an explora- 
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tory well is that enlployed by F. H. Lahee, and presented in 
annual statistics published in the Bulletin of The American 
Association of Petroleum Geologists,3 All wells drilled are 
classified as (1) field-development wells, or as (2) explora- 
tory wells. Field-development wells are those which are 
drilled over proved structures. Exploratory wells consist of 
(1) new-field ('iank") wildcats, defined as wells drilled on 
structures that have never produced, or, where structures are 
geologically indefinite, wells located more than one-half mile 
from the nearest producing well; and (2) new-pool or exten- 
sion ("outpost") wildcats, defined as wells drilled on struc- 
tures already producing but anywhere from one-half mile 
from the nearest producing well (where formations are very 
indefinite) to two miles from the nearest producing well 
(where formations are more clearly demarcated). All ex- 
ploratory wells must therefore be at least one-half mile from 
the nearest producer; any wells which are closer are classilied 
as developmental wells. The chief virtue of making a distinc- 
tion between exploratory and developmental wells lies in 
the division between a relatively low-risk and a relatively 
high-risk operation. For an exploratory well, there is a 
higher probability of a dry hole, but there is also a higher 
probability of obtaining a larger increment to total dis- 
coveries than is the case with a developn~ental well. 

There is nothing inherently logical about the one-half-mile 
distinction between exploratory and developmental wells, 
but its employment by Dr. Lallee in his annual statistical re- 
ports gives it some weight of authority which would seem to 
justify its use. Struth, however, defines "exploration costs" to 
include the cost of exploratory wells as the term is used by 
Lahee, and also the cost of dry developmental wells. This 
seems unnecessarily arbitrary. If, for instance, the best availa- 
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ble geological and geophysical information gives two devel- 
opmental wells equal chances of finding oil under a suspected 
portion of a given pool, then one is neither more nor less "ex- 
ploratory" than the other, despite the fact that one finds oil 
and the other does not. On the contrary, both are less "explor- 
atory" than a new field or new pool wildcat, if by exploratoiy 
one implies the presence of a certain degree of risk of failure. 
Struth's method is a compromise which overestimates ex- 
ploratory effort in terms of the amount of drilling done at the 
typical exploratory risk (about 8 to 1, for the years he con- 
siders). Furthermore, his method gives a downward bias 
to the average discoveries per "exploratory" well, including 
as it does only those developmental wells which made no 
addition to cumulative total discoveries. Equal ilumbers of 
"exploratory" wells in two consecutive years would not be 
comparable if the ratio of developmental dry holes to 
genuine exploratory wells diEered; an increasing ratio of de- 
velopmental dry holes to total exploratory wells would ob- 
scure the trend in the results of expIoratoiy effort properly 
defined. 

Struth makes the following breakdown of his "exploratory 
costs" for the years 1936-1953: 

I. Drilling costs 
2. Cost of leasing 
3. Geological and geophysical costs 
4. Overhead and other costs 

These four categories are nowhere defined item by item, 
nor is there to be found any explanation of the sources of the 
data, the methods of collection and processing, or the prob- 
able margin of error associated with the statistics. I t  is to 
be presumed that the data were derived from surveys; but 
without any information as to the size or composition of the 
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survey sample, it is impossible to evaluate the significance 
of Struth's findings. This is perhaps the reason why his data 
have been used infrequently by students of the cost piaoblem, 
even though there is apparently no comprehensive alterna- 
tive series of costs available. 

With regard to Struth's second contribution, that of the ad- 
justment of extensions and revisions of reserve estimates 
back to the year of the original discovery of the field or 
pool, the same observations apply. Struth is apparently the 
only one to attempt such a calculation. This is a task of con- 
siderable magnitude, concerning which many questions arise 
as to sources of information, methods of adjustment, and 
the associated margins of error. Furthermore, there is con- 
siderable doubt as to the meaning of the results, apart from 
questions of statistical accuracy. The significance of a re- 
adjusted total of gross reserves discovered cannot in all in- 
stances be compared with the gross costs incurred in the 
original year of discovery, unless the subsequent extensions 
and revisions have been realized without the necessity of 
incurring additional costs in subsequent years, which is quite 
unlikely. (These problems are discussed in the second section 
of this paper.) 

* Q 0 

The second study to be considered is that published by 
P. R. Schultz in 19532 The emphasis of this study makes an 
interesting contrast with that of Struth. Struth is interested 
in the measurement of finding costs, and in obtaining essen- 
tially a single measure for this purpose: the dollars-per-barrel 
cost of finding oil, as adjusted in the light of subsequent in- 
formation concerning the discoveries in the original year. 
Schultz is also interested in finding costs but he regards the 
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problenl as too complex to be dealt with successfully by any 
single statistical series. Instead of employing dollar-volume 
estimates of finding costs, he studies several dimensions of 
"real" cost measured in terms of exploratory effort using the 
exploratory well as the ideal unit. His study of finding costs, 
as conceived in these terms, is notable for two anaIyticaI 
features: the employment of the volume of discoveries per 
dry hole as an estimate of the rate of discovery," and the ex- 
pedient of measuring the volume of discoveries per dry hole 
relative to total cumulative discoveries, as well as measur- 
ing it relative to the year-by-year time trend. Such a pro- 
cedure is surely appropriate. The rate of discovery at any 
point in time is obviously to some extent a function of the 
rate of discoveries in the past, since oil deposits are ulti- 
mately fixed in supply and the greater the rate of discovery 
in the past, the smaller will be the remaining universe of 
potential discoveries. Other things (such as the rate of ex- 
ploratory effort) being equal, the subsequent rate of dis- 
covery will be lower. Hence the rate of discovery is related 
primarily to cumulative discoveries, and only indirectly to 
calendar time. 

Schultz's reliance upon current year net discoveries (in 
barrels of crude oil and natural gas liquids) per dry hole 
is of course an example of the use of an index of average 
productivity from which to infer the behavior of discovery 
costs. Let us inquire into the reasons why Schultz chooses 
this particular measme. It is apparent that it is simply due 
to the limitations of available data. Schultz would like to 
compute the number of barrels of crude oil and natural gas 
liquids discovered per exploratory we11 (using wildcat wells 
only), with extensions and revisions credited back to the 
year of original discovery. However, he feels that it is im- 
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possible to attempt this backward revision because of the 
diEculty of making the compilations for remote years, and 
because of the underestimation of the results of recent-year 
exploration simply because insufficient time has elapsed to 
give a complete picture of subsequent-year extensions and 
revisions. These problems must be regarded as formidable 
ones. It would be difficult, although not impossible, to assign 
Imown extensions and revisions to individual fields and to the 
years of original discovery; but it is impossible to adjust re- 
cent years' initial discoveries for ultimate extensions and re- 
visions because these are not known. 

Similarly, Schultz finds it necessary to employ total dry 
holes as an estimate of total exploratory wells. This is because 
reliable statistical reporting on the number of exploratory 
wells (according to the definition given above) dates only 
from 1937. Data on the total number of dry holes, however, 
goes back to around 1900. I t  might seem paradoxical to meas- 
ure the success of exploratory driIIing in terms of the totaI 
number of wells which were not successful. Obviously, if 
exploratory wells are significantly riskier than developmental 
wells, then the more exploratoiy wells there are, the more dry 
holes there will be. However, this overlooks the fact that 
the relative success ratios of exploratory and developmental 
wells are not identical. To be precise, dly holes will con- 
stitute a reasonably consistent estimate of total exploratory 
wells only under certain very special conditions. Let 

W = total number of wells completed in the year 
+ = per cent of total wells that are exploratory in nature 
0 = per cent of total wells that: are developmental in nature 

(assuming that 4 + 6 = 100%) 
a = success rate (in per cent) for exploratory wells 
6 = success rate (in per cent) for developmental wells 

W, = total dry holes drilled in the year; 
then W = W (4 f 6) = +W + OW 
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Wo=+W (1-a)+BW (1-9) 
+w and: - = 4JW - - 4 
w0 4W(l - a) + 8W(1 - P) +(l - a) + 8(1 - @) ' 

hence: - 'w is constant when ), 8, a, and p are all constant; 
W, 
+@ - decreases if, ceteris paribw, + decreases; 8 increases; 
wo 

a decreases; 6 decreases; 
+w - increases if, ceteris par&, + increases; 0 decreases; 
W O  

a increases; increases. 

Dry holes will be a consistently good estimate of total ex- 
ploratory wells only when the ratio between the two is con- 

+w 
stant, or is very nearly constant. This means that - must 

Wo 
be constant-, but this can occur only when the success rate of 
exploratory drilling, the success rate of developmental drill- 
ing, and the ratio of exploratory to developmental wells are 
all constant. (A possible exception would be any of the 
highly unlikely instances where Q, 0, a, and P might display 
mutually compensating variations.) In recent years, the only 
one of these variables to remain roughly constant has been 
the success rate of exploratory wells. Before 1957, the ratio 
of exploratory to developmental wells had been increasing, 
which would have tended to make the use of dry holes over- 
estimate total exploratory activity. In recent years there has 
been some decrease in the success rate of developmental 
wells, which would correspondingly tend to make the use of 
dry holes underestimate total exploratory activity. In general, 
dry holes will be only a rough measure of total exploratory 
activity. 

Schultz maintains that there is a certain offsetting of biases 
which occurs in the utilization of two approximate measures, 
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dry holes and unadjusted current year net discoveries." His 
reasoning may be reconstructed as follows: If we plot dry 
holes against historically-adjusted reserve discoveries, we 
are guilty of attributing the end resuIts of exploratory drilling 
(i.e., the subsequently-adjusted-reserves totals) to the total 
of both exploratory and developmental drilling. This is con- 
ceptually inaccurate, and bias will be introduced to the ex- 
tent that changes occur in the ratio of exploratory we1J.s to 
developmental wells. Schultz then contends that if we are 
forced to use current year net discoveries, the number of dry 
holes then becomes a more appropriate factor for compari- 
son. Current year discoveries consist of new discoveries, ex- 
tensions, and revisions. Since "each and eveiy well drilled is 
an endeavor to find oil," the dry developnlent wells are there- 
fore a measure of the effort to extend fields, while the ex- 
ploratory dry holes are a measure of the effort to find new 
fields. Thus the total of all dry holes drilled, developmental 
plus exploratory, is an acceptable index of the effort ex- 
pended in making unadjusted-current-year additions to re- 
se rve~ .~  

It would seem necessary to enter two objections at this 
point. First, it is likely that there is a bias of a somewhat 
subtle nature present in the mere use of unadjusted-current- 
year reserve additions, It is widely recognized that the bulk 
of our crude oil reserves is to be found in a relatively 
small number of "giant" fields.' These fields introduce large 
initial-year discoveries and large extensions and revisions 
into the record of cumulative discoveries in ways which are 
to some extent independent of discovery efforts in particular 
years. 

However, it is not possible to state with certainty that 
this is the case, although avaiIable information seems to con- 
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firm such a view. Actually, the data are so unsatisfactoly that 
one would be hard pressed to refute the opposite contention 
that for a large field, initial-year reserve estimates are likely 
to be unusually high, and subsequent extensions and re- 
visions therefore low. The prudent course is to content ow- 
selves with the observation that, in either case, bias would re- 
sult if the size-distribution of fields were not identical in all 
years. A year marked by the discovery of an unusual number 
of ''giant" fields would bias the subsequent years either up- 
ward or downward, in the sense that not only the magnitude 
of discoveries, but also the ratios of new discoveries to ex- 
tensions and revisions would be governed both by current- 
year effort in drilling, and by drilling results in the recent and 
intermediate past. (Even if all fields, regardless of size, grew 
at the same rate through extensions and revisions, it would 
still be next to impossible to conceive of a situation where 
bias of some sort could not appear.) 

As a second point of criticism, it may be asked why Schultz 
does not simply resort to the use of all wells drilled during 
the year, exploratoly and developmental, as an index of the 
real cost of discovery. If "each and every well drilled is an 
endeavor to find oil" then it would perhaps be better to use 
the total number of wells drilled to measure the real cost 
of discovery. 

Schultz undertakes one further adjustment of the basic 
data. He computes three-year moving averages of the series 
on discoveries per &y hole, and plots the adjusted data 
against time in years, and cumulative discoveries in billions 
of barrels. The moving averages are apparently used in order 
to reduce the element of purely random variation which 
seems to be quite large. During 1930-1933 the data show 
evidence of extreme variations which must be attributed 
to other factors than the productivity of petroleum tech- 
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nology. There is, however, no indication of a three-year 
cycle in drilling activity, or in the dry-hole ratio. Schultz ex- 
amines the dry-hole ratio since 1860, and finds that these 
3ata seem to be characterized by secular trends with no ap- 
preciable cyclical component. There is, for instance, a 
marked decreasing trend from 1870 to 1880, a more or less 
stationary trend from 1890 to 1914, and a sharp upward 
trend since 1938.' Therefore, there is no likelihood that the 
smoothing was intended to eliminate a cycle in drilling, as 
evidenced by the dry-hole ratio. On the other hand, Schultz 
contends that averaging the three-year periods takes into 
account some part of subsequent extensions and revisions. 
This is no doubt true; it is unfortunate that one is unable to 
determine how large a part of total ultimate extensions and 
revisions will have been registered in the first two years fol- 
lowing discoveiy. On the whole, however, this seems to be 
a rather short interval since reserve estimates for important 
fields have been revised and revised again over periods as 
long as thirty years. 

I t  should be noted that Schultz finds that the discovery 
rate, measured in barrels of crude oil and natural gas liquids 
discovered per dry hole, reached its peak in 1938 and has de- 
clined since that time, the decline after 1947 being steady 
(keeping in mind that three-year moving averages are em- 
ployed). In order to show that this trend holds for the United 
States as a whole and also for each of the major oil-producing 
states, the author calculates the same data for Texas, Cali- 
fornia, Louisiana, Kansas, and Oklahoma. The results sub- 
stantiate his claim: Texas, California, and Louisiana all 
reached their peaks in 1938, Kansas in 1936, and Oklahoma 
in 1937. In all states, except Louisiana with recent offshore 
discoveries, the discovery rate has declined slowly but stead- 
ily from the late thirties.Io I t  must be noted, however, that 
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data on a state-by-state basis seemingly were not collected 
prior to 1935. 

Schultz introduces one final comparison which is of inter- 
est. In an attempt to find a single index of "reserve-develop- 
ing power," he uses the number of barrels of crude oil and 
natural gas liquids discovered on a current year basis, exclud- 
ing all revisions of previous year estimates (but not excluding 
extensions), and divides this magnitude by the total number 
of wells drilled during the year. The data are interpreted as 
showing the number of barrels of reserves added per well 
drilled." The result is a moderate upward trend between 
1945 and 1951 (also on a three-year moving average basis). 
This is an interesting calculation. If revisions are indeed the 
dominant factor in distorting the relationship between cur- 
rent drilling and current additions to reserves, a significant 
conclusion can be drawn. Since revisions are almost never 
downward, ignoring this component of total discoveries will 
practically never overstate reserves added per well. An 
increasing trend would mean that, apart from any legacy 
from past giant fields, the oil exploration phase of the indus- 
try would be better than holding its own on a per-well basis. 

However, it is to be expected that extensions also de- 
pend a great deal on the pattern of discoveries in the past. 
New discoveries and extensions cannot really be treated as 
if they were homogenous unless the risk involved in under- 
taking the search for each happens to be identical. Rather 
than comparing new discoveries plus extensions with ex- 
ploratory wells plus developmental wells, it would be more 
instructive to compare new discoveries with exploratory 
welIs (for the available time period) and extensions with de- 
velopmental wells, each calcufation being made separately. 
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The third study to be considered is the most comprehen- 

sive and the most advanced in its methodology.12 I t  is also the 
most ambitious. Warren Davis sets out to discover the chief 
determinants of the ultimate oil production in the United 
States, and to estimate ultimate recovery under a variety 
of assumptions as to the probable effect of these deter- 
minants as variables. In doing so, he presents a method of 
predicting the future petroleum productive capacity of the 
United States, and gives examples to illustrate how wide a 
range of variation in productive capacity might be expected 
under different technological and economic conditions. 

Basic to Davis's approach is the assumption that for the 
foreseeable future (a 45-year extrapolation is made), produc- 
tion will be goveined by limitations in supply rather than by 
changes in demand. Demand is assumed to be increasingly 
in excess of future productive capacity. Davis bases this as- 
sumption primarily upon the evidence of decreasing returns 
to total drilling activity. 

Other problems to which Davis addresses himself are of 
broader scope than the task of cost determination, which 
is the major concern of this study. We shall not limit our- 
selves, however, to the discussion of this single aspect of 
Davis's study, but will consider the significance of the con- 
tribution made by his paper as a whole. This is done for two 
reasons: (1) Davis illustrates the manner in which an index 
of real drilling costs, stated as a national average, can be 
employed as a crucial part of a comprehensive system of 
forecasting for the petroleum industry, and (2) the manner 
of application of this real cost index is in itself interesting, 
demonstrating in a compelling fashion the dependence of an 
elaborate forecasting system on a single crucial variable, 
and thereby pointing up the need for obtaining an accurate 
body of cost data for the industry. 
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Davis does not investigate any of the three categories of 

finding, development, and production costs. Rather, he 
makes use of one index of real finding costs, namely the 
number of barrels of oil discovered per foot drilled; and 
he estimates other components of total dollar cost to supple- 
ment this approximation to finding cost. Let us consider the 
manner in which Davis carries out these computations. 

Davis concedes that the ideal way to measure driUing 
returns would be in terms of actual finding and develop- 
ment cost per barrel, but considers accurate data of this 
type too difiicult to secure.13 He prefers to use as a substitute 
measure the gross ratio of increments to total cunlulative 
discoveries (new discoveries, extensions, and revisions) to 
the total footage drilled (exploratory and development foot- 
age combined). Davis then plots this ratio for the period 
1936-56 against cumulative total discoveries, the same mag- 
nitude used by Schultz. (Davis refers to this magnitude as 
"cumulative reserves developed.") He extrapolates this trend 
into the future, giving three alternative exponential extra- 
poiations. The first is an extrapolation based on the fit for 
the period 1936-56, which has a pronounced downward 
slope. Davis refers to this as the '%est7' expected return. Me 
then extrapolates on the basis of the fit for 1948-56 where 
the downward slope is more accentuated. This is referred to 
as the "worstyy expected return. Then a third extrapolation 
is made by determining the midpoint between the "besty' 
and "worst" predictions and referring to it as the "average" 
expected return. 

In explaining these calculations, no mention is made by 
Davis as to the reasons for choosing the particular years used 
for the extrapolations. The gross ratio of cumulative dis- 
coveries per foot drilled could be carried back to 1925 quite 
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readily, and to about 1918 with some Ioss of accuracy, but 
no significant Ioss of comparabiIity. Only if the measure had 
been more limited as to the type of reserves discovered (for 
example, new discoveries plus extensions) would it have 
been necessary to begin with. 1936. The difference it makes 
is obviously related to the character of the extrapolation. 
The decline in the ratio of cumulative total discoveries to 
footage drilled begins in 1937 and a decreasing extrapolation 
seems very much in order. If, however, the series had 
started in 1934, the marked increase between 1934 and 
1937 would have suggested that another curve, perhaps of 
parabolic form, might be in order. Similarly, the selection 
of 1948-56 as the basis for the ''worst" extrapolation is un- 
explained. No equations are given for the extrapolated 
predictions, nor are there any correlation coefficients or 
standard errors of estimate which might well have been in- 
cluded to facilitate evaluation of his findings. 

Davis relates his many variables in the following way: 
the luture pattern of discoveries and proved reserves de- 
pends upon the supply of and the denland for ci-ude oil. 
(Davis works in terms of crude oil throughout, but takes 
natural gas into account when considering total revenue 
from drilling operations.) The demand is regarded as increas- 
ing at a constant rate and two assunlptions are made as to 
this rate, namely 1% and 3% per cent per year. Supply is 
given t l~e  chief attention, as might be expected. Supply 
depends upon the drilling rate, which is related to total 
revenue from operations and to Gross National Product. 
Here, Davis does give the equation for the relati~nship:'~ 

P, = 0.80 (PI, + P,) 
where: Pd is the percentage change in total footage drilled from the 

previous year. 
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P, is the percentage change in crude oil revenue from the 

previous year. 
P, is the percentage change in Gross National Product from 

the previous year. 

For this equation, an "average eiror" of about five per cent 
is reported. Davis compares annual drilling estimates com- 
puted from the equation with actual footages drilled for 
1929-1 941 and 1946-1 956. The similarity is impressive. But 
aU such relationships are notoriously unstable when used as 
the basis for extrapolation. 

Davis does not relate supply directly to inlports. Instead, 
he regards imports as being unlikely to increase rapidly 
enough to act as a greater check upon domestic production 
than the fact of decreasing returns to drilling, although he 
concedes that his import figures are very much subject to 
forecasting error. Of the two determinants, Gross National 
Product is apparently assumed to increase at some constant 
rate. Total revenue, on the other hand, depends upon a 
more coinplicated calculation involving the prices of crude 
oil and natural gas; the cost of exploration, development, 
and operation; and the physical returns to drilling. 

The physical returns to drilling are derived from his ex- 
trapolations of crude oil discoveries per foot drilled, depend- 
ing upon the choice of the "best," "average," or 'horst" pro- 
jections of the drilling return. 

All cost elements are also related to the increase in cumula- 
tive total discoveries over time, with increases in costs oc- 
curring because of diminishing availability, and decreases 
occurring because of projected technological improvements. 
All cost factors are related to footage drilled, which is in 
turn related to barrels discovered. Footage drilled, how- 
ever, is separately calculated as to exploratory and develop- 
mental drilling, and depth trends are computed for each 
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type of well. The trend in the ratio of exploratory to develop- 
mental wells is also computed and projected, and on this 
basis, cost estimates are made. The procedure is as follows: 
Take the required domestic production for the year, as it 
results from the estimates of total demand and imports. This 
may be, for example, three billion barrels. Add this to 
cumulative discoveries as of the beginning of the year. Then 
divide the number of barrels of discoveries needed (three 
billion) by the appropriate extrapolated value of the drilling 
return ("best," "average," "worst") to obtain the number of 
feet to be drilled. Now it is necessary to relate footage 
drilled to total cost of exploration, production, and operation. 
(The illustration given by Davis refers to a "typical" de- 
velopmental well, but it is apparently possible to extend 
the example to cover the general case of all wells drilled 
during the year.) Graphs have been plotted which relate 
the average depth of exploratory and developmental wells 
to total cumulative discoveries, and also relate the ratio 
between exploratory and developmental wells to total cumu- 
lative discoveries. Over the three billion barrel interval, 
averages presumably could be found for the depths of each 
of the two classes of wells, and for the ratio of exploratory 
wells to developmental wells. Given the total required foot- 
age, the number of exploratory and developmental wells 
could be computed. The total money cost of drilling and 
completing all wells can be obtained from the relationship 
between well depth and total cost in 1953, published in the 
Joint Association Survey dated April 12, 1956.'' This cost is 
expected to decline over time, on a per-well basis. Davis 
projects a 1950-1955 trendi6 which shows that cost per well 
(measured in telms of 1955 dollars) may decline at the rate 
of approxinlately one per cent of the 1955 level for each 
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two billion barrels of total cumulative discoveries of crude 
oil after 1955. 

Other costs, however, remain to be included, and these 
cannot be expected to decline over time, at least not to 
the same extent as drilling costs. Davis adds 30 per cent to 
drilling costs to cover such items as fresh-water systems, 
salt-water-disposal systems, pressure-maintenance plants, 
etc. Exploratory costs other than drilling, i.e., geological 
and geophysical costs, are estimated at 200 per cent of 
drilling costs. Lifting costs are estimated at $275 per well- 
month, the production tax at 20 cents per barrel, and 
overhead at 18 cents per barrel. No sources are given for 
any of these estimates. 

Why this emphasis on cost, if drilling can be determined 
by changes in total revenue and in Gross National Product 
alone? Davis observes that during the periods 1929-1941 
and 1946-1956, it was not necessary to introduce profitability 
in order to explain the rate of drilling that took place, and 
concludes that in the past the profitability of drilling has not 
had much effect on the drilling rate.17 But he points out 
that if the drilling return continues to decline, profitability 
will fall so low that it is bound to affect drilling. Davis be- 
lieves that drilling has been limited chiefly in the past by 
the availability of capital, hence the importance of the total 
revenue variable. In the future, profitability may be the 
critical determinant. Consequently he devises a way of re- 
lating drilling effort to profitability. 

In computing profits, Davis allows for percentage deple- 
tion and for the deduction of intangible drilling and de- 
velopment costs as a tax credit. On the assumption that a 
return of at least 10 per cent on invested capital is needed 
to compensate the investor for his risks, he determines a 
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price per barrel for crude oil that would just be sufficient 
to yield 10 per cent on invested capital. This is done by 
implicitly ignoring the fact that oil and gas are joint prod- 
ucts. A total dollar figure per barrel of crude oil is first 
arrived at, and then a trend projection of natural gas revenue 
in dollars per barrel is deducted from this figure, to establish 
the necessary minimum price for a barrel of crude oil. This 
procedure has many pitfalls. The prices of oil and gas are 
mutually dependent; it is misleading to think of holding one 
constant and allowing the other to vary in such a way as 
to achieve a desirable total revenue. If the price of either 
changes, both prices are likely to be altered. The main reason 
that Davis handled the problem in this way is of course the 
lack of satisfactory alternatives, but this should not obscure 
the arbitraiy nature of the alternative he has chosen. 

Davis then relates the price of crude oil (expressed in 
1956 dollars) and the various projected returns to drilling in 
order to determine the price for crude oil at which pro- 
ducers will be willing to carry out an exploration program 
with a drilling return of x barrels per foot. I t  is, as Davis 
terms it, a "breakeven" analysis. Davis computes such a 
curve which will yield 10 per cent return on invested capital. 
Then he adjusts it upward, In his words, "Retaining the 
shzpe and slopes of the curve calculated, the curve was 
arbitrarily adjusted upward. There are indications that the 
price in 1956 was barely adequate to maintain incentive; 
therefore, the curve was shifted to pass through the point 
($2.80, 12.6 barrels per foot)."ls Such an adjustment implies 
that the breakeven return on investment is somewhat more 
than 10 per cent. 

If drilling is curtailed by inadequate profits, by how much 
is it curtailed? Davis resorts to a rather ingenious expedient, 



22 Monograph in Economics 
unfortunately only briefly explained. Suppose that the price 
of crude oil cannot be increased. Then drilling will not be 
undertaken if the return is below the breakeven level. Sup- 
pose that the drilling return curve is already below this 
level, because so much oil has already been discovered. 
Will all drilling cease? No, says Davis, but the marginal 
producers will be forced to leave the field, and the decline 
in the rate of drilling wilI increase the average return. Davis 
then computes a curve showing the relationship between 
(a) the percentage reduction in the drilling rate, and (b) tlie 
percentage increase in the drilling return which is obtained 
by reducing the drilling rate.19 The way in which this rela- 
tionship was derived is not made clear, but it seems to be 
based on data giving some approximation to the productivity 
of drilling in various geological provinces, which would 
ideally consist of an array of the available drilling opportuni- 
ties, ranging from the most productive to the least productive 
sites, as of a given moment, and showing how the average 
productivity would change as progressively more productive , 
opportunities are eliminated in order to produce at the 
"breakeven" level, given the current price of crude oil. 

But what is more puzzling is tlie problem which develops 
when one tries to reconcile the possibility of increasing the 
average drilling return by curtailing the current drilling 
rate, with the use of extrapolated "smooth" curves which 
relate drilling returns to total cumulative discoveries. These 
curves are monotonically decreasing, and tIie use of the 
functional relationship between the average drilling return 
and cumulative total discoveries admits of no equivocation. 
If we regard the extrapolated returns curve as a continuous 
function, its steady, unbroken decline is not consistent, it 
would seem, with the possibility of adjusting the drilling 
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rate to increase the drilling return. If the latter is possible, 
then the drilling return may flatten out or even increase. This 
is an inevitable consequence of relating the drilling return 
to cumulative total discoveries. 

It seems to the present authors that either of two solu- 
tions is possible, but not both. If the breakeven point is 
reached, and if the steadily decreasing returns cuive is to 
hold, then the price of c~ude  oil must increase. If the 
breakeven point is reached, and exploration attempts are 
correspondingly curtailed so as to increase the average re- 
turn, then the returns curve cannot continue to decrease, 
but must hold constant or turn up. This is due to the fact 
that the returns curve is not related to the time rate of 
drilling, but to cumulative total discoveries. It may seem 
captious to stress this objection. One possible answer is that 
the returns curve only has a general downward trend, and 
might be reversed for a short time. However, this steadily 
decreasing curve is the very foundation of all of Davis's 
analysisz0 and any change in its direction would have to be 
quite temporary to Ieave Davis's major conclusions un- 
changed. 

Since Davis places no small emphasis on the possibility of 
increasing the drilling return by decreasing the drilling rate, 
let us attempt to conceive of a situation in which it would be 
possible. Perhaps Davis looks upon the entire 1936-1956 
record as having been achieved at a certain level of drilling 
intensity-say 95 per cent of drilling capacity or thereabout- 
given the state of technological knowledge and the avail- 
ability of capital. Now let us look upon the situation as 
having changed drastically in the last few years. Perhaps 
a new level of drilling intensity is appropriate at, say, 70 
per cent of existing capacity and that it is advisable to 



24 Monograph in Economics 
liquidate some equipment and thereby lower the capacity 
of the industry, Davis does not make it explicit, but perhaps 
his 1936-56 curve is based on the implicit assumption of, say, 
an eight per cent per year increase in total footage drilled, 
and perhaps if the rate of increase drops to one per cent an 
entirely different curve is appropriate. This does not seem 
likely unless altogether "too many" wells have been drilled 
in the past. If this be the case it would be difficult to account 
for except in tem~s of overoptimism on the part of operators, 
or of an "unnecessarily high" price for oil. 

With this construction in mind, however, we can follow 
Davis's argument further. Suppose the breakeven point is 
reached, and price cannot be increased. Then operators lose 
their optimism, drillers sell their surplus equipment, the 
industry limits itself to a smaller number of more likely 
prospects, and the drilling phase of the industry shifts to an 
altogether different returns curve. 

This may solve the immediate problem, but it raises many 
new questions as to the extent to which the rest of his 
analysis may have to be modified to account for the increase 
in returns gained by limiting the drilling rate. 

Concerning the way in which Davis handles cost and 
revenue factors, and the rate of drilling, two concluding 
comments are necessaiy. First, it might be better to rely on 
the "availability of capital" approach which merely takes 
total revenue into account, and to ignore the rather tricky 
profitability question. This means, in effect, that price will 
have to increase when the drilling return falls to a level 
below the "breakeven" point. Failing this, production must 
be curtailed and lower-cost sources of energy supply sub- 
stituted for oil, (This, in economic terms, is an acknowledg- 
ment of the fact that production must be curtailed when 
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marginal revenue falls below marginal cost at the current 
rate of production.) The second difficulty is with the match- 
ing of receipts and expenditures. I t  is evident that Davis is 
speaking throughout of current expenditures on exploration; 
his costs are current-year outlays. But he also speaks of 
revenues as if they were contemporary with expenditures. 
The value of a well with reserves of 85,000 barrels is spoken 
of as being immediately comparable with its costs of explora- 
tion and development. Actually, there is a considerable time 
lag between the costs incurred and the revenues which are 
not realized until production is under way. There is no way 
of determining, from pubIished data, how long the average 
time lag is between expenditures and the beginning of 
receipts for a given well. One gathers from indirect and 
informal sources that it is two years, three years, or perhaps 
often more. If it were possible to arrive at some average 
time lag, then the expenditures of one year might be com- 
pounded at an appropriate rate of interest and compared 
with the receipts beginning two or three years hence; or 
current expenditures might be compared with the discounted 
receipts beginning two or three years in the future. But to 
do this with any degree of accuracy, it would be necessary 
to have available a great wealth of detail concerning the 
production of a given year and its relationship to the original 
outlays of earlier years. 

Now we are in a position to understand how Davis pro- 
ceeds to predict the future productive capacity of the 
United States. He begins with the amount of crude oil 
reserves at the beginning of the year. Davis assumes that 
the oil industry will be extremely reluctant to produce at 
such a rate that reserves are less than ten years' supply 
at the current rate of production. It follows that production 
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wiU not exceed ten per cent of reserves as long as the 
industry tends to look upon itself as a "going concern." On 
the other hand, the maximum efficient rate of withdrawal 
is about 12 per cent per year;' and rates above that level 
would be seriously wasteful. 

Therefore, Davis takes beginning reserves, and multiplies 
them by ten per cent for earlier years, and by twelve per 
cent for years after the decline in the drilling return. This 
is then compared with the estimate of demand for the cur- 
rent year, and the lower of the two figures is taken as the 
production requirement after making an allowance for inl- 
ports. Then total production, so estimated, is multiplied by 
the estimated price of crude oil, and the percentage change 
in total revenue is calculated relative to the preceding year. 
(Natural gas revenue is also included in the crude oil price, 
as an adjustment factor.) 

The percentage change in drilling is estimated from the 
percentage changes in total revenue and in Gross National 
Product, according to the equation given above (page 17). 
One can then take last year's footage and multiply it by the 
change in drilling rate resulting from this equation, and 
the ccuncorrected current-year drilling rate is obtained. Fol- 
lowing this step, the "profitabilityJ' calculation is made. Since 
total cumulative discoveries as of the beginning of the year 
are known, the drilling return in barrels per foot, for the 
estimated increase in total discoveries, can be determined. 
This will be, say, ten barrels per foot. Now reference to the 
"breakeven" curve will determine the minimum crude price 
for a drilling return of ten barrels per foot. If this is more 
than, or equal to, the prevaiIing crude price, there is no 
correction to the drilling return, or the "uncorrected drilling 
rate. (If it is below the prevailing crude price, Davis would 
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Bold that the "uncorrected drilling rate must be cut by a 
certain per cent to raise the return to the minimum level. 
This means that a lower level of discoveries will be made 
than was contemplated in the first step.) 

The drilling rate is then multiplied by the drilling return 
to determine the addition to total cumulative discoveries, 
Deducting the yearly production, the net addition to re- 
serves as of the end of the year is determined. This figure is 
then used to begin the calculations for the next year. 

Davis then carries out 48 sets of computations for all the 
combinations of the following variables: 

1. Drilling return: "best," 'caverage," "worst" 
2. Crude oil price: $3, $4, $5, $6 
3. Productive capacity: ten per cent of reserves per year; 

twelve per cent of reserves per year 
4. Demand: increasing at 1% per cent per year; at 3% per 

cent per year 
These calculations generally show the United States reach- 

ing a peak of production sometime in the 19607s, although 
the use of the more favorable assumptions places the peak 
in the 1970's. Drilling follows the same pattern, although 
its peak comes a bit earlier, Seak production usually lies 
between nine and ten million barrels per day. 

Davis carries out several other computations, showing the 
effect of changes in one or two factors with the others held 
constant. As the price of crude increases, the peak of produc- 
tion is delayed a few years, and the level of output at the 
peak is increased, but a steady decline inevitably follows. 
The effect of varying the drilling rehrrn has practically the 
same effect as varying the price, all other things being 
equal. Ultimate total discoveries, however, are considerably 
increased with high prices: with the  worst'^ return, the 
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ultimate total discoveries are 140 billion barrels; with the 
I' average" return, 160 billion; with the "best" return, 195 
billion. 

The techniques explored by Davis are interesting. The 
reader's chief regret stems from the lack of detail as to 
certain sources and methods, and from the absence of 
correlation coefficients and standard errors of estimate. 

O l q d  

The fourth study is a regional study by R. E. Megill whiclz 
concerns Oklahoma and Kan~as .~This  paper is notable for 
several methodological features. The author divides produc- 
tion costs into finding cost, development cost, and operating 
(producing) cost. These are the same three cost categories 
which have been adopted in the present study, and with 
one exception the definitions of these categories are identical 
with ours. The exception concerns the definition of finding 
costs, where Megill, like Struth, includes the costs of all 
dry holes in this categoly, whether the dry holes resulted 
from exploratory wells or from dry developmental wells. 

Megill is chiefly interested in determining the magnitude 
of finding costs in the Kansas-Oltlal~oma region. He defines 
finding costs to include geological and geophysical costs, 
leasing costs (including lease rentals and the value of sur- 
rendered leases), and the cost of all dry Iioles drilled. In 
order to arrive at a dollar figure for finding costs, the author 
lists the following necessary items of information: the num- 
ber of employed geologists and scouts (ascertainable from 
professional membership lists); the amount of geophysical 
effort expended (obtainable in terms of geophysical-crew- 
months from the records of the Interstate Compact Com- 
mission); the amount of undeveloped acreage held by the 
industry (obtainable from records of the Independent Petro- 
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leum Association of America); and the number of dry holes 
drilled (obtainable from trade journals).'" 

Megill gives data on the number of geologists, scouts, 
geophysical-crew-months, undeveloped acreage leased, and 
dry holes, and also gives total dollar cost figures, but un- 
fortunately does not show how he goes from one to the other. 
Information is presented concerning the trend in reserve 
discoveries per exploratory well, for the period 1942-1957. 
Yearly changes in reserves are reallocated to the original 
year of discovery, and the revised estimates are corrected 
for future revisions, including future waterfIood reserve 
potential, but the basis on which these corrections are made 
is not disclosed. 

This paper also touches on the joint-cost problem. Rec- 
ognizing that no acceptable method of allocating joint costs 
for oil and gas has yet been devised, the author makes the 
provisional assumption that "gas finding effort" is measured 
by the percentage of total successful wildcat wells which 
find gas. This term seems misleading to the extent that it 
suggests that there is a difference in motives present; it 
suggests that drilling is undertaken typically to End either 
oil OT gas, rather than that the actual motive of search is to 
find both oil and gas. 

In a second paper, the same author considers replacement 
costs for crude oil in two areas: the Illinois Basin, and the 
Michigan Basin.24 ZIere he also emphasizes the distinction 
between finding, development, and operating costs. These 
are looked upon as the three components of "replacement 
cost" and are the current costs to the industry, at  one specific 
point in time, of finding a barrel of oil, developing a barrel 
of oil, and producing a barrel of oil-but not the same barrel. 
Megill breaks down total costs in the following manner: 
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1. Finding costs: geological, geophysical, and leasing 

costs; all dry hole costs; value of surrendered leases. 
2. Development costs: all drilling costs (successful wells), 

plus pumping and lease equipment for wells completed. 
3. Operating costs: lease and well expense, plus miscel- 

laneous overhead items. 
This type of breakdown is useful for the purpose of com- 

puting replacement costs as defined above, which are not 
measures of current costs, but rather constitute a cost stand- 
ard which can be compared with the current crude oil price. 

The fifth study to be considered is the "Joint Association 
Survey of Industry Drilling Costs, 1955 and 1956," conducted 
by the American Petroleum Institute, the Independent Petro- 
leum Association of America, and the Mid-Continent Oil 
and Gas Asso~iation.~Tstimates of drilling expenditures for 
the years 1955 and 1956 cover "all drilling costs including 
the costs of equipping wells through the Christmas tree, but 
excluding pumping and lease equipment, flow lines and 
tank batteries, and exploration and leasing outlays." 

The basis of the survey was a questionnaire mailed to all 
producers known by the three associations to be engaged 
in drilling oil and gas wells in 1955 and 1956. Replies were 
received from 203 producers with data covering 24.7 per 
cent of all wells drilled in 1955 and 23.5 per cent of all wells 
drilled in 1956. The costs reported by respondents were 
applied by areas and depths to non-reported wells. The fact 
that a high proportion of deeper wells was included in the 
replies is shown by the circumstance that the reported wells 
accounted for 34.0 per cent of all footage drilled in 1956. 
Since deeper wells are more costly, it is not surprising that 
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the percentage of total drilling expenditures represented by 
the reported wells was still higher: 43.5 per cent in 1955 and 
42.6 per cent in 1956. The report contains little information 
as to the representativeness of the sample, but it can be 
seen from the percentages given above that the average 
well reported by survey respondents was some 37.7 per cent 
deeper and 76.1 per cent more costly than the average well 
from the general population of wells drilled in 1955, and 
some 392 per cent deeper and 81.3 per cent more costly 
than the average well drilled in 1956, These considerations 
in themselves indicate that the wells reported were, in gen- 
eral, not typical wells as regards cost and depth. 

Perhaps the casual reader of the Joint Survey would not 
be interested in the precise nature of the statistical tech- 
niques used in arriving at the estimates in their final forms. 
But in view of the unique nature of the data, and the im- 
portance of the problems requiring the use of the findings, 
it is unfortunate that the report does not include an ap- 
pendix on sources and methods, with some indication as to 
probable margins of error, even if the latter were largely 
a matter of judgment. 

The statistical tables appended to the report are presented 
in admirable detail: average cost, total cost, and footages 
are shown by depth of well, by states, and both states and 
depth ranges combined. Separate data are given for dry 
holes and for productive wells. A breakdown between tangi- 
ble and intangible costs of drilling and equipping wells is 
also given, but unfortunately no definition is given for either 
of the categories of tangible or intangible costs. The cost of 
drilling offshore wells is shown by depth ranges. 

Offshore drilling costs, when analyzed, reveal one note- 
worthy feature which would seem to merit some special 



32 Monograph in Economics 
comment in the report, although none is offered. This 
circumstance is the significantly higher average cost per 
foot for wells in the 5001-7500 foot depth range than for 
wells in the 7501-10,000 range. Other things being equal, it 
certainly does not cost less to drill deeper; indeed, tlle main 
conclusion of the survey is that average and total costs of 
drilling increase vely rapidly with increasing well depth. 
Apart from some general remarks about "erratic fluctuations" 
in the section entitled "Accuracy of Estimates," the reader 
is left without any guidance concerning the interpretation 
of this apparent paradox. The reader must therefore content 
himself with conjectures as to possible differences in plat- 
form costs, assuming that the shallower wells were drilled 
in deeper water, and vice versa. Some comment upon this 
would have been in order, particularly since the earlier sur- 
vey for 1953 showed a similarly unexpected decrease in 
average drilling costs per foot for precisely the same depth 
ranges, 

The Joint Survey for the years 1955 and 1956 represents 
considerable improvement in data collection, classification, 
and presentation over the earlier study. However, the in- 
formational release on drilling costs is inadequate in these 
respects: 

1. The lack of explanation of the methods used to estimate 
the various characteristics of the universe from the 
sample. 

2. The lack of evidence of adequate sample design. 
3. The unfortunate delay in the collection, compilation, 

and analysis of the data and in the release of the results. 
4. Failure to relate costs to oil and gas found and pro- 

duced. 
O U *  
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The last study to be considered is that of C. C. Anderson 

of the United States Bureau of Minesm23nderson has made 
a comprehensive survey of the available data on petroleum 
industry expenditures for exploration, development, and pro- 
duction, for the years 1948, 1951,1953, and 1955. His study 
represents what is perhaps the most thoroughgoing attempt 
yet carried out to compile industry-wide statistics on the 
total dollar volume of current cash outlays for finding, de- 
veloping, and producing fluid hydrocarbons. Considering 
the study on its own terms, it fails of being definitive only 
to the extent that the basic industry data sources are in- 
complete and imperfect. This is a source of error that is of 
unlnown, but probably rather large, magnitude. Con- 
sidering the study from the special frame of reference em- 
ployed in the present monograph, two comments may be 
made. 

First, the limitations inherent in current cash outlay statis- 
tics as guides to actual economic costs must be kept in mind. 
All current cash outlays of a given period are not necessarily 
indicative of costs incurred for the economic activities of that 
period. Payments may be made for obligations incurred in the 
past, or for productive activities which will benefit the opera- 
tions of many succeeding time periods. The first of these quali- 
fications is probably not very important in the oil industry, but 
the second is extremely significant. All good accounting 
systems distinguish between outlays for current expenses 
and outlays for items of capital investment. All cash out- 
lays for current expenses should be considered as part of 
current total cost, but only that part of the capital outlay 
which contributes toward current production can be prop- 
erly classified as a component of current total cost. Deprecia- 
tion is the best example of a capital outlay being allocated 
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among the years of productive life for the capital asset. If 
one is to make a compilation of current total costs incurred 
by the petroleum industry, it is imperative that the cash 
outlays for finding cost and for development cost be sub- 
divided into their capital investment and current expenditure 
components and properly allocated to discoveries and pro- 
duction. 

Second, Anderson does not relate the cost of finding, 
developing, and producing oil and gas to the number of 
physical units of oil and gas reserves actually found, devel- 
oped, and produced. Instead, he makes a comparison of 
current dollar costs with current dollar revenues from the 
sale of oil and gas. The total cost of finding, developing, and 
producing oil and gas is deducted from the total net revenue 
from oil and gas production, the difference being referred 
to as the "net annual balance." This figure, lxowever, bears 
no ascertainable relationship to the actual economic profit 
or loss made by the industry during the year. Not all the 
cash outlays expended represent current economic costs. 
Perfectly accurate profit and loss accounting would require 
not only the separation of costs into capital and current 
expenses, but also the allocation of these costs to the actual 
physical volumes of reserves discovered, developed, and 
produced. I t  is of course no criticism of Anderson that he 
has failed to do this, for at present the lack of data pre- 
cludes any such computation, 



11. RECOMMENDATIONS FOR CONDUCT OF 
A STUDY OF CRUDE OIL AND 

NATURAL GAS COSTS 

T HE procedures used to measure the costs of making 
additions to total cumulative discoveries of crude oil 

and natural gas will depend to a large degree upon the 
quality and comprel~ensiveness of the basic statistics which 
are available for use. The discussion which follows will first 
describe procedures which would be appropriate if com- 
plete information were available; then the discussion will 
describe the compromises which are necessary when only 
limited information is available. 

Let us assume that available data are reliable and suffi- 
ciently detailed to answer all computational requirements. 
Let us suppose that geologists and geophysicists, while not 
possessing omniscience prior to the drilling operation, can 
estimate the reserves that are discovered by successful ex- 
ploratory welIs with precision. Let us suppose further that 
all firms in the oil industry keep complete records on the 
cost of their operations, and that this information is available 
to disinterested research workers. 

To start with the simplest possible case, take the instance 
of a fin11 which drills one well and discovers a small field 
consisting of a single oil pool. The compIete exploitation of 
this pool, we shall assume, can be carried out by this single 
well. In this simple (and admittedly rare) case, we can easily 
identify the three basic categories of cost. First, there are 

35 
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the finding costs consisting of expenses incident to the ob- 
taining of the lease, all geological and geophysical expenses 
relating to the well, and the costs incurred in drilling and 
completing the successful well and preparing it for produc- 
tion through the installation of the Christmas tree. Second, 
there are the development costs which include expenditures 
for flow lines, separators, storage tanks, and other items re- 
quired as field auxiliaries to the completed well. The finding 
and developing costs together represent the firm's capital 
investment in the field as opposed to the operating or pro- 
duction expenses which make up the third cost category. 
These production costs include the expense of pumping 
(when necessary), field maintenance and upkeep items, and 
continuing expenses in connection with leasing. 

To make this simple example highly concrete, let us sup- 
pose that the well discovers a reserve of one million barrels. - 
Suppose that the costs incurred in developing this reserve 
are as follows: 

Year - Amount 
Finding or Exploration Costs 1958 $ 500,000 
Development Costs 1958 100,000 
Production Costs 1959 100,000 
Production Costs 1960 100,000 
Production Costs 1961 100,000 
Production Costs 1962 100,000 

Suppose, further, that the production history of the we11 
is as follows: 

Year Production (bbb)  - 
1959 400,000 
1960 300,000 
1961 200,000 
1962 100,000 
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In this example, the total cost of producing one million 

barrels of crude oil is one million dollars. However, the 
average cost is not correctly to be estimated at one dollar 
per barrel, because of the difference in the timing of outlays 
and of revenues. The signscant item on the expenditure 
side is the capital outlay of $600,000 for finding and develop- 
ing the pool, all of which is necessary to obtain production 
from the well during its four-year life, The firm has found it 
necessary to commit $600,000 in otherwise liquid funds for 
a period of four years in order to produce the oil. If the film 
has borrowed these funds, it will pay an interest charge 
which must be included as part of the total capital cost. 
If the firm has used its own money, it must include the 
"opportunity cost" on these funds as part of the total capital 
cost, since the money might have been invested elsewhere. 
What is the meaning of this opportunity cost? It is the re- 
turn foregone as a result of the decision to use the firm's own 
funds rather than to invest them elsewhere. This return can 
best be measured by assessing it as a percentage somewhat 
higher than that which could be earned in a perfectly safe in- 
vestment. Government bonds can be taken as the criterion of 
the latter, with somewhat better than a three per cent return 
possible in 1957-58. For convenience, let us set the rate of 
opportunity cost at four per cent. The company drilling the 
well, therefore, has to invest $600,000 for a period of four 
years in order to produce one million barrels of crude oilq2' 
The total cost per barrel of oil would therefore be $0.60 per 
barrel for the original finding and developing cost, and 
$0.096 per barrel for the interest charge. We can now com- 
pute the average per barrel cost for finding, developing, and 
producing as follows: 
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Total Amount Cost ver Barrel - 

Exploration Costs (1958) 
Capital: principal 

interest 

Deuelopment Costs (1958) 
Capital: principal 

interest 

Production Costs (1959-62) 
Operating: 

Total 

The average total cost per barrel amounting to $1.096 is 
relevant when one considers the operating lifetime of the 
pool. But it is also necessary to kno~v how the average cost 
per barrel will vary year by year over the life of the pool. 
Knowing the ultimate reserves in advance, we can compute 
the capital cost of each barrel as it is produced, and add to that 
the operating cost per barrel for the year in question. During 
the four years of operation, the pool's production is assumed 
to be carried out under conditions of increasing average 
production cost per barrel as the rate of production dimin- 
ishes in the face of constant money outlays on production 
in each year. In practice, it is likely that operating expenses 
for pumping and secondary recovery would increase in later 
years. We have assumed that all capital costs are incurred 
in 1958, but it would be simple to allocate any subsequent 
capital outlays over the remaining total production units. 
(There is a theoretical question as to whether or not op- 
portunity costs should be computed on subsequent capital 
outlays of this type, but this should not detain us here.) 
Under our assumptions, the average cost per barrel increases 
from year to year, as shown below: 
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Averaee 

Capital Costs Operating or TO&? 

Finding Cost Development Production Cost Cost per 
Year om Bbl. Cost aer Bbl. aer Barrel Barrel 

*Sample calculation for 1959 finding cost: 

400,000 bbls. $580,000 
1,000,000 bbls. = $0.58 per bbl. 

400,000 bbls. 

Are these cost figures more meaningful than the single 
average cost per barrel that was obtained in the earlier 
illustration? There can be no doubt but that this latter set is 
more appropriate as a representation of the increasing total 
unit cost of the oil taken from the declining field. While 
this is the ideal way to view the time pattern of unit costs, 
it deserves re-emphasis that such a view is entirely dependent 
upon the very important assumption that total ultimate re- 
serves discovered can be estimated with precision in the 
year of initial discovery. 

Next, while still retaining the assumption of the avail- 
ability of complete information, let us consider the more 
complicated case of the multi-well field. Again let us assume 
that the discovery well is the only well drilled by the firm 
which makes the discovery. Upon completion of the well, 
the geological and engineering staffs are able to ascertain 
the volume of reserves with precision. However, all of these 
reserves are not 'proved," i.e., not fully recoverable through 
the first well. Further wells will be needed if all tile oil is to 
be produced. Here we encounter the problem of accounting 
for discoveries in the three categories of new discoveries, 
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extensions, and revisions. In a sense, the first well has ac- 
complished the entirety of the exploratory task, since we 
assume that, once discovered, the boundaries of the oil field 
are known wit11 certainty. This being the case, there will be 
no occasion for subsequent revisions of the capacity of the 
field. However, more development wells are needed to pro- 
vide extensions to the reserves "proved" by the first well. 
The entire cost of development wells would be included in 
development (capital) cost. 

To illustrate the simplest multi-well case, let us assume 
that an exploratory well is drilled at a total cost of $1,000,000. 
This well is successful and discovers a pool whose ultimate 
reserves are known to be ten million barrels of crude oil. 
However, the single well can only produce five nzillion bar- 
rels because of reservoir conditions, A study of these condi- 
tions sllows that thsee development wells can capture the 
remaining five million barrels; the extensions added by the 
three wells being three million barrels for the second well, 
one million for the third, and one million for the fourth. In 
the system of classification used by the American PetroIeum 
Institute, the discoveries of the first well would be classified 
as five million bairels of 'kew discoveries," and the reserves 
made available by the next three wells would be classified 
as five million barrels of "extensions." 

Let us assume further that imperfections in the capital 
market prevent the field operator from drilling all thsee de- 
velopmental wells immediately, Instead, he is forced to 
finance his subsequent drilling in part of the receipts from 
his oil production, so that he drills one additional develop- 
ment well per year for three years. His total reserves could 
then be produced over a period of ten years, as follows: 
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Discovery Wel l  Deoelopmental Wel l  Production Total 

Year - Production No. One No. T w o  No. Three Prod. -- - . . . . . . . . . . . . . . . . . . . . .thousands of barrels. . . . . . . . . . . . . . . . . . . . . 
1958 -0- -0- 
1959 1,000 1,000 
1960 SO0 900 1,700 
1961 700 600 300 1,600 
1962 600 500 100 300 1,500 
1963 500 200 100 200 1,000 
1964 400 200 100 100 SO0 
1965 400 200 100 100 800 
1966 300 200 100 100 700 
1967 200 100 100 100 500 
1963 100 100 100 100 400 - - - -. - 

5,000 - 3,000 1,000 - 1,000 10,000 - - - - - - - 
Assumed cash outlays co~responding to the assumed pro- 

duction schedule are given below: 
Exploratory Deoelopment (Capital) Cost Production 

Year (Capital) Cost Well No. 1 Wel l  No. 2 Wel l  No. 3 (Operating) Cost 

1958 $l,OOO,OOO 
1959 ~200,000 $ 100,000 
1960 $200,000 170,000 
1961 $200,000 192,000 
1962 225,000 
1963 250,000 
1964 280,000 
1965 300,000 
1966 350,000 
1967 350,000 
1968 400,000 

$1,000,000 $200,000 Szoo,ood bzoo,ood $2,617,000 
P P  --- 

To find t l ~ e  average cost per barrel produced, we proceed 
as before. We add opportunity cost to the capital outlays. 
For the exploratory well, it is four per cent for ten years 
on one million dollars, or a total of $400,000. For the de- 
velopmental wells, it is four per cent of $200,000 for nine, 
eight, and seven years respectively, or $72,000, $64,000, and 
$56,000. The total capital cost for the exploratory well, 
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$1,400,000 is allocated over the ten million barrels which 
the successful well has discovered. Hence, the per barrel cost 
of exploration is $1,400,000/10,000,000 bbls., or $0.14 per 
barrel. For the development and production costs, we add 
together the relevant capital and operating costs, as given 
below: 

Development Cost 
Capital: principal 

interest 

Production Cost 2,617,000 

Total Production and Development Costs $3,409,000 

Development and Production Costs per barrel $ 0.3409 
Exploratory Cost per barrel ,1400 

Average total cost per barrel $ 0.4809 

But it is no less true here than it is in the case of the one- 
well field that the average total cost over the life of the field 
is much less important than the average cost per year as 
productioi~ declines. Given our assumptions, we can easily 
compute this average yearly cost. As before, exploration cost 
is constant at $0.14 per barrel, being prorated over the 
entire ten million barrels discovered by the original well. 
Development and production costs for all wells producing 
in a given field in a given year are computed as the sum of 
(I) development cost (including opportunity cost), prorated 
over the total number of barrels of "extensions" added by 
the development wells drilled in the given year; and (2) 
production cost for the given year. Thus, in 1960, the first 
development well begins to produce. Its total capital cost 
is $272,000, and its extensions amount to three million bar- 
rels; hence, the development cost per barrel for this well 
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is $0.0906. Production cost in 1960 amounts to $170,000. 
This is prorated over the total production from both wells 
in 1960, a total of 1,700,000 barrels. Hence the production 
cost per barrel is $0.10, and the total of the developmental 
cost and the production cost per barrel for that year is 
$0,1906. Add to this the constant exploratory cost per barrel 
of $0.14, and the total of all costs per barrel in 1960 is 
$0.3306. On this basis, the average costs per barrel for the 
whole life of the field may be computed as shown in the 
table below: 

Exbloratory Cost Developmerrt Cost Per Barrel 
pt'r Barrel Well No. 2 Well 1Vo. 1 W d l  No. 3 

Prod. Cost Total Cost 
per Bbl. , fiev Bbl. 

$ .lo0 $0.2400 

This is as far as we can profitably go with the present 
simplified example, It indicates how the problem of cost 
allocation would be handled in the event that ideally ade- 
quate statistical information were available. At the cost of 
repetition, let us outline the procedure to be followed in 
such an instance, where a single exploratory well discovers 
a field that must be developed by additional wells: 

1. Computation of per-barrel exploration cost: 
a. Add together the cost of lease acquisition, all geo- 

logical and geophysical expenses, and all costs of 
drilling and conlpleting the exploratory well up to 
the installation of the Christmas tree. 

b. Divide this total by the number of barrels of re- 
serves discovered. Where complete information is 
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assumed, this will be the total barrels of (I) new 
discoveries "proved" by the exploratory well; and 
(2) extensions "proved" by later development wells. 
(Where information is imperfect, the total will also 
include revisions of earlier estimates of "proved" 
reserves.) This quotient would then be the explora- 
tion cost per barrel. 

2. Computation of per-barrel development cost: 
a. For exploratory wells, development costs would 

include field developn~ent expenditures for flow 
lines, separators, storage tanks, etc. Add the cost of 
these elements together; compute opportunity cost 
for the total productive life of the exploratory well 
and add it to the previous total; then divide by the 
number of barrels of reserves discovered (see 1.b.). 

b. For developmental wells: 
(1) Developmental cost would include the relevant 

elements in 1.a. and in 2.a. above. (Generally 
there will be few additional costs of lease acqui- 
sition or for geological and geophysical service, 
relative to those involved in the drilling of the 
discovery well. In the present case, the assump- 
tion was that no such costs were incurred.) 

( 2 )  The total cost would then be increased by the 
opportunity cost, computed for the total pro- 
ducing life of the development wells, 

(3)  The total of (1) and (2)  would then be divided 
by the number of barrels of "proved" reserves 
added through extensions; this quotien-t: would 
then be the developn~ent cost per barrel. 

3. Computation of per-barrel production cost: 
a, Add field maintenance and upkeep costs, pumping 
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costs, and continuing expenses in connection with 
leases. 

b. Divide this total by the number of barrels of crude 
oil produced in the current year from all producing 
wells, exploratory and developmental together. 

This is the recommended method for arriving at per-barrel 
costs under conditions of ideally adequate information. What 
compromises in method must be made when we move, by 
successive approximations, to more realistic cases? We will 
next investigate the ways in which the following complica- 
tions will modify the ideal approach: (1) unsuccessful ex- 
ploratory outlays; (2) developmental dry holes; (3 )  the 
relationship of estimates of extensions, revisions, and new 
discoveries, to industry activity in past, current, and future 
years; and (4)  the allocation of joint costs between dis- 
coveries of crude oil, natural gas liquids, and natural gas. 

(1) The problem of accounting for 'icnsuccessful" explora- 
tory outhys. A single firm may in a particular year make 
considerable outlays for acquiring leases, conducting geo- 
logical and geophysical surveys, and drilling a number of 
exploratory wells, the great majority of which are likely to be 
dry holes. For successful exploratory wells, the assignment 
of the relevant drilling costs is straightforward, and the de- 
termination of the relevant leasing costs is equally straight- 
forward, But the unsuccessful exploratory outlays are also a 
real cost of discovering the proved reserves found in that 
year. For the firm, it is true in a certain sense that its total 
exploratory outlay is necessary for the acquisition of those 
new crude reserves that it finds. This is true in the sense that, 
as long as oil finding remains in large part a fortuitous event, 
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a certain number of unsuccessful trials wiIl be necessary for 
each successful discovery, and the larger the total number 
of trials, the greater will be the probability that the success- 
ful trials will bear a constant ratio to total trials, if success is 
actually based to a large extent on some mechanism of 
chance, (The ratio can be conceived of as constant over a 
relatively short period of time, such as a year; it is likely that 
over longer intervals of time, the ratio may decline.) Suppose 
the company in question drills twenty wells and only two 
find oil. It is meaningful to say that the total exploratory out- 
lay for all twenty wells is necessary to accomplish the two 
discoveries, but how much of the outlay should be allocated 
to each of the successful wells is a completely indeterminate 
question. For the individual firm (assuming more than one 
successful exploratory well), the allocation to individual suc- 
cessful wells of the exploratory cost of some number of un- 
successful wells nearest the successful ones, will be an in- 
escapably arbitrary procedure. The most nearly unbiassed 
procedure might be to prorate total "unsuccessful" explora- 
tory outlays among successful wells on the basis of the rela- 
tive volume of estimated ultimate reserves of each well, al- 
though there is no compelling reason to believe this is the 
only defensible procedure. All we can say in this instance is 
the following: if chance does largely detennine the success 
of exploratory outlays, then the greater the number of ex- 
ploratory wells drilled (both dry and productive), the more 
likely the total-reserve-based estimate is of being unbiassed. 

It is precisely this circumstance which reduces the magni- 
tude of the problem as far as our present purposes are con- 
cerned. We are interested primarily in costs on the national 
and regional levels. Our discussion has centered around the 
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individual firm simply in order to express the problem in its 
most elementary terms. Fortunately, the complications in- 
herent in accounting for unsuccessful exploratory outlays at 
the national and regional levels are less formidable. Still 
assuming that data on total exploratory outlays (both suc- 
cessful and unsuccessful) are available for the entire nation, 
take the total of these outlays and prorate it among the suc- 
cessful exploratory wells on the basis of their estimated 
ultimately recoverable reserves. This total exploratory cost 
should then be increased by the opportunity cost. All we 
have done, therefore, is to substitute the national average 
capitalized exploratory cost per barrel for the year, for the 
averages of individual companies whose particular experi- 
ences might individually be atypical of the national picture. 
Here, we are recognizing the limitations of the available data 
in another way. If we had separate data on the total explora- 
tory costs of all successful wells, and of all unsuccessful wells, 
we could allow specific identification for the successful wells, 
and then somehow allocate the unsuccessful wells compo- 
nent among the successful wells. But since we are really 
interested only in national-or at most, regional-averages, 
this refinement, even if capable of being carried out, would 
not be worth the trouble. 

(2) The problein of deuelopmental dry holes. We must 
recognize that the relationship between exploratory and de- 
velopmental wells is not as clear-cut as one might prefer to 
assume. In  general, there is a qualitative difference between 
exploratory and developmental wells. Exploratory wells have 
higher risks of failure, and, when successful, result in mak- 
ing additions to proved reserves through the category of 
"discoveries of new fields and new pools in old fields," or 
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"new discoveries" as we have been referring to it. Develop- 
mental wells have lower risks of failure, and when successfuly 
result in making lateral extensions to the reserves of known 
pools, and this addition to total reserves is classified under 
< I  extensions." 

That a developmental well should frequently result in a 
dry hole should not be surprising. Given a condition of im- 
perfect reservoir information, the drilling of dry develop- 
mental wells is just one cost of reservoir development, i.e., 
the cost involved in defining the boundaries of the reservoir, 
That an exploratory well should occasionally result in serving 
the function of a developmental well, i.e., that it should 
result in a long lateral extension of a known pool (more than 
one-half of a mile distant) is no more surprising; it merely 
reflects the arbitrary element in the definition of an explora- 
tory well. 

How do these two possibilities complicate the cost-estima- 
tion picture? First, we will consider dry developmental wells. 
At the level of the individual firm, drilling developmental 
wells in a known field, the cost of dry development wells is 
obviously part of the "development cost" for the reserves 
developed in the field. The best solution would be to include 
the costs of dry development wells drilled in a certain year 
along with the cost of the successful development wells 
drilled in that same year as capitalized developmental costs 
to be allocated to extensions to known reserves. Here the 
solution is arbitrary at the level of the individual firm, but it 
is much less arbitrary than in the case of unsuccessful ex- 
ploratory wells, because any developmental well is always 
drilled in connection with a particular pool, which can be 
used as a basis for the accounting. Exploratory drilling, need- 
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less to say, is characterized by the fact that it is not oriented 
with regard to any known pool (except for the case of 'but- 
post" wells, to be explained below). 

Here, the principle of allocation is more easily justified. 
But the practice is more difficult. An unsuccessful develop- 
ment well increases the per-barrel costs of producing from 
the whole pool, the limits of which it has helped to define. 
There are several possible ways of allocating development 
costs of unsuccessful development wells. 

(a) The motive behind the development well is the search 
for extensions to proved reserves. A case could be 
made for allocating the capital costs to all past and 
future successful developmental wells, the allocation 
being on the basis of relative volume of extensions for 
each successful developmental well. Although this is 
defensible in theory, in application it would prove 
much too burdensome to be continually readjusting all 
unit costs for each producing well, each time another 
developmental well turns out to be dry. 

(b) It would be more practical to let the developmental 
well activity of each year stand by itself. Thus, the 
costs of current dry developmental wells would be 
allocated among successful developmental wells, on 
the basis of total extensions per successful well; but 
the allocation would only be among the successful 
developmental wells drilled in the same field in the 
same year as the unsuccessful wells. The reason for 
preferring this measure (apart from its greater ease of 
calculation) is that it corresponds, on the individual 
firm level, to the figure which is desired at the national 
level. For the nation as a whole, the search for exten- 
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sions is a very meaningful concept, and the success of 
this search can be measured by the ratio of the total 
cost of developmental wells drilled during the year 
(both unsuccessful and successful) to the total number 
of barrels of reserves gained through extensions. 

(c) One obvious area of difficulty remains, at least on the 
level of the individual firm. Suppose that, in a given 
year, all developmental wells are dry, so that there is 
no successful well to absorb these costs. The firm 
should keep the cost of all dry developmental wells 
for purposes of national reporting; for its own records, 
it might adopt either of two essentially makeshift pro- 
cedures: (1) It  might set up an account for "current dry 
development hole costs" as a separate component of 
operating costs, and charge this cost to current pro- 
duction; or (2) it might consolidate this cost with that 
of the preceding or the following year, when success- 
ful development wells were drilled or may be drilled. 
This would necessitate the recomputing of the costs 
for at least one year, and is generally undesirable- 
but there seems to be no really suitable solution, short 
of adopting method (a) above, and revising the cost for 
a11 developmental wells. 

Our proposal is therefore to take all developmental costs, 
for dry as well as productive developmental wells, and divide 
the total by the number of barrels of extensions for a given 
year in order to arrive at  a national average. This contrasts 
with the treatment of Struth, among others, who regards dry 
developmental wells as exploratory costs. Reasons for dis- 
agreement with his view have been outlined in ,Section I, but 
it may be profitable to consider them again in this particular 
context, and to emphasize the usefulness of maintaining a 
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distinction between exploration and developnlent costs. Dry 
development well costs should not be considered part of 
exploratory costs, because they are not comparable with 
exploratory wells proper on either a cost or a risk basis. First, 
there are not many purely geological and geophysical costs 
associated with dry development wells, so cost structures are 
incommensurate. Second, develop~nent wells have a much 
lower dry-hole ratio, so that the very high risk element pecu- 
liar to exploratory drilling is not present. Third, and most 
important, the success of exploratory wells in a given year 
influences to a great extent the success of developmental 
wells in succeeding years, particularly if large fields are dis- 
covered by the exploratory wells in the given year. There can 
be no reasonable doubt that the discovery of a large field in 
one year lowers the cost of developing and producing re- 
serves associated with that field in the succeeding years. I t  is 
a principal task of this analysis to describe a method by 
which this reduction of succeeding average costs can be 
measured, if the necessary data are available. This is, to 
be sure, the chief methodological reason for maintaining the 
distinction. Failure to do so by including developmental dry 
holes as exploratory costs results in the following distortions: 
(a) it overestimates the amount of drilling done at the typical 
exploratory risk of about eight to one; (b) it underestimates 
the discoveries per true exploratory well, by including all 
developmental dry holes which by definition added nothing 
to discoveries; (c) it conceals variations in exploratory well 
success rates by failing to allow for changes in the ratio of 
development wells (and hence of dry development wells) to 
exploratory wells proper. 

Having considered dry developmental wells, let us now 
turn to the problem of exploratory wells that succeed in per- 



52 Monograph in Economics 
forming developmental functions, i.e., making extensions 
laterally to known pools. To explain this phenomenon, it is 
desirable to take another look at the definition of exploratory 
wells. An exploratory well must be at least one-half of a mile 
from the nearest producing well, where formations are very 
indefinite. If formations are very definite in outline, it must 
be up to two miles away from the nearest producer. Suppose 
that the formations are indefinite, but that there is a sus- 
picion that a given pool extends laterally more than one-half 
of a mile from the nearest producer. In this case, the de- 
velopment of this pool will be achieved by an exploratory 
well called an ccoutpost" (or extension test), and the well will 
be listed as an exploratory well even if it were "certain" to be 
a successful extension. The "outpost" is then the link between 
exploratory and developmental wells. If dry, it is exploratory; 
if successful, it is very likely a developmental well in actu- 
ality, and its reserves are included in extensions, rather than 
new discoveries, although the well itself is listed by Lahee as 
an exploratory well. (On the other hand, if an outpost dis- 
covers a deeper or shallower pool, rather than a lateral ex- 
tension to the old pool, then it is a "new pool" wildcat and is 
properly considered an exploratory well, For a complete 
classification of exploratory wells, see Table I.) 

Is an outpost well ccreally" an exploratory well, or is it 
"really" a development well? It is in the nature of an explora- 
tory well to the extent that its risk of failure is higher, and its 
cost structure is greater than that of the typical develop- 
mental well. But it depends upon the individual well-some 
outposts might be much closer to the average developmental 
well in terms of cost and risk. 

The fact that some genuinely exploratory efforts (the out- 
post wells) succeed only in extending old pools should prob- 
ably be ignored. If, on the other hand, we wish to adhere to 
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Classification after Completion or 
Classification 
'#hen Drilling 

Abandonment 

Started Successful Unsuccessful 

A B C 
Drilling for long exten- 1. Outpost 1. Extension well 1. Dry outpost 
sion of pool partly de- (sometimes new well 
veloped pool discovery) 

Drilling for new pool on 
a structure or in a geo- 
logical area already pro- 
ductive: 

New-pool dis- Dry new-pool 
covery wells tests 

New Pool Tests: 
1. Drilling withinlim- %a. Shallomer- %a. Shallomer-pool 2a. Drysh'allower- 

its of pool pool test discovery well pa01 test 
a. For new pool 

above deepest 
pool 

b. For new pool be- Ob. Deeper- %b. Deeper-pool 2b. Dry deeper- 
low deepest pool pool test discovery well pool test 

2. Drilling outside Bc. New-pool %. New pool dis- 2c. Dry new-pool 
limits of developed wildcat covery wildcat wildcat 
pools (sometimes an 

extension well) 

Drilling for a new field 3, New-field 3. New-field dis- 3. Dry new-field 
(i.e., on a structure or in wildcat covery wildcat wildcat 
an environment never 
before productive.) 

our insistence that the pool is the basic unit in accounting for 
per-barrel costs, then the outlays for the outpost wells should 
be considered as developmental costs that contain an element - 
of exploratory expense, and we would be forced to adopt 
some such measures as crediting the additional exploratory 
expense involved in "rediscovering" the pool back to the 
original year of discovery, with some discount factor applied 
because of the time factor of the cost outlay. However, this 
expedient would be too cumbersome and arbitrary in appli- 
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cation; in general, it would always seem a distinctly risky 
procedure to make inter-temporal revisions in money costs. 
There is also another reason for ignoring the developmental 
nature of some outpost wells. Statistical data on the drilling 
of exploratory wells (number of wells, total and average 
footage, etc.) are available on an acceptably con~parable basis 
since 1937; these statistics include outpost wells, and if the 
latter were assumed to make a negligible contribution to field 
development, these statistics could be used in their present 
form for the purpose of estimating certain indexes of the 
productivity of exploratory drilling. Precisely how will the 
results be distorted by this simplifying assumption? The 
intention is to divide a measure of exploratory drilling ac- 
tivity (dollars, wells, footage, etc.) by the total number of 
barrels of new discoveries, in order to arrive at an approxi- 
mation of the cost per barrel of discovering new resesves 
during a given year, Some of these "exploratory" wells, how- 
ever, will be such only by definition, and will actually con- 
tribute to the developrneilt of a previously discovered pool. 
By employing this treatment, we overstate somewhat the 
exploratory costs per barrel in that year, and by leaving the 
cost of the extension outpost well out of the total cost of 
development wells, we understate somewhat the per barrel 
development costs of the ~ o o l s  in question. This is unfor- 
tunate, but at least there is the possibility that the errors will 
tend to offset one another. Year-to-year comparability would 
be enhanced if exploratory outpost extensions to old pools re- 
mained at a more or less constant percentage of total exten- 
sions, but it seems more likely that in pears of I~igh new-field 
discoveries, the exploratory extensions that follow over the 
next few years would be relatively larger. 

(3) The problem of relating estimates of extensions, re- 
wisions, and new discoueries, to indzcstq activity in past, 
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current, and future years. This problem arises because of im- 
perfect knowledge concerning the extent of newly discovered 
reserves, and it must be dedt with in teims of the categories 
used by the American Petroleuln Institute and the American 
Gas Association in measuring proved reserves, These annual 
estimates distinguish between drilled proved reserves and 
undrilled proved reserves. Drilled proved reserves refer to 
the volume of recoverable oil in that portion of a pool which 
is estimated to be recoverable by the production systems 
currently in operation, with or without fluid injection, from 
the area actually drilled up on the spacing pattern adopted 
in the pool. Undrilled proved reserves are those which lie 
tlnder undrilled spacing units which are so close and so re- 
lated to the drilled units that it is considered highly probable 
that they will produce when drilled. Potential reserves re- 
coverable by fluid injection methods are regarded as proved 
only after testing by a pilot plant, or after operation of an 
actual installed fluid injection process has confirmed recovery 
expectations. The intent is to err, if at all, on the side of con- 
servatism. The American Petroleum Institute has access to 
original geological and geophysical estimates. The classical 
volumetric approach for determining the production poten- 
tial of a reservoir is the formulazg 

R = FA (tspr) 
R is recoverable oil in 42-gallon barrels 
F is 7758 (the number of 42-galIon barreIs per acre-foot of void 

space in the reservoir rock) 
A is the subsurface area of the reservoir in acres 
t is the average thickness of the reservoir in feet 
s is the percentage of porosity of the reservoir rock 
p is the percentage of saturation of hydrocarbons 
r is the percentage of expected recovery. 

In this formula, extensions to R can come about from in- 
creases in A as more wells are drilled and the pool is extended 
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in areal extent, from re-estimations of t, s, or p as further 
drilling provides a more complete picture of the potentialities 
of the pool, and from changes in the catch-all factor r, which 
depends upon technological development in methods of pro- 
duction, the physical characteristics of the reservoir, and the 
economic horizon of production, which is dependent upon at 
least an implicit forecast of the future price structure. A 
conservative bias is introduced by the assumption that no 
teclmological progress in the direction of cost-reducing re- 
covery techniques will be introduced during the life of the 
pool. In making the estimate, a fixed price for crude oil (the 
current price) is usually assumed, and this will be a conserva- 
tive factor if the crude oil price rises relative to outlay costs 
in the future. 

Let us take the example of a single successful exploratory 
well and use it to demonstrate how the geological definition 
of proved reserves is employed in order to record the volume 
of oiI actually to be added to cumulative total discoveries as 
the result of the drilling of this successf~~l well. 

In the first year (the year of discovery), estimates will be 
made of all the factors included in the production-potential 
formula. How accurately will this initial year estimate meas- 
ure the ultimate volume of reserves discovered by this well? 
How long will it be before a reasonably accurate estimate 
can be made? No perfectly definitive answer can be given 
until the well has finally been abandoned; our question is 
rather an inquiry into how long it will be before the statistics 
on reserves reflect reasonably well the amount of reserves 
added in the year the well was drilled. The &st year's esti- 
mate will be entered in the statistics on reserves as "dis- 
coveries of new fields and new pools in old fields." This 
initial estimate will generally be quite conservative. Only a 
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small areal extent is likely to be allocated to the well as 
drilled proved reserves; the amount estimated depends upon 
the complexity of the geology, with more complex formations 
being assigned smaller drilled proved reserves. Rarely will 
any undrilled proved reserves be attributed to a single well, 
these being credited to undrilled interstices between devel- 
opmental wells in a developed field. From this point on, ex- 
tensions and revisions will be credited to the successful 
exploratory well in following years as the original conserva- 
tive estimate is revised upward. All of these subsequent 
extensions and revisions were in a sense "discovered in the 
initial year. 

Increases in the original reserve estimate could come about 
from changes in any of the factors mentioned in the volu- 
metric formula given above. In fact, the major increases in 
reserve estimates for a given pool have come about through 
subsequent extensions to the originally estimated areal ex- 
tent of the pool because of developmental drilling following 
the original discovery well, and through revisions of the 
original estimates as more information on thickness, porosity, 
and permeability is obtained or inferred from the records of 
the early production by extrapolation along that type of pro- 
duction decline curve which is considered appl i~able .~~ Re- 
visions also arise when the installation of secondary recovery 
facilities is undertaken. Extensions and revisions due to these 
factors are quantitatively more important than those directly 
attributable to other technological reasons or market factors, 
although these factors are certainly not mutually exclusive. 

If successful developmental wells are drilled in our hypo- 
thetical field, the total proved reserves of the field will be 
increased by the amount of extensions which have been 
deemed proved by the development wells. These extensions 
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may consist of both drilled proved reserves and undrilled 
proved reserves. How should the effect of the increased 
reserves on costs be taken into account by the statistical 
records? This should be done by the same procedure which 
we followed in our earlier, simpler cases where compIete 
knowledge was assumed from the outset. By the time the 
development wells have been drilled, two types of cost have 
been incurred: the exploratory costs for the original well, and 
the cost outlays for the developmental wells. Two reserve 
figures have been obtained: new discoveries, and extensions. 
The way to handle the problem is to add extensions to new 
discoveries and use the total figure to compute per-barrel 
exploration costs; this means that, as new extensions are 
being made in future years, the per-barrel exploration cost 
must be re-computed and will continue to decline as long as 
extensions are being made. (This is the same measure as was 
~ s e d  in the simplsed example, except that the cccorrect" per- 
barrel cost is approached by successive yearly approximation 
as the ultimate size of the field becomes more completely 
known.) 

As far as per-barrel development costs are concerned, we 
must make a concession to the practical limitations of statis- 
tical sources. Per-barrel development cost must be computed 
on a yearly basis, rather than well-by-well, as was assumed in 
the simplified example. This is because extensions and re- 
visions are meaningful on a pool basis (and the pool is the 
unit of discovery) but are virtually meaningless on a well-by- 
well basis. Hence we will have to give per-barrel develop- 
ment costs the following treatment: take the total cost of aU 
developmental wells and divide this figure by the total num- 
ber of barrels of extensions made by these wells during the 
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year; this will be the per-barrel development cost for the 
year. The distinction between development and production 
costs must be maintained. 

Production costs should be totalled separately and divided 
by the number of barrels of oil actually produced in the 
current year, in precisely the same manner as was illustrated 
in the earlier example. 

Now suppose that the pool under consideration has ceased 
to grow through extensions because no further develop- 
mental wells have been drilled; nevertheless, the production 
record over the years is such as to indicate that earlier re- 
serve estimates were too conservative. Furthermore, second- 
ary recovery facilities have been installed and this also 
increases the productive potential of the pool. Additions to 
proved reserves would be registered in both cases as "re- 
visions to prior year estimates." How are we to handle the 
additional costs and the additional reserves resulting from 
the element of revisions? 

As far as the reserves themselves are concerned, the pro- 
cedure is clear. The additional barrels should be credited 
back to the year of original discovery in order to compute 
more accurately the per-barrel exploration cost for the pool. 
As in the case of the relationship of extensions to per-barrel 
expIoration cost, this will mean an annual recomputation of 
the per-barrel cost as long as revisions are being made in the 
reserve estimates. Here, too, the treatment is consistent with 
that of the simplified example, with the "correct" per-barrel 
cost being gradually approached as extensions and revisions 
are gradually added to the original estimate. 

As far as the costs of making revisions are concerned, the 
problem is less capable of a satisfactory solution. For exten- 
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sions, the relationship of added reserves to added costs is 
direct, and the per-barrel development cost measures the cost 
of making these extensions reasonably well. For revisions, the 
relationship of added reserves to added costs is much less 
direct, and the costs themselves are much smaller, consisting 
perhaps of outlays for secondary recovery installations, the 
current operating costs of such installations, and other auxil- 
iary expenditures to confirm revision estimates such as core 
drilling and the like. Some of these costs will be included in 
development costs (the secondary-recovery installations) and 
the others will be current operating costs, to be included in 
production costs. Since the costs are relatively small, and 
since they are closely related in purpose to true development 
costs, it is probably the best alternative simply to leave these 
costs in these two categories of development and production 
costs. It is likely that most costs incurred for the knowledge 
necessary to revise the estimates will have been incurred 
primarily for other purposes. 

A numerical example should now be introduced in order to 
illustrate the way in which an individual firm would compute 
its costs as outlined above, given that imperfect knowledge 
prevails as to ultimate reserves. 

Let us assume that in 1958 an exploratory well costing 
$300,000 is drilled, which discovers new reserves initially 
estimated at one million barrels. In 1959, a deveIopmenta1 
well is drilled at a cost of $100,000 resulting in extensions of 
one million barrels. In 1960, no further driIling is undertaken, 
but revisions of one million barrels are added to the original 
estimate. In 1961 and 196.2, production continues with only 
current production costs being incurred, and the pool is ex- 
hausted by the end of 1962. The production of the pool 
follows this pattern: 
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Production in  Thousands of Barrels Yearly 

Yew - From Discmery Well  From Developmental Wea Total - 
1958 0 0 
1959 600 0 600 
I960 500 500 1,000 
1981 400 400 800 
1982 300 300 600 - - - 

1,800 - - 1,200 - 3,000 - - - 
The costs incurred follow this pattern: 

Exploration Costs Devslopmental Costs To td  
Year ' {Capital) - (Capital) Procluction Costs Cost 
1958 $300.000 $300.000 
1959 $100,000 $ 50,000 ' 150;000 
1960 100,000 100,000 
1961 100,000 100,000 
1962 150,000 150,000 - - 

$300,000 $100,000 $400,000 $800,000 

As of 1959, the per-barrel cost would be based on an 
exploration cost of $300,000 divided by the discoveries esti- 
mated at two million barrels as of that date. The production 
costs would be $50,000 divided by the current output of 
600,000 barrels, or $0.083 per barrel. Development cost of 
$0.10 per barrel ($100,000 divided by extensions of 1,000,000 
barrels) would not be recorded until the development well 
actually began to produce in 1960. (We are ignoring oppor- 
tunity cost in this exanlple in order to reduce the complica- 
tion as much as possible.) Then as of the end of 1959, the cost 
estimates would be: exploration cost per barrel, $0.15; pru- 
duction cost per barrel, $0.083; total cost per barrel, $0.233. 

As of 1960, wit11 the revision to total discoveries, the per- 
barrel exploration cost would fall to $0.10 ($300,000/3,000,000 
barrels), and the estimate for 1959 would be revised accord- 
ingly. As production begins from the developmental well, 
development costs of $0.10 per barrel wouId be attributed to 
those reserves produced from the one million barrels of ex- 
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tensions. The ideal way to account for these costs would be 
on a specific identification basis, barrel-by-barrel; but since 
it will no doubt be impossible in practice to determine 
whether or not a barrel of ~roduction comes from new dis- 

I 

coveries, extensions, or revisions it would probably be best to 
allocate these costs against the first one million barrels pro- 
duced from the developmental well. (More complex pro- 
cedures would have to be devised for more complex pool 
conditions, such as multiple development wells.) An ele- 
ment of arbitrariness is inescapable. Note what this means: 
we have exploration costs per barrel applicable to all barrels 
currently produced from the pool, but the development cost 
per barrel is applicable only to those barrels produced from 
extensions. Hence, the average total cost of exploration and 
development per barrel is not the sum of average exploration 
cost and average development cost. Instead, the average de- 
velopment cost must be multiplied by a coefficient which 
shows the ratio of production from extensions to total pro- 
duction, and then this "corrected" average development cost 
can be added in with the other components of per-barre1 
costs. The procedure is illustrated in the example below, 
showing the 1959 figure as revised, and all other cost statistics 
for the life of the pool: 

Development Cost per Barrel Total 
Ratio of Cost 

Prod. from Per 
Exploration U m d j .  Extensions "Corrected" Barrel 
Costs per Costs per to  Total Development Production (2)  f- (5) 

Year - Barrel Barrel Production Costs Costs + (6) 
(1)  (2)  (3) (4) (5) (6) (7) 

1959 $0.10 $0.083 $0,1830 
1960 0.10 $0.10 .500 $0.0500 0.100 0.2500 
1961 0.10 0.10 .500 0.0500 0.125 0.2750 
1962, 0.10 0.10 ,167 0.0167 0.250 0.3667 

It can be shown that total outlays for discovering, develop- 
ing, and operating the field, amounting to $800,000, are fully 
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allocated to the ultimate production of 3,000,000 barrels if - 
the total cost per barrel for each year is applied to the pro- 
duction for each year. This is possible at the individual firm 
level if the pool records are kept in the manner outlined. 

How could the records for individual pools kept in this 
manner be aggregated to arrive at national totals? Before 
answering this question, we must distinguish between two 
forms of the data for per-barrel exploration cost and per- 
barrel developmental cost. The first form of the per-barrel 
exploration cost series is the historical time series for per- 
barrel exploration cost which will be continually revised 
downward in the light of subsequent extensions and re- 
visions. For example, the series might be revised in this way: 

Exploration Cost per Barrel for the Year of Discovery on the 
Year of Basis of Knowledge Available in the Current Year Shown 

Discovery 1950 1951 1952 1953 1954 2955 - - - 
1948 $1.00 $0.90 $0.80 $0.70 $0.60 $0.55 
1949 2.00 1.70 1.50 1.40 1.30 1.25 
1950 3.00 1.95 1.85 1.80 1.75 1.70 
1951 2.80 2.60 2.50 2.50 2.50 
1952 3.10 2.10 2.00 1.75 

The second form of the data for per-barrel exploratory cost 
is a series which expresses exploratory costs for each year in 
terms of each year's production. This is the series which is 
relevant to the study of trends in industry profits. This series 
will be computed in the following way: take the distribution 
of current-year production, in barrels, according to the year 
of pool discovery. Multiply the production in barrels for each 
original-discovery year by the current estimate of the ex- 
ploration cost per barrel for the year of discovery computed 
on the basis of current year knowledge. Divide the total cost 
thus obtained by the total number of barrels currently pro- 
duced, and the result will be the weighted-average explora- 
tion cost for all oil produced in the current year. In this con- 
nection it is necessary to point out that: (I) The data needed 
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for such a calculation are apparently actually available." (2) 
It would be necessary to include opportunity cost as a part 
of the exploration cost; this is particularly necessary when 
averaging data which may be taken from a time range of 
more than 50 years. (3) Some allowance must be made to 
reflect the effect of price changes. The problem of price 
change poses another enigma. Perhaps the best expedient 
would be to compute two series for historical exploration 
costs: one in terms of original or "Iistorical" costs; the other 
in terms of current-dollar "replacement" costs developed by 
the use of an appropriate price index. 

Now to distinguish the two series for comparable uses for 
per-barrel development cost, The first series is the historical 
series which is unlike the per-barrel exploratory series, in that 
it is not continually revised from year to year. Each year 
stands by itself: the cost of extensions is computed onIy once 
for the historical record and is not adjusted for subsequent 
revisions because of the formidable difficulties involved. The 
historical series is useful for time series comparisons and 
projections into the future. 

The second form is the per-barrel developmental cost for 
all oil actually produced during a given year. Mere, too, this 
series is the relevant one for the study of profit trends. This 
series is computed in precisely the same way as that for per- 
barrel exploratory cost: take the distribution of current year 
production from extensions of past years, measured in barrels, 
according to the year of the extension. Multiply the produc- 
tion in barrels for each extension-discovery year by the his- 
torical development cost for the year of extension. Divide the 
total cost thus obtained by the total number of barrels cur- 
rently produced from past extensions, and the resuIt will be 
the weighted-average per-barrel development cost for all oil 
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produced in the current year from past extensions, Unlike the 
corresponding figure for exploration costs, however, this 
figure cannot be added to other costs to determine total 
current exploration and development costs, First, i t  must be 
adjusted by a coi-rection factor which is the same as that 
eillployed in the related single-pool example. Take the 
weighted-average figure just obtained and multiply it by the 
ratio of current production from past extensions, to total 
current production. This corrected figure can then be added 
to the per-barrel exploration costs. Here, too, it is well to 
point out that: (1) It  is necessary to include opportunity cost 
in the historical per-barrel developmental cost. (2) An allow- 
ance must be made for price changes; two series should be 
computed, one with and one without the price-index adjust- 
ment, and the results compared. (3) No revisions are made 
yearly in this historical series. (4) The data for making the 
current-year comparison figures are apparently not available; 
i.e., there is apparently no information as to the distributioil 
of current production from past extensions, accordigg to year 
of the original extension. This may necessitate treating per- 
barrel deveIopmenta1 cost in the same way as per-barrel pro- 
duction cost, as far as the current-year profit comparison 
figure is concerned. (This will be further discussed below.) 

The tllird component of cost, per-barrel production, is 
fortunately the same for both uses. "Historical" production 
costs are, of course, used both for plotting time trends, and 
for measuring the impact of these costs on current profits. 
There is no tedious data-processing problem involved. All 
that is necessary is that operators should segregate these 
current expenses carefully; the reported figures can then be 
totalled and divided by current-year production. 

To take iiiventory of the various cost series discussed 
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above, we find that we have three which are of primary 
interest in studying trends and making future projections. 
These are per-barrel historical exploratory cost; per-barrel 
historical developmental cost, and per-barrel production cost. 
There is no need to add these three costs together; the total 
would be meaningless except under very restrictive assurnp- 
tions. These three costs can be combined only on the basis 
of detailed estimates as to prospective returns to exploration 
and to future production patterns from past and present new 
discoveries, extensions, and revisions. 

We also have three series which can be added together to 
obtain a per-barrel total cost of exploration and development 
which can be used to estimate total current costs for profit 
study. These three series are (1) per-barrel exploratory cost 
for all oil actually produced in the given year; (2) adjusted 
per-barrel developmental cost for all oil produced in the 
given year from the extensions of past years, and (3) per- 
barrel production cost. Here it is the total of the three costs 
which is of greatest interest; the individual items can be pro- 
jected, as before, only on the basis of detailed estimates as to 
future production patterns. 

Having distinguished these series according to their use, 
we return to our earlier question: How could the records kept 
by the individual pool operators in the manner illustrated in 
our last numerical example be aggregated to obtain a national 
figure? Let us take the three "historical" series first. 

( I )  Historical per-barrel exploration cost: For the year of 
original discovery this would be the weighted average 
of the initial estimates of all individual operators. I t  
could be revised only by obtaining information from 
the individual operators on subsequent extensions and 
revisions to specifically identified pools, and taking 
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the weighted average of the currently revised esti- 
mates for pools of the original discovery year. 

(2) Historical per-barrel developmental cost: This would 
be the weighted average of the current-year estimates 
of all individual operators as taken from their own 
data on costs and extensions. 

(3)  Per-barrel production cost: This would be the 
weighted average of the current-year estimates of all 
individual operators as taken from their own reports. 

In each of these cases, the "weighted averages" could be 
obtained simply by summing all of the costs reported for 
each category, and then dividing by all the reserves dis- 
covered, developed, or produced for the same category. 
Given sufficiently complete reports from individual pool 
operators, reasonably standardized as to account classifica- 
tion, there would be no difficulty in making the aggregation, 

For the 'ieplacement cost" series the problem would be 
much the same, as applied to current data: 

(1) Per-barrel exploration cost for all oil actually pro- 
duced in the year: This could be done currently by 
merely taking the weighted average of all the current- 
year estimates of all individual operators as submitted 
in their own reports. This cost would be subject to 
revision in the light of future revisions of the historical 
per-barrel exploration cost; but any future revisions 
could also be obtained from the future corrected re- 
ports of the individual operators on a weighted-aver- 
age basis. 

(2) Adjusted per-barrel developmental cost for all oil 
produced in the given year from extensions of past 
years: This would be the weighted average of the 
given-year estimates of all individual operators, as 
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taken from their own reports. (The weighted average 
would have to be taken by dividing total allocated 
developn~ent cost for the year's production by the total 
oil produced from extensions in past years. The nu- 
merator would be determined by multiplying the allo- 
cated unit cost per barrel by the nun~ber of barrels 
produced from that cost-allocation unit. The weighted 
average thus obtained for the whole country should 
then be multiplied by the ratio of given-year produc- 
tion from past extensions, to total given-year produc- 
tion. ) 

(3) Per-barrel production cost: This would be the weighted 
average of the given-year estimates of all individual 
operators as taken from their own records. (This is the 
same figure as lor the "historical" series.) 

Clearly such a computation would be a formidable project. 
Yet something very nlucll Iilce this is nearly a minimal re- 
quirement for obtaining any really useful information on 
trends in oil industry costs and profits. The above process 
involves many compromises, and it is to be feared that any- 
thing more inexact would indeed be a makeshift. 

But if it is a question of using a makeshift estimate, or 
having no estimate at all as a guide, there are two ways of 
modifying the rigors of the foregoing procedures. First, ad- 
justed per-barrel developmental cost for all oil produced in 
the given year from extensions of past years could be dealt 
with by combining it with per-barrel production cost. Under 
this type of treatment, all development costs would be 
charged off currently against the production of the given 
year. This would mean that any important - trends in current 
development cost would be sacrificed, but at  least it would 
not go to the full extent of neglecting per-barrel exploration 
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cost. Two things may be said for this procedure, apart horn 
its simplicity: (1) It  does not &ect the availability of per- 
barrel exploration cost. (2) The historical per-barrel develop- 
mental cost could still be determined as a national average on 
a year-by-year basis; this would at Ieast supplement the re- 
duced information with regard to given-year pro& considera- 
tions. Since the historical per-barrel developmental cost figure 
is not subject to annual recon~putation, we would not lose this 
series by the recognition of our inability to make the compu- 
tation each year on an individual pool basis. 

The second way of simplifying the calculations is to em- 
ploy an expedient to minimize the need for recomputation 
of the historical per-barrel exploratory cost series. This device 
would be needed, not only to reduce the number of recom- 
putations to be made, but also to allow some projection of 
the number of barrels of extensions and revisions that can 
ultimately be expected to result from the discoveries of the 
initial year. This device, the estimated ratio of initial year 
new discoveries to ultimate new discoveries, extensions, 
and revisions, is urgently needed, and it would be desirable 
to devote considerable effort to the analysis of available data 
(such as it may be) with a view toward making as accurate 
as possible an estimate of this ratio, This of course assumes 
that there is some stability in the size of the ratio. This would 
seem to be the case on a p r i d  grounds, but we cannot say 
until the avaiIable information has been assembled and ana- 
lyzed. 

Let us state the problem and consider the factors which 
are lilcely to act as variables in determining the final ratio. 
Then let us examine the empirical evidence which we must 
have in order to test any such hypotheses as may be sug- 
gested by the suspected relationship of the relevant variables. 
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The problem is this: given the number of barrels of new 

discoveries made in a given year, how can we estimate the 
number of barrels of extensions and revisions which will 
ultimately be added to these initial-year new discoveries? 
This is the major question. It would also be desirable to know 
the probable time-sequence of the addition of these extensions 
and revisions, e.g., can we assume that typically x per cent 
of ultimate additions is added in the first year following dis- 
covery, y per cent in the second year, and so on? 

As to the variables involved, we could draw a distinction 
between average pool size, tecl~nological progress, and the 
always important factor of pure chance. Average pool size 
seems to be the most important variable. Assuming that sub- 
sequent extensions by development wells are to some extent 
a matter of chance, the larger the pool that is discovered, the 
greater the probable total volume of extensions that will be 
added in later years. Given the usually conservative initial 
estimates of reserves, then the larger the average pool size, 
the greater the additions in subsequent years through re- 
visions. Surely this goes without saying, but the important 
consideration is the hypothesis that larger pools have more- 
than-proportional potential for subsequent-year reserve addi- 
tions; naturally the absolute number of added barrels of 
reserves will be greater for the larger pool, but it seems likely 
that the ratio of ultimate reserves to new discoveries will be 
larger for the large pool than the small pool. (As noted be- 
fore, it could be precisely the reverse; only the empirical data 
can be decisive here.) So we would expect the following: 
ultimate reserves are proportional to the size of total new 
discoveries, but beyond that they are related more directly 
to the size distribution of pools discovered within the year. 
If 500 million barrels of new discoveries were made in each 
of two years, it would be incorrect to apply the same ulti- 
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mate-reserves ratio to both years if the average size of pools 
found were only one-half as great in the second year. Tech- 
nology, as a variable, is related to the problem in two ways: 
exploration technology, which primarily influences new dis- 
coveries but which may also increase extensions and re- 
visions; and secondary recovery technology, which contrib- 
utes to revisions. Exploration technology is undoubtedly 
related in some way to the trends in the average size of pools, 
but this trend is complicated so much by the chance factor 
that the relationship is not immediately obvious. The net 
effect of exploration technology is to discover first the larger 
and more obvious pools capable of discovery by a given level 
of technology. With technology more or less stationary, ex- 
ploration is carried toward the intensive margin of ever- 
diminishing returns in terms of smaller and smaller average 
pool size. When technology improves, the larger pools capa- 
ble of discovery by the new method are likely to be among 
the first found; then the intensive margin is again pursued 
with decreasing returns in smaller average pool size. Of 
course, the picture is complicated by the large chance ele- 
ment in exploration, but it does seem that there has been no 
basic improvement of real importance in exploration tech- 
nology since the middle 1930's, and this is one of the reasons 
for the decreasing average size of pool found. 

We might hypothesize that the ratio we are looking for 
will vary with average size of pool, and that, relative to a 
given level of exploration technology, average size of pool 
tends to decline over time as diminishing returns set in. The 
trend in improving secondary recovery techniques acts in the 
other direction; here there is improvement, but it. is likely 
that the larger pools gain relatively more from these im- 
provements, 

Let us now specify the type of empirical information which 
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would be needed to investigate this problem. 'Illere is 
nothing esoteric about the nature of the data involved; only 
the pricess of compilation would be arduous, and the amount 
of historical information which is available would be  a matter 
which might limit the usefulness of the ratios developed. 
The farther back the information can be obtained, the more 
conclusive would be the results. What is needed is simply a 
breakdown of the extensions and revisions (each separately) 
for each year, by the pool of original discovery, showing the 
year of discovery of the pool, and the amount of reserves 
initially estimated as new discoveries for the pool. The basic - 
data could be collected annually from each operator as 
follows : 

Ol.iginal E&. of Additions to  Reserves in 1960 
Year Pool New Discoveries (Thousands of bbls.) 

Found Nanze (Thousands of bbls.) Extensions -- Revision 
1901 Okla. X 500 50 20 
1901 Okla. Y 800 60 10 

The compiling agency would then prepare the following 
types of analytical summaries: 

(a) Cumulative record on individual pool: 

Barrels of Extension Added fin 
Year Orig Est. of Subsequent Years 

Pool Found New Discoveries 1st year 2nd year 3rd year . . .nth year -- --- 
Okla. X 1901 500 310 130 100 ... 
Columns for revisions and for the total oI extensions and 
revisions should also be provided. 

(b) Cumulative record on each discovery year: 

No. Pools Thousands of Barreh of Extension 
Fozcnd Aug. of Pool Added in Later Years 

Year in Year (thous. of bbk.) 1st year 2nd year 3rd year . . .nth year -- --- 
1901 103 800 11,900 9,100 6,700 . . . 
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Columns for revisions, and for the total of extensions and 
revisions should also be provided. 

The resulting material might well be analyzed with the aid 
of the following scatter diagrams: 

(1) For yearly data,  lot the average size of the pool on one axis, 
versus the time for which the adjusted average size of the 
pool is measured, with "zero" being the year of original dis- 
covery, "one" being one year later, etc. The charts could be 
drawn up separately for extensions, for revisions, and for both 
together, and regression lines computed for each. For instance, 
if the average slopes of the regression lines were roughly 
parallel, the rate of growth through extensions, revisions, or 
both (as the case might be) would depend primarily on the 
initial size of the average pool. If the slopes were not parallel, 
it could be ascertained whether or not the curves for years 
of initially larger new discoveries were steeper or more nearly 
level than those for years with initially smaller new discoveries. 
Each yearly series would be labelled, and a test could be 
made to see if the year of discovery had any uniform influence 
on the shape of the curves. 

(2) For pool data, one could pIot the adjusted size of pool, indi- 
vidually rather than on the basis of yearly averages of initial 
sizes. If this should be too much information to present on a 
single diagram, the data could be presented for groups of pools 
by size intervals (e.g., initial discoveries from 100 to 200 
thousand barrels) and the data averaged to reduce the num- 
ber of lines to be compared. It  would also be useful to plot 
the pool data by tracing the history of all pools discovered in 
a given year, and comparing the trends of one year with those 
of another. 

In inspecting the resulting scatter diagrams, the more 
important things to look for would include: similarities in 
rates of growth relative to original pool size; whether or not 
any relationship is present; whether or not the relationship 
is correlated with year of discovery; the point at  which the 
curves begin to flatten appreciably; how this point is related 
to the initial size of the pool and to the year of discovery. 

One possibIe way of facilitating this analysis would be to 
determine by inspection which scatter diagrams seein to 
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show the most promising correlation, and observing the 
number of years after discovery at which the growth curves 
began to approach the horizontal. For example, suppose that 
the individual pool data show the most promise, with a tend- 
ency to become horizontal after eight to ten years. One could 
then, as a first approximation, compute a multiple correlation 
between the number of barrels of reserves allotted to a pool on 
various dates with (1) the original size of the pool, (2) the 
number of years since its discovery, and (3) the year of 
original discovery. A multiple correlation could then be com- 
puted without variable (3) as a rough-and-ready means of 
determining whether or not (3) added anything to the corre- 
lation index. If the data appear to warrant it, more elaborate 
statistical procedures could then be employed. 

It might be found, for example that the estimated size y 
of a pool x years after its discovery varies primarily with 
regard to its original size A. The equation for this relationship 
might be of the form 

y = A(B)C" 
where B and C are constants, C being less than one in value. 
Such a cuive would level off and tend asymptotically to a 
limit. After ten or so years, for example, 90 per cent or more 
of the ultimate reserves should have been credited to the typi- 
cal pool. It is this type of measure for whicl~ we are seeking. 
If ultimate reserves are only a function of the size of gross 
discoveries (A) in a certain year, then to estimate ultimate re- 
serves (y), we merely solve this equation. If ultimate reserves 
are a function of the size of the individual pool, then it will be 
necessary to take into account the size distribution by pools 
of the new discoveries made in the year under consideration. 

At present, all we can do is to look at the only available 
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data which have been published in this field, those of H. J. 
Struth, whose most comprehensive estimates seein to be 
those reported in the July 1954 issue of World Petroleum. 
These data are analyzed below: 

Year - 

Cokrmn ( I )  '%xpansion 
Ratio of Origirtat Cohrinn (1) Divided by Average Power" of 
Discovertes plzcs Dzvrded by 910. of Yrs .  Extens~ons Avq.  Ppol: 

Ultimate net no. of Yrs.  Elapsed sirtce 6. Revtsio+rs Contrzbutto?t of 
Credtts to Irtltial Elapsed Discovery or 8, per Pool in  Each Pool to 

Discovery sirrce iqrit~al Wl~iclrever Thousands Ratio in 
Estmtate , Dtsrovery Less of Barrels Colzcmn ( I )  

(1 )  (2) (3 )  (4)  ( 5 )  
1937 3.00 .18 .38 13,400 .0217 
1938 3.88 .26 .49 8,126 .0133 
1939 6.67 .44 .83 9,035 .0295 
1940 7.86 .56 .98 7,158 .0260 
1941 5.19 .40 .65 4,584 .0125 
1942 8.20 .68 1.02 4,919 .0200 
1943 8.00 .73 1.00 4,575 .0151 
1944 6.49 .65 .81 3,984 .0092 
1945 8.30 .92 1.04 3,823 ,0099 
1946 9.79 1.23 1.23 3.727 .0144 
1947 6.97 1.00 1.00 3,071 .0089 
1948 6.48 1.08 1.08 3.241 ,0079 
1949 3.28 .66 .66 5,398 .0062 
1950 4.21 1.05 1.05 3,039 .0055 
1951 3.36 1.12 1.12 2,067 ,0049 
1952 '2.31 1.16 1.16 2,512 .0049 
1953 1.43 1.43 1.43 2,681 .0044 

Sources: Column (I) H. J. Struth, World Pdroleum, JuIy 1954, p. 62. 
Column (4) Total number of pools discovered per year estimated 
by total number of successful oil-finding exploratory wells. Data 
from Bulletin of American Association of Petroleum Geologists, 
June issues, 1951-54. 

Note: No underestimation of the data for the most recent years is likely 
to exist in columns (4) and (5)-the bias may be toward overesti- 
mation sincc new discoveries for 1947-1953 have been multiplied 
by 8.72, a presumably liberal estimate for all future extension and 
revisions. (See page 78). 

This is about as far as one can go at present in estimating the 
ratio of new discoveries to ultimate reserves found in a given 
year. 

Struth's data are given in column (1). In column (2), these 
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estimates have been divided by the number of years elapsed 
between the year of the original discovery and 1953, the year 
for which column (1) estimates were prepared. In column 
(3), these estimates have been divided by the number of 
years elapsed since the original discovery, providing that it 
does not exceed eight years. The first computation assumes 
that all iields are constantly being credited with some ex- 
tensions and revisions, and therefore represents an effort 
to derive an average ratio, which we might call x. The origi- 
nal reserve estimate can then be multiplied by x so that this 
product can in turn be multiplied by the number of years 
elapsed since the original discovery, to obtain some estimate 
of the amount of reserves discovered in the original year, or 
directly attributable to the new pools and fields found in the 
original year. In other words, we have the expression: 

Do = (Z - do) (i - o) 
where Do = the estimate of total reserves discovered in year o as 

estimated in the year i 
z = average increase factor per year 
do = initial reserve discoveries 

In this expression, the estimate of total reserves discovered in 
year o is equal to the initial estimate of reserves discovered 
multiplied by the average increase factor per year, and this 
product is then multiplied by the number of years between 
the initial discovery year o and the year in which the esti- 
mate is made, i. 

In the second computation, Do is considered to increase at 
a constant rate z per year until eight years have elapsed from 
the year of original discoveiy, at which time further exten- 
sions and revisions are assumed to cease. This is the cut-off 
point which was suggested by an appraisal of the available 
data. 
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We can see from the table that the first assumption yields 

an approximately constant value for z for the last eight years, 
but that it falls noticeably before that time. The assumption 
that eight years will exhaust the vast majority of extensions 
and revisions yields a value of z that decreases more slowly, 
from an average of 1.09 for 1946-1953 to .90 for 1939-1945, 
and then falls off to .44 for 1937-38. With the exception of 
1949, the value of x for the last eight years is notably stable, 
and if we attempt to explain the apparent decrease in the 
average yearly increment to new discoveries by virtue of ex- 
tensions and revisions, two suggestions come to mind: (1) 
perhaps there is a qualitative difference in the basic data 
available to Struth before 1946, separate American Pe- 
troleum Institute estimates of extensions and of revisions not 
being published, apparently, before 1946; (2) in the years 
before 1939 some very large fields were found, and wildcat 
wells on the whole seem to have been more successful than 
they have been since the war, particularly with respect to the 
average size of field discovered, so that there may have been 
a readiness to engage in exploratory drilling instead of the 
development of existing fields in order to add to reserves. 
Today, faced with smaller returns to exploratoly drilling, 
the number and average depth of development wells has 
increased considerably as the result of an attempt to main- 
tain production and reserves in the face of a falling dis- 
covery rate, so that extensions and revisions to recently dis- 
covered fields may perhaps be added at a more rapid rate 
than in the pre-war period because of more intensive follow- 
up development in a short period of time, But neither of 
these considerations can be said to offer anything more than 
suggestions toward explaining the inconstancy of Z, so that 
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it is probably better not to place too much confidence in the 
apparent stability of x during 1946-1953. 

As an example of the possible use of the x factor, it may 
be instructive to make an estimate of the average size of oil 
pools discovered from 1937 through 1953. The number of 
pools discovered was estimated from the number of success- 
ful exploratory wells in each year; and the total number of 
barrels of new discoveries, extensions, and revisions credited 
to the discovery year by 1953 was divided by this estimate. 
This procedure was followed for the years prior to 1947- 
1953; subsequent-year initial new discovery estimates were 
multiplied by a factor of 8.72 (the average value of x for 
the period 1946-53); this value was then multiplied by the 
period of time during which additions to reserves were con- 
sidered likely to be made, i.e., 8 (years) times 1.09 per year. 
The results show that even with this liberal upward adjust- 
ment, all the years before 1947 exceed the largest of the post- 
1947 years, with the exception of 1949. 

(4) The allocation of joint costs between liquid hydro- 
carbons and natural gas. Now we arrive at what is probably 
the most difficult problem of all: the allocation of joint costs 
among discoveries of crude oil, natural gas liquids, and 
natural gas. Up to this point, we have been dealing with cost 
allocation as if the product discovered were simply crude 
oil. The reason for this oversimplification is obvious enough: 
it is conceptually impossible to allocate joint costs on a basis 
which is not arbitrary. However, as the proportion of natural 
gas found to crude oil discovered continues to increase, and 
as governmental regulatory bodies become more concerned 
with natural gas "costs," there is an apparent demand for 
some device by which total costs may be allocated-arbi- 
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trarily if necessary-to the types of resources discovered by 
exploratory efforts. Most industry studies have ignored nat- 
ural gas entirely-as we have been doing. But this neglect is 
certainly in itself an arbitrary decision. The only way to es- 
cape this arbitrariness would be to content one's self with 
the statement that $ x  of outlay in year y resulted in the dis- 
covery of a barrels of crude oil, b barrels of natural gas 
liquids, and c cubic feet of natural gas, with no attempt made 
to allocate costs among heterogeneous products. 

For that matter, crude oil itself is not a homogeneous prod- 
uct, and for more than ten years, many students of the prob- 
lem have been combining crude oil and naural gas liquids 
(condensate, natural gasoline, and liquefied petroleum gases) 
on a volumetric basis, barrel for barrel, with various correc- 
tions for energy value equivalent or market price. Very few 
published treatments, however, have gone to the extent of 
combining crude oil, natural gas liquids, and natural gas on 
any common basis. This is no doubt to their credit, if they 
saw the choice in terms of an "either/or" proposition, i.e., 
either to measure productive results in units of crude oil 
alone, or to measure them in terms of combined oil-and-gas 
units. However, it is probably true today that so high a pro- 
portion of current returns to exploration is being found in the 
form of natural gas, that a '%oth/and approach is necessary, 
i.e., both measure productive results in terms of crude oil 
alone, and also supplement this information with a measure- 
ment in terms of combined oil-and-gas units. Here again, the 
two sets of data would have to be studied in relation to one 
another. 

Assuming that it is necessary to develop some type of sup- 
plementary measure to link oil and gas discoveries together, 
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how should it be done? There are really only two methods 
which have been devised for the allocation of true joint costs. 

One of these methods is called the "selling price" or "ex- 
pected revenue" method, and is completely misleading if 
used as the basis for managerial decisions. To apply this 
method, you reason as follows: if oiI sells for $x per barrel, 
and gas sells for $y per thousand cubic feet, and if a cost 
outlay of $x has discovered 1,000 barrels of oil and 500,000 
cubic feet of gas, then one allocates the total cost between 
oil and gas in the ratio of the expected revenue to be derived 
from each. The total cost of discovering oil would then be - 

$x (1,000) 
z; the cost of discovering gas would be 

$y (500) + $x (1,000) - 

the remainder, and the unit cost of discovering each could 
then be computed. But in application this would be folly. 
There is no reason whatsoever for allocating costs in propor- 
tion to revenues, and, therefore, making unit costs propor- 
tional to prices. Costs and prices are determined by largely 
independent factors, especially in the case of crude oil and 
natural gas, and the application could lead to serious errors. 
Suppose that joint costs are allocated by this formula. The11 
suppose that the market price of oil increases. This auto- 
matically brings with it an increase in the (allocated) cost of 
finding oil, and a decrease in the cost of finding gas. That the 
result is ridiculous is obvious on the face of it: why should 
the cost of finding gas fall because the market price of crude 
oil has risen? And it would be even worse if petroleum in- 
dustry management were then to increase the intensity of 
gas-finding effort because the costs of finding gas had fallen! 

If it is mandatory that some allocation method be used, 
the method of allocating costs on the basis of some common 
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physical characteristic of the joint products wins by default, 
Oil and gas are relatively fortunate here, in that both can 
be compared on the basis of a dimension which is the chief 
reason for the demand for each. If gold and lead were jointly 
produced from a certain mine, joint costs could be allocated 
on the basis of weight, which is a homogeneous dirnension- 
but this would be a poor choice because weight is one of the 
least important of the common dimensions which might 
make one of these metals to some extent a substitute for the 
other in teims of demand. But for oil and gas, there is al- 
ways the common denominator of the energy equivalent, 
generally stated in teims of potential heat energy in British 
Thermal Units, or B.T.U.'S.~~ 

There is something to be said for comparing both oil and 
gas in terns of B.T.U.'s. Two energy sources are here being 
treated as identical; fortunately, they are somewl~at similar. 
If it were hue that a B.T.U. of crude oil were perfectly 
substitutable in the market for a B.T.U. of natural gas, the 
comparison would be perfectly justsed; indeed there would 
then be no need for joint costing, because the products would 
be absolutely identical in the market. Uafortunately, they 
are not identical in the market, but the comparison is some- 
what reasonable because in a substantial part of the crude 
oil market, natural gas is directly competitive with crude 
oil products on a B.T.U. basis. About 35 to 40 per cent 
of the products refined from crude oil has consisted, in re- 
cent years, of distillate and residual fuel oils, which are sold 
in a market conscious of the B.T.U. content of crude oil rela- 
tive to that of natural gas. Furthermore, it is quite generally 
believed by geologists that the over-all incidence of total 
B.T.U.'s in the form of oil, and total B.T,U,'s in the form of 
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gas is approximately equal in the earth's sedimentary basins. 
Therefore, in the long run, the chance of finding a B.T.U. of 
gas would be just about the same, per dollar of discovery 
expenditure, as the chance of finding a B.T,U, of oil. This is, 
however, a very long-run consideration. 

There are several disadvantages to using the energy factor 
for cost allocation. First, there is the fact that 60 to 65 per 
cent of the end uses of crude oil products are not directIy com- 
petitive with natural gas, because B.T.U.'s are not the only im- 
portant characteristic. Convenience, for example, is often of 
crucial significance. Who would elect to undertake residen- 
tial space heating with crude oil if it were only slightly 
cheaper than gas on a B.T.U. basis? Second, the use of the 
energy factor ignores the conversion cost of transforming 
one resource into another. Natural gas could be processed 
into the equivalent of crude oil, but the expense involved 
would have to be taken into account. Yet the comparisons 
made in energy terms alone seem to assume that this can be 
neglected. Finally, there is the difficulty that the gross total 
B.T.U, figures will not disclose the ratio of oil to gas. Sup- 
pose you have discovered x billion B.T.U.'s for an outlay of y 
dollars. Then the unit cost allocation is the same, regardless 
of the ratio of oil to gas. But clearly the implications for total 
profits will depend upon this ratio, even if fornlally deter- 
mined unit costs would not. 

If joint costs must be allocated, it is much more desirable 
to use the B.T.U. basis than to use the sale price basis. I t  is 
obvious that once it is decided to use B.T.U.'s to compare 
crude oil and natural gas on an energy basis, it is then a mat- 
ter of indifference as to the units used to compute costs. It 
would probably be most logical to express costs in cents per 
B.T.U., or per million B.T.U.'s. But those who are ac- 
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customed to thinking in terms of barrels of crude oil, or mil- 
lions of cubic feet of natural gas, may feel uncomfortable and 
perhaps even somewhat disoriented because the energy units 
seem somehow "abstract." As a basis for the empirical anal- 
ysis in Section 111, the following table shows all discoveries 
of crude oil, natural gas, and natural gas liquids for the 
period 1947-57 in terms of their equivalent number of barrels 
of crude oil. 

Total (Millions 
Crrlde Oil Nnt~rral Gas Natural Gas Liqd. of bbls.) 

Year New Disc. Total* New DISC.  Total* New Disc. Total: New Disc. Total* - 

Source: American Petroleuln Institute and American Gas Association, an- 
nual reports on oil and gas reserves. 

* Denotes total of new discoveries, extensions, and revisions. 

This table shows that the inclusion of natural gas in the 
total energy discoveries more than doubles the volume of 
total discoveries in the years 1955-57, and approximately 
doubles it  in 1952-54. In 1947-51, natural gas discoveries 
were about 80 per cent as large as total liquid hydrocarbon 
discoveries. Clearly the inclusion of natural gas changes the 
complexion of the discoveries picture significantly. I t  is un- 
fortunate that comparable data for natural gas discoveries 
are not available prior to 1947. 



111. A SURVEY O F  CERTAIN APPARENT TRENDS 
I N  THE COST O F  FINDING OIL AND GAS 

RESERVES I N  T H E  UNITED STATES 

T HIS section is a survey of some of the most pertinent 
available data on trends in the cost of finding reserves 

of civde oil, natural gas liquids, and natural gas in the 
United States. Unfortunately, the available data for such 
a study are far from complete, and much of what would be 
most useful for our purposes is entirely lacking. As a result, 
indirect and approximate measures have been resorted to 
almost exclusively. The most desirable approach would con- 
sist of a definitive analysis of all the relevant data; but in 
view of the absence of most of these data, we are forced to 
rely upon such data as s e  available. I n  certain instances, the 
reliability of the data used could not be satisfactorily as- 
certained, In such instances it was judged preferable to have 
recourse to an available approximation rather than remain 
entirely in ignorance on the matter in question. 

The cost of Snding oil and gas reserves is defined as the 
average cost, in dollar teims, per unit of reserves discovered 
in a given period of time. This definition is sinlple enough, 
but before we can determine the magnitude of this ratio we 
must resolve the following ~roblems: (1) Where do you get 
reliable data on total dollar outlays on finding programs? 
(2) Have the various elements of cost been properly de- 
fined? (3) What is the physical volume of reserves discovered 
by the outlays of a given period? (4) How should we allocate 
the joint costs of finding crude oil, natural gas liquids, and 
natural gas to the individual products? (5) How should we 
eliminate the effect of price changes on the dollar costs of 
various years in order to make then1 comparable? The resolu- 
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tion of all of these problems would be essential to a compre- 
hensive study of finding costs. For present purposes, how- 
ever, we can do a little more than to suggest an approach to 
the solution of each of these problems. 

(1) The collection of reliable information as to total dollar 
outlays on finding programs would require industry-wide 
reporting of such outIays or the use of a carefully designed 
sample. To date, there has been no successful compilation 
of total dollar o~ztlays on an industry-wide basis and the 
scattered reports which have been collected certainly do not 
satisfy the minimum requirements of good sampling design. 
In the absence of reliable data on doUar outlays, it is neces- 
sary to use some single dimension of cost, such as total wells 
drilled, or total footage drilled, to construct an index of the 
real cost per unit of discoveries. This is the approach taken 
in the first section of this paper. 

(2) A necessary prerequisite to the collection of the reliable 
cost data is the proper definition of various cost elements. 
For example, there is the problem of distinguishing between 
those outlays that are for exploration purposes, and those 
that are for field development. It seems that it would be most 
appropriate to include in finding (or exploration) costs, all the 
costs of lease acquisition, all geological and geophysical ex- 
penditures, the drilling costs of all exploratory wells, and the 
costs of completing the successful exploratory wells, through 
the installation of the Christmas tree. Drilling costs for such 
wells would then be defined in a manner identical with that 
used by the Joint Association Survey.J3 

(3) The determination of the physical volume of reserves 
discovered in a given period is a problem of the first magni- 
tude. All that need be said here is that it should not be a con- 
ventionally conservative estimate, but should represent the 
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best-informed estimate of probable ultimate recovery from 
the entire reservoir discovered by the exploratory well. Nat- 
urally the future will prove that the estimate has been only 
approximate; accordingly, the estimate, and the relevant unit 
cost figure, should be revised from time to time in the light 
of the future production history of the field. Still, this does 
not make it any less important to obtain the most accurate 
initial-year estimate that can be devised. 

(4) As was mentioned in Section 11, the joint cost problem 
is ultimately incapable of logical resolution. Any allocation 
of discovery costs between jointly discovered products must 
be inherently arbitrary. Two ways of handling the problem 
seem acceptable. First, one may allocate all costs to the phys- 
ical units of crude oil or total liquid hydrocarbons dis- 
covered, ignoring the fact that some gas has also been dis- 
covered. This is perhaps the most common treatment, but 
it is arbitrary insofar as it overlooks entirely the fact that 
some natural gas has been discovered. Second, one may use 
the B.T.U. equivalent of natural gas to convert natural gas in 
cubic feet into its equivalent in barrels of crude oil; or all 
products may be converted into their B.T.U. equivalents and 
a single cost figure per B.T.U. may be derived. This is arbi- 
trary in that it treats all these heterogeneous hydrocarbons as 
being comparable in terms of their potential energy equiva- 
lent; so comparable, it is assumed, that they are considered 
to be identical. But other characteristics of these products, 
in addition to their potential heat energy content, are equally 
important in the market. The B.T.U. equivalent is therefore 
an oversimplified way of dealing with the ~roblem. (For de- 
tails, the reader is referred to the discussion at the end of 
Section 11.) Nevertheless, if joint costs must be allocated, 
there is probably no better basis for the allocation of joint 
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discovery costs than the B.T.U. equivalent, despite its in- 
adequacies. 

(5) The adjustment of dollar costs to allow for changing 
purchasing power equivalents at  various price levels is 
another extremely complex problem. A rough-and-ready 
solution can always be had by resort to an index of the gen- 
eral price level. For more demanding uses, it might be prefer- 
able to devise an index of the expected level of prices that 
confront the industry. The success which one has in solving 
this problem will depend upon the availability of statistical 
data, and upon one's ingenuity and resourcefulness in mak- 
ing the most expedient price index adjustments. 

These are the problems which confront any study of the 
trends in the cost of finding oil and gas reserves. In view 
of the limitations of the available data, the present study 
has made the following concessions to necessity: 

(1) Virtually all of the exploration outlay data considered herein 
consists of real-cost data. Specifically, the volume of reserves 
found in different discovery categories is measured in terms 
of barrels of discoveries per exploratory well, per dry hole, per 
foot drilled, and the Iike. No continuous year-by-year series of 
acceptable quality on total money outlays is available; hence 
real cost data constitute the bulk of the statistical evidence for 
establishing trends. 

( 2 )  The outlays have been defined, by and large, in real terms. 
The published data on wells drilled and footage drilled are 
investigated in terms of as complete a breakdown by drilling 
categories as can be obtained from the available data. When 
recourse is occasionally had to money outlay statistics, we are 
working with data the nature of which is neither well defined 
nor well described by its compilers. Consequently, less con- 
fidence can be laced in the meaning of the results which are 
obtained from t l! e use of these data. 

(3) On the basis of the data currently available, it does not seem 
to be of any value to try to estimate the ultimate reserves dis- 
covered in a given year by crediting subsequent extensions and 
revisions back to the year of initial discovery. It  is to be hoped 
that adequate data will someday be developed so as to permit 
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this procedure, but that day has not yet arrived, Instead, this 
study concentrates on the composition of current additions to 
total discoveries, using new discoveries alone for some pur- 
poses, new discoveries plus extensions for others, and the total 
of new discoveries, extensions, and revisions for still other 
purposes. I n  general, it is considered preferable to measure cur- 
rent discoveries in terms of the statistics for current additions 
to total cumulative discoveries, +ather than to attempt to 
allocate extensions and revisions backwards, and thereby to 
introduce at  best some distortion between the amounts allo- 
cated to earlies and later years. 

(4) By and large, the joint cost problem is dealt with by means 
of the first alternative discussed above: that of allocating all 
relevant costs to the crude oil component of discoveries, and 
ignoring other liquid hydrocarbons and natural gas. However, 
information is given on the recent ratios of discovery of crude 
oil to total liquid hydrocarbons and natural gas, and in a few 
instances real costs are computed both on the basis of crude 
oil alone, and of the crude oil equivalent of all liquid hydro- 
carbons and natural gas combined. 

(5) Since most of the cost indexes employed are real cost indexes, 
the problem of obtaining comparability between dollar figures 
seldom arises. This is not to say that real cost indexes are al- 
ways comparable. A good example is the case of the explora- 
tory well. The average exploratory well seems to become 
increasingly deeper over time, so that it is necessary to sup- 
plement data on discoveries per exploratory well with those on 
discoveries per exploratory foot. Even the ex loratory foot is 
not a homogeneous unit over time, since t R e real cost of 
drilling, at the same depth level, tends to decrease as techno- 
logical progress cuts unit drilling costs. On the other hand, a 
foot drilled at five thousand feet is not the same as a foot 
drilled at fifteen thousand feet; given the same level of tech- 
nology, costs per foot increase sharply with increasing depth 
of drilling. Here, dollar costs would have been an invaluable 
supplement to real cost figures, had they been available. In  
those few instances where money cost fi ures have been em- 
ployed, a simple and approximate price ? eve1 adjustment has 
been made by means of the index of wholesale prices. 

Let us begin the survey of the trends in the real cost of 
iincling reserves by examining one measure of the real cost 
of e:iploratioil which can be approxinlated for an interval of 
some fifty years. Chart I shows the average number of bar- 
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rels of crude oil discovered per new well completion, as re- 
lated to the cumulative total of well completions. Following 
the example of P. R. Schult~,3~ the data have been subjected 
to a three-year moving average, merely to remove the ex- 
tremes of year-to-year random fluctuations. Even so, it can be 

Y 

CHART I: Barrels of Crude Oil Reserves Discovered per New Well 
Completion, vs. Cumulative Well Completions, 1907-1958. (Three-year 
moving averages) 

seen that until 1947, fluctuations in the smoothed data were 
quite pronounced. Despite the marked fluctuation, a gen- 
eral pattern of first increasing, and then declining, average 
discoveries per new well completion is apparent. A parabolic 
curve has been fitted to these data, with the following equa- 
tion resulting: 

Y' = -36.745 f .173775X - .0000688792X2 
where Y' is thousands of barrels of reserves of crude oil discovered 

per new well completion 

X is cumulative new well completions, in thousands. 
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For this computation, the index of determination is .6406 

indicating that 64.06 per cent of the total variation in the 
discoveries made by new well completions is associated with 
the accompanying variation in cumulative well completions. 
The index of correlation is .8003. The standard error of esti- 
mate is 14.78, indicating that, for the period covered, the 
probability is .6827 that the actual observed value of dis- 
coveries per new well completion will not differ from the 
value computed from the equation by more than 14,780 bar- 
rels, either above or below the computed value. Furthermore, 
the probability is .9546 that the actual value will not deviate 
above or below the computed value by more than twice the 
standard error of estimate, or 29,560 barrels; and the prob- 
ability is .9973 that the actual value will not deviate above or 
below the computed value by more than three times the 
standard error of estimate, or 44,340 barrels. The correlation 
coefficient is significant at the .001 level, indicating that there 
is less than one chance in a thousand that the observed corre- 
lation is due purely to chance, (It is recognized, however, that 
conventional tests of significance are not necessarily applica- 
ble to time series data.) 

This chart shows decreasing returns to drilling, and there- 
fore increasing costs per unit of crude oil discovered. What is 
the meaning of these historical data and the predicted 
parabolic decline curve for the future? Our view of the 
matter may be explained along the following lines. The sup- 
ply of hydrocarbon reserves to be exploited in the form of 
liquid hydrocarbons and natural gas is ultimately fixed in 
amount. The pattern of exploitation of these reserves will 
eventually lead to complete depletion. If the firms in the 
petroleum industry possessed complete advance knowledge 
of all the characteristics of their fixed stock of irreplaceable 
resources, they would select the optimum technological 
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method for exploiting them, i,e., that method urllich would 
maximize long run profits. In the course of the application of 
this optimal method, a production pattern of the diminishing 
returns variety would be achieved. Under these circum- 
stances, with perfect knowledge of the location of the most 
profitable deposits, the firms would first apply their variable 
resources (drilling rigs, crews, etc.) to the most productive 
portions of their fixed supply of raw materials (the oil fields 
themselves). At ally h e  there would be both an intensive 
margin in the exploitation of the most prolific pools, and an 
extensive margin in the initial tapping of less productive 
pools. The intensive margin can be thought of in terms of 
the appropriate spacing of wells over large pools; the exten- 
sive margin can be visualized in terms of the drilling of out- 
post wells or new ~ o o l  wildcats where smaller pools can 
profitably be tapped. Let us look upon the exploratory well 
as making a contribution to cumulative total discoveries of 
crude oil. The amount of discoveries which the exploratory 
well brings in is its addition, at its intensive or extensive 
margin, to total cumulative discoveries. We can look upon 
the volume of discoveries made by an indiviclual well as con- 
stituting its nzarginal productivity, to use the appropriate 
term in economic theory. The marginal productivity of a well 
is the total volun~e of discoveries which it contributes to total 
cumulative discoveries. Where a process is characterized by 
diminishing returns, the marginal productivity of the vari- 
able factor or factors (here conceived of as well completions) 
typically follows a pattern where there is an initial stage 
of increasing returns, followed by a point where a maximum 
is reached, after which diminishing returns begin to set in, 
causing the marginal productivity of the variable factor or 
factors to decline steadily until the zero level of productivity 
may be reached. If we assumed that all firms in the pe- 
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troleum industry had perfect knowledge of the extent of their 
oil deposits, in advance of any drilling, we might expect 
that the discoveries made by successive well completions 
would follow this classical pattern of diminishing returns. 

In the case of imperfect knowledge of the stock of re- 
serves, the marginal productivity of a well, in terms 01 prov- 
ing reserves, will depend at any time on the state of explora- 
tion tecl~nology in the industry. With a given state of techno- 
logical knowledge, the industry will exploit the opportunities 
made known to it in such a way that the better opportunities 
are taken up first, and the inferior ones left until later, so that 
diminishing retu~ns can be expected within the horizon of 
the prevailing level of tecl~nology. At a given state of knowl- 
edge, only so many possibilities will be suspected; these will 
be exploited in their order of potential promise. When im- 
provements in technology occur, the horizon shifts, and 
diminishing returns will begin to operate again, but within 
the framework of a larger realm of exploration possibilities. 
We should then expect to see the marginal productivity 
of a well slowly decrease until an innovation in exploration 
caused an upward shift in the entise marginal productivity 
horizon, from which point the marginal productivity would 
once again begin to decline. If knowledge of this exploration 
technology is not available to all the operators in the in- 
dustry, because of costs, or because a good number of the 
operators prefer to drill on "hunches," there will be erratic 
variations in the marginal productivity of these wells. Be- 
yond this, there will also be random erratic jauctuations in 
marginal productivity arising not only from the refusal or 
inability to employ the best available technology, but also 
from the residual fortuitous element present in even the best 
techniques of exploration so far devised. Until the technol- 
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ogy of exploration is substantially perfected, the chance ele- 
ment in exploration can never be overlooked, and at  present 
with seven out of eight new fieId wildcat wells failing to pro- 
duce, the chance element is clearly very important. 

Let us interpret Chart I in the light of these considera- 
tions. We see that we have three major peaks in average dis- 
coveries per well, coming about in 1911, 1928, and 1938. A 
good case could be made for the hypothesis that each of 
these peak periods (recognizing of course the effects of 
smoothing through three-year moving averages) represented 
the coming to maturity of a certain technique or group of 
techniques for exploration purposes. This is simply the reflec- 
tion of the fact that certain techniques are much more suc- 
cessful than others in locating certain types of formations 
and hence certain types of fields. New techniques have 
relatively soon found the larger and more obvious new fieIds 
for the discovery of which they were best suited, and then 
they have been used with less and less success, and finally 
discarded. One authority writes: "One of the most remark- 
able features . . . is the fact that each method of oil-finding 
had a relatively short activity span. Surface geology, which 
hit its stride in 1912, was nearly finished by 1924. The easily 
found stn~ctures in the Rocky Mountain states and in part of 
California were tested in rapid succession. The somewhat 
more difficult structures in the mid-continent were found in 
the later years. The torsion balance found a great many 
salt domes between 1922 and 1932. The refraction method 
of seismic surveying, also ideally suited for detecting salt 
domes, reached a peak in 1937. The reflection method, off to 
a slow start, accomplished wonders between the years 1929- 
48, when it also reached a peak. The gravimeter which sup- 
planted the torsion balance reached its peak in 1945."35 From 
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this, it would seem that shifts in technology do not achieve 
their maximum intensity of use as soon as they are introduced, 
but require a shorter or longer period of time to gain s&- 
ciently wide usage to reveal the full extent of their impact 
on the success rate of exploration. We might interpret the 
data of Chart I in this manner: there have been three "eras" 
in exploration technology since about 1900, and each hit its 
peak of discoveries per well and was followed by a decline 
until a new era of exploration technology was made possibje. 
The first era might be characterized as that of su~face geoL 
ogy. It began about 1901, and VerWeibe indicates that its 
discoveries hit their peak at about 1912, which would agree 
with the 1911 peak of our own chart. By 1924, d' lscoveries 
attributable to surface geology alone had dwindled to in- 
significance. The second era might be telnled that of exten- 
sive geophysical methods. The introduction of these tech- 
niques can be dated at about 1920, with the initial sn~all- 
scale use of the magnetometer and ths torsion balance being 
supplemented by the introduction, also initially on a small 
scale, of subsurface logging methods, electric logging, and 
the refraction seismograph in the early 1920's. The initial 
methods were extensive in scope, consisting primarily of 
relatively lower-cost reconnaissance methods of torsion bal- 
ance and magnetometer prospecting, which began to take 
hold about 1924. The peak of the discovery rate with these 
extensive geophysical means of exploration was perhaps 
reached about 1928, as indicated on our first chart. Neverthe- 
less, these extensive survey methods continued to find wider 
and wider use until about 1932, although after 1928 the 
effectiveness of such methods fell off greatly. The third era 
is rather difficult to date as to its beginniug. The sharp de- 
cline in discoveries in 1930-31 is due more to the effects of 
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the depression and the discovery of the giant East Texas 
fieId upon drilling incentives than to the unmitigated effect 
of diminishing returns to further exploratory efforts, although 
there should no doubt have been a slight downward trend 
even in the absence of these two occurrences. We might take 
1930 or 1932 as the beginning of the third era, that of inten- 
sive geophysical methods. The peak of average discoveries 
per well by this method was reached in the years 1937-39, 
and ever since that time the average returns to these inten- 
sive geophysical methods has been declining, One of the 
chief reasons, then, for the steady increase in finding costs is 
the fact that the industry is engaged in a more and more in- 
tense exploitation of essentially the same drilling opportuni- 
ties as are implicit in the same general horizon of exploration 
technology that has prevailed since the early 1930's. A 
revolution in exploration techniques, such as that which 
might be supplied by the discovery of an infallible method 
for the direct detection of petroleum deposits in the ground, 
would be the most effective means of lowering finding costs. 
Such a basic change in technological horizons has seemingly 
not come about since approximately 1930-32, even if many 
improvements in detail have been achieved by way of the 
development of intensive geophysical methods of exploration 
since the early 1930's. 

The third era took six to eight years to build up to its peak 
of discovery. This might easily be explained by the reluctance 
of firms to use the higher-cost intensive methods of explora- 
tion before the relatively lower-cost extensive methods had 
proved themselves outdated, The third era has seen the in- 
creasingly widespread use of costly, intensive methods of 
exploration, chiefly the reflection and refraction seismograph. 
As VerWeibe indicated, the refraction seismograph reached 
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its peak of success in 1937; the refraction seismograph 
reached a lower peak in 1948, and the newer exploration 
tool, the gravimeter which replaced the torsion balance, 
reached its peak of discovery in 1945. We may feel safe in 
assuming that unless very important changes in exploration 
technology talte place in the near future, the declining curve 
of Chart I deserves some attention in regard to the probable 
significance of extrapolation to obtain future trends in dis- 
coveries per new well completion. 

The data of Chart I do not suggest that these three eras of 
exploration technology were regular in their cycles of first 
increasing and then decreasing discoveries per well. Infor- 
mation on the first half of the first era is not available; the 
second era shows extreme fluctuations around its 1928 peak; 
and the third era shows a secondary peak in 1947. By way 
of explanation it may be said that before about 1930, the use 
of professional geologicaI and geophysical services to guide 
drilling programs was much less widespread than in the 
decades thereafter, and the earlier reliance on "hunches" 
and "creekology" (the inferring of faults from the course of 
creekbeds) certainly tended to increase the purely random 
fluctuation present at all times in the series. The depression 
of 1929 and the discovery of the East Texas field were largely 
responsible for the decline in discoveries in 1930-32, and the 
fluctuations from 1938 to 1947 may to some extent be ex- 
plained by the effect of the second world war emergency on 
drilling programs, although just how much of the fluctuation 
is to be attributed to wartime dislocations is not certain. I t  
seems quite likely, however, that the steady decline after 1947 
is highly significant. The last ten or eleven years have seen the 
most intensive exploration program ever carried out in the 
United States, with systematic and efficient use being made 
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of all the resources available to the industry, at least through 
the year 1956. The decline is therefore capable of interpreta- 
tion in this light: with a systematic exploitation of all avail- 
able opportunities in the order of their seeming promise, the 
phenomenon of diminishing returns is making itself felt with 
unmistakable clarity. That the returns to exploratoly activity 
have been declining over time is simply evidence that the 
companies have been efficient in exploiting the most promis- 
ing opportunities first of all, and then in having recourse to 
the successively less promising ones. 

Can any information regarding the future be obtained 
from Chart I? Before giving a general answer, we must point 
out that the information employed in drawing up Chart I is 
not the most relevant to the problem at hand, nor is the fit- 
ting of a single composite curve to the total body of the his- 
torical data an ideal solution to the statistical problem. 

Let us consider the second point first. If we were certain 
that there had been three eras in exploration activity, it 
would have been expedient to compute separate growth and 
decline cuives for each of the three exploratoly eras, using 
curves of parabolic or other similar forms. This was not done 
because of the impossibility of defining the beginning and end 
of each era. Instead, a composite curve was fitted, which 
would seem to result in the making of a reIatively optimistic 
estimate of future discoveries per well completion. This can 
be seen from the circumstance that discoveries since 1947 
have declined more rapidly than would be estimated by pro- 
jecting the parabolic decline curve. 

Second, the information presented gives us a measure of 
the average discoveries of crude oil, in terms of the current 
addition to total cumulative discoveries, per new well com- 
pletion. This means that exploratory and deveIopmenta1 
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wells are both included in the denominator of our average 
figure, although it would be much more to the point to 
measure the discoveries per well only in terms of explora- 
tory welIs. This was not done because we were interested in 
drawing up, at the outset, the best available approximation 
of the entire historical trend of this index of the real cost 
of ciude oil exploration since about 1900, and for this pur- 
pose we had to make use of the longer series on total well 
completions, rather than the relatively shorter series on total 
exploratory wells. (Discoveries per exploratory well will be 
considered below,) 

Returning to the parabolic equation for predicting dis- 
coveries of crude oil per new well completion in the future, 
for what it may be worth, we find that we can make several 
definite "predictions" by way of simple extrapolation alone. 
These extrapolations are purely formal consequences of the 
nature of our estimating equation. The equation itself shows 
the marginal productivity of a single well completion at any 
level of cumulative well completions. We can integrate the 
equation for the marginal productivity of individual wells and 
thereby arrive at  the total ultimate figure for discoveries from 
all welIs that can ever be drilled productively. Our discovery 
curve eventually reaches zero; at that point, diminishing re- 
turns have reached their climax, and no further discoveries 
remain to be made. We can integrate the equation for dis- 
coveries per well and evaluate the integral between zero 
cumulative wells (the beginning of drilling) and the point at 
which the productivity of an additional well reaches zero, 
where no more reserves are to be found. Assuming that the 
arbitrary constant of integration is zero, that is, there are no 
discoveries made before any wells are drilled, we have: 
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/Y' dX = - 36.745X 3. .086888X2 - .0000229597Xa 

when Y' = 0, .173775X - .0000888792X2 = 36.745; X = 2289.5; 
/Y'dX = 105780.5 

when dY'/dX = 0, .I73775 = .000137758X; X = 1261.5; Y' = 72.859 

These computations imply certain things. For one thing, 
the marginal productivity, or volume of discoveries, of 
a well completion will reach zero when 2,289,500 wells 
have been drilled, and ultimate reserves will amount to 
105,780,500,000 barrels of crude oil. At the rate of 50,000 
wells per year, the limit of discovery would be reached some 
time in 1969. The peak of the equation was reached in late 
1947, when the 1,261,550th well was drilled, its theoretical 
discovery level being 72,859 barrels of crude oil. Tuiming 
to Table 11, we see that the actual data estimate of marginal 
productivity was 60,006 barrels per we11 compIetion for the 
average of the three-year period 1952-54 inclusive; judging 
from our parabolic equation, the median well drilled during 
this period would have been about the 1,550,000th well, 
which should have had a theoretical discovery level of 67,124 
barrels. For the typical (median) well of 1952-54, its 60,006 
barrels of reserves would have been worth only about 
$60,000 in place at the time of discovery, given the prevail- 
ing price level of that time (one dollar per barrel) for proved 
reserves in the ground. This is only 20 per cent above the 
cost of drilling alone: $50,200 for the average well drilled 
in 1953, as reported by the Joint Association Survey.3G 

Chart I1 presents a somewhat different way of measuring 
the same general trend. Here the trend in the number of 
barrels of crude oil discovered per dry hole is computed 
for the period 1907-58. Dry holes have been used as a - 

method of estimating the number of exploratory wells 
actually drilled each year. This is an approximate measure, 
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3-Yt. 
Bbls. of Curnula- Cumula- Avg. Disc. &g. Mov. 
Reserves Avg. Disc. tive t lve Per Well- Avg. of z$)d of Crude Per R'ell Total Res. Cumula- Avg. Disc. 

Oil '#ells Added Avg. DISC. per lvdl, 
~ o u ? d  E!J. Dulled (Million u .  ' Cum. 

(Mill~ons) (Thou.) bbls.) bbls.) bbls.) %;,I. 

Sources: Wells, U. S. Bureau of Mines; reserves, American Petroleum Institute. 
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Disc. of Cumulative Cumulative Disc. Per g$ae 
No' Crude Oil Avg. Disc. Dry Hole ~ ~ ~ ~ l ~ ~ i ~ ~  

Dry Per Dry Hole Di!z,"!p" Per Dry Hole 
(Thou') (Thou. bbls.) (Thou. bbls.) (Thou. bb1s.-3-yr. Mov. Avg.) 

Sources: Well data: 1850-1900,1901-17. U. S. Bureau of &lines, in Petrolcuna.Almanac, National In- 
dustr~al Conference Bonrd, 1946, p. 11; 1905-17 dry holes est~mated by mult~ply~?g the number of wells 
drilled per venr by the five-year averages for dry hole percentages as reported In the World Petroleum 
Statistical Yearbook, V01. I ,  1953-54 p. 08 as based on U. S. ~ u r e a u  of Mines data: 1918-50 dry holes 
from Petroleum Data Book, Vol. I ,  i917, 6. D-12; 1931-53 from World Petroleum Statistical Yearbook, 
Vol. I ,  1053-64, p. 98; 1954-58 from World Oil, February 15, 1959, p. 93. Reserve data: 1900-48, 
Americnn Petroleum Institute in World Oil, February IS, 1958, p. 138; 1949-58. from American Petra- 
Ieum Institute and American Gas Asmcintion Annual Reporte on Reserves. 
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CHART 11: Barrels of Crude Oil Reserves Discovered per Exploratory 
Well, as Estimated from Dry Holes, vs. Cumulative Dry Holes, 1907- 
1958, (Three-year moving averages) Line a": Actual data on dis- 
coveries of crude oil per dry hole. Line a: Regression line of actud 
data on discoveries per dry hole. Line b: Regression line of curnula- 
tive average discoveries per dry hoIe. Line c*: Actual data on cumula- 
tive discoveries of crude oil. Line c: Regression line of cumulative 
discoveries of crude oil. 

but it may perhaps be preferable to the use of the gross 
number of exploratory and developmental wells combined. 
Dry holes are sometinles used as an indirect way of esti- 
mating total exploratory since a much higher ratio 
of dry holes occurs anlong exploratory wells than among 
developmental wells. However, this is not necessarily a de- 
pendable estimate of the number of exploratory wells. (For 
details, see the discussion of this point in Section I.) Even 
so, these results are considered sufficiently important to 
present in conjunction with other estimates of the trend 
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of real finding costs in terms of barrels discovered per well. 

The equation for discoveries per dry hole for the period 
1907-58 is as follows : 

Y' = - 39.831 + 2.48636X - .00486607X2 
where Y' is thousands of barrels of reserves of crude oil discovered per 

dry hole 
X is cumulative dry holes in thousands 

The index of determination is ,4705, indicating that 47.05 
per cent of the total variation in the discoveries attributed - 

to a dry hole is associated with the accompanying variation 
in the cumulative number of dry holes. The index of correla- 
tion is .6859. The standard error of estimate is 68,220 bar- 
rels, and the index of correlation is significant at the ,001 
level. 

Chart II shows the same general course of discoveries as 
did Chart I. Peaks were reached in 1911, 1928, and 1945 
(instead of 1947, as in Chart I). The chief point to be noted 
on this chart is the very close approximation of the actual 
course of discoveries to the theoretical fit for the period 
since 1941. Chart I1 contains five curves, two having been 
drawn up from actual data, and three having been statisti- 
cally constructed from the actual data. Line a" shows the 
actual data on the marginal productivity of exploratory wells 
as estimated from dry holes; line a is the curve fitted to ihese 
data, which shows the theoretical marginal productivity of 
exploratory wells. Line a or Y' is denoted mathematically 
as dD/dX, the first derivative of total cumulative discoveries 
D, with respect to cumulative dry holes, X. Line b shows 
the theoretical average productivity of exploratory wells as 
estimated from dry holes. Mathematically, it is simply the 
ratio of D to X for any value of X, i.e., the average number 
of barrels of crude oil discovered by all wells drilled up to 
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that time. Line b is plotted chiefly in order to show its rela- 
tionship to h e  a. Line a reaches a maximum in 1945, at 
which point the 255,482nd dry hole had a marginal pro- 
ductivity of 277,790 barrels of crude oil. After that point, 
marginal productivity continually decreases, although for a 
while, average productivity for all dry holes cumulatively 
continues to increase (line b). At about 390,000 dry holes, 
however (achieved sometime in 1954), the average produc- 
tivity curve intersects the marginal productivity cuive, and 
both curves then decline thereafter. This is a consequence 
of the functional relationship of average and marginal 
curves; as long as the marginal dry hole has a productivity 
above that of the cumulative average, the cumulative aver- 
age productivity curve must increase, since the (higher) 
productivity of the marginal dry hole is being added in 
with that of all dry holes up to that point. But the marginal 
productivity continues to decline, and when the marginal 
productivity drops below the cumulative average produc- 
tivity up to that point, the cumulative average productivity 
curve must correspondingly decline. Consequently, the 
point at which the marginal productivity curve intersects 
the average productivity curve is the point of maximum 
cumulative average pi-oductivity. Line c" shows the actual 
data on cumulative total discoveries of crude oil. Line c 
shows the derived curve which corresponds to the actual 
data. Mathematically, line c is the integral of line a, or the 
integral of dD/dX, which is measured in terms of D, cumula- 
tive total discoveries of crude oil in billons of barrels. 

I t  is to be noted that, according to Chart 11, the level of 
zero discoveries per dry hole will be reached before 490,000 
dry holes have been drilled. This extrapolation thus implies 
a degree of pessimism bordering upon absurdity, inasmuch 
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as 490,000 dry holes will no doubt have been drilled by late 
1959. While it would be far-fetched to place much reliance 
upon any single measure such as this, other ways of esti- 
mating ultimate reserves merely substitute different types 
of guesswork, which often do not have the support of such 
extensive historical data as underbe the present computation. 
A glance at Chart II, however, will serve to warn us that 
since about 1955, the rate of actual decline in discoveries 
has not been as rapid as the extrapolated parabolic curve 
would call for. 

Chart I11 presents the information on discoveries of crude 
oil per dry hole in yet another manner. Here discoveries per 
dry hole have been plotted versus cumulative discoveries of 

CEIART 111: Barrels of Crude Oil Reserves Discovered per Dry Hole, 
vs. Cumulative Crude Oil Discoveries, 1907-1957. (Three-year moving 
averages.) 
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crude oil, in billions of barrels. Cumulative discoveries are 
employed here as the independent variable in order to il- 
luminate another aspect of diminishing returns in drilling 
activities. The greater the volume of oil that has been dis- 
covered, the smaller is the remaining quantity to be found, 
Cumulative dry holes do not serve to place the relationship 
in as sharp a focus as do cumulative discoveries, since each 
dry hole is counted as homogeneous with every other dry 
hole, but as the average discovery rate of a dry hole declines, 
cumulative discoveries do not increase relatively as rapidly 
as cumulative dry holes, The over-a11 fit of the equation to the 
data is better than in the case of Chart 11, the fit between 
1940 and 1954 being exceptionally close. The equation of 
this parabolic curve is as follows: 

Y' = 29.796 f 11.65324X - .124277X2 
where Y' is discoveries of crude oil per dry hole in thousands of barrels 

Xis cumulative discoveries of crude oil in billions of barrels 

The index of determination is .6043, indicating that 60.43 
per cent of the variation in the discoveries attributable to 
a dry hole is associated with the accompanying variation in 
the cumulative number of dry holes. The index of correlation 
is .7773. The standard error of estimate is 58,980 barrels, and 
the correlation index is significant at the ,001 level. 

If we extrapolate this curve in an attempt to predict the 
point at which cumulative discoveries will reach a maximum 
and new discoveries will cease, we obtain results that are 
approximately the same as those of Chart 11. But these 
extrapolations seem too pessimistic in the light of the fact 
that since 1954 the rate of discovery, although continuing to 
decline, has not declined at as rapid a rate as our parabolic 
estimating equation would indicate. Here the situation is 
much the same as it was in Chart 11, This circumstance 
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Nscoveries of Crude A v e $ ~ ~ ~ ~ ~ b l s '  Cumulative Crude Oil 
Year Oil Per Dry Cumulative Basis Discoveries 

(Thousnnd barrels) [Thousnnd barrels, (Btliion barrela) 

Averages- 
100.2 
99.2 
101.0 
104.6 
109.8 
112.5 
119.3 
110.9 
110.8 
111.5 
111.6 
111.5 
112.8 
115.5 
116.8 
117.6 
118.8 
119.8 
121.5 
197.6 
132.8 
141.1 
146.9 
161.4 
150.9 
149.8 
149.8 
161.2 
155.9 
160.4 
169.5 
178.6 
184.1 
187.5 
190.2 
192.4 
194.7 
196.7 
109.9 
2m.2 
205.4 
208.1 
209.6 
210.8 
209.6 
208.8 
408.8 
905.8 
900.0 
107.8 
104.9 

ii. 79 
15.41 
17.17 
18.24 
40.84 
99.94 

Sources: Cumulative disceverice, American Petroleum Institute; discoveries per dry hole, see Table 
IIn. 
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probably arises for two reasons that make the parabolic 
decline curve unsuitable for the present stage of diminish- 
ing returns to exploration. 

First, as was mentioned in connection with Chart I, we 
are probably dealing with three separate eras in exploration, 
the declining stages of each of which would no doubt be 
characterized by a decreasing rate of decline as smaller and 
smaller pools continue to be found from year to year. If 
perfect knowledge of exploration opportunities prevailed, 
the decline would probably be rapid at the end, in accord- 
ance with the parabolic form of equation, but since knowl- 
edge is imperfect, it is probable that the decline would be 
a rather longer and more gradual process, a mopping-up 
operation on small pools that had been by-passed by earlier 
exploration programs, and the resulting decline curve would 
be more likely to have the form of a declining hyperbola 
which made an asymptotic approach to the zero level of 
discoveries over a very long period of time. 

Second, our measure of exploration in terms of dry holes 
is by no means a suitable substitute for a measurement in 
terms of exploratory welIs proper. In fact, it may well be that 
the very close fit that prevailed between 1941 and 1954 is 
somewhat fortuitous, although much of the closeness of fit 
must also be interpreted along the lines of the data in 
Charts I and I1 for the last 20 years. That is to say, during 
this period, exploration was carried on more intensively, or 
more 'Lpr~fessionally," and fewer random fluctuations were 
experienced because the great majority of firms had been 
forced to use the best available exploration techniques in a 
consistently intensive manner. 

Chart IV represents still another attempt to measure the 
trend in the real cost of finding crude oil reserves. In this 
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CHART IV: Barrels of Crude Oil Reserves Discovered per Exploratory 
Well, vs. Cumulative Exploratory Wells since 1934, for 1935-1957. 
Line a: Actual data. Line b: Regression line of actual data. 

instance we have traded the advantage of a longer histori- 
cal perspective for the probably greater advantage of a 
consistent definition of our unit of exploratory outlay. Here 
we measure the average number of barrels of crude oil 
discovered per exploratory well, in relationship to the cumu- 
lative number of exploratory wells drilled since 1934. Esti- 
mates of the number of exploratory wells can be made with 
sufficient accuracy back to 1935, and although this limits 
the time period covered by our trend calculations, we have 
the advantage of being able to allocate total crude oil dis- 
coveries to exploratory wells proper, the best single measure 
of discovery effort, 

If we look at the actual data for 1935-1957, we note that 
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it contrasts somewhat with the data of the first three charts 
for the period since 1935. On the basis of dry hole data, the 
period began with a pronounced increase in discoveries per 
dry hole from 1935 to a peak in 1938, and then declined to 
a secondary peak in 1945, with an almost unbroken decline 
since that time. The data on exploratory wells proper, how- 
ever, show a precipitous decline from the very beginning of 
the period, 1935, until 1943, after which a gentler but pro- 
nounced rate of decline has prevailed, broken only by up- 
turns in 1948 and 1951. I t  should be noted that this curve is 
drawn up on the basis of annual observations rather than 
the three-year moving averages previously employed; if 
three-year moving averages were used in Chart IV as well 
the downward trend would be virtually uninterrupted. 

A logarithmic decline curve was fitted to the data of Chart 
IV, and the decline that results seems more in line with our 
a priori expectations as to the later stages of diminishing 
returns to drilling activity, and also more consistent with 
the most recent observations in Charts I1 and 111. The form 
of the logarithmic equation is : 

log Y' = 2.92651 - .4888821. x 10-5X 
where Y'is discoveries of crude oil reserves per exploratory well in 

thousands of barrels 
Xis cumulative number of exploratory wells since 1934. 

The index of determination is ,7769 and the index of 
correlation is .8814. The standard error of estimate is 13,640 
barrels and the correlation index is significant at the -001 
level. 

In estimating the total discoveries of crude oil as a func- 
tion of cumulative exploratory wells, it is necessary to 
integrate Y' and add as the constant of integration the 
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BARRELS OF CRUDE OIL RESERVES DISCOVERED PER EXPLORATORY XELL 
vs. CUMULATIVE EXPLOR.~TORY WELLB SINCE I934 

Discoveries of Crude Oil 
Year per ~ ~ ~ l ~ ~ ~ t ~ ~ ~  well 

We& Since 1934 (Thousand barrels) 

Sources: Wells 1935-37, J. E. Swearingen and J. W. Boatmight, "Meeting 
Future Petroleum Demands," in Hearings on H.R. 4994, 83rd Congress, first ses- 
sion, p. 987; 1938-57, F. H. Lahee, in July issues of the Bulletin of the American 
Association of Petroleum Geologists; discoveries, American Petroleum Institute, in 
Vorld Oil. 

anlouilt of cumulative discoveries made before 1935, a 
figure of some 30 bilIion barrels. We find that the ulti- 
mate Ievel of discoveries to be expected will be some 
103,334,000,OQO barrels, to be discovered in progressively 
smaller amounts over the indefinitely prolonged future as 
the logarithmic curve approaches more and more closely 
to zero. 
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Chart V puts the same information in a slightly digerent 

perspective. Here the declining rate of discoveries per ex- 
ploratory well is expressed in relation to the cunlulative 
discoveries of crude oil. It is interesting, if rather futile, to 
speculate on the trend which could be obtained prior to 
1935 if the necessary data were available. No doubt the years 
1935-38 were years of exceptionally large discoveries, but 
it would be interesting to know how many exploratory wells 
were drilled in the earlier years, and whether or not the 
real trend, for each of the three discovery "eras" was actually 
one of continually decreasing returns from the very begin- 
ning of the era. Unfortunately we cannot measure the re- 
turns per actual exploratory well. Chart V also shows how 

C-T V: Barrels of Crudo Oil Reserves Discovered per ExpIoratory 
Well vs. Cumulative Discoveries of Crude Oil, 1935-1957; Barrels of 
Total Liquid Hydrocarbons and Natural Gas Discovered per Explora- 
tory Well vs. Cumulative Discoveries of Crude Oil, 1947-1957. 
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the picture is changed if natural gas and natural gas liquids 
are added in with crude oil, on the basis of the crude-oil 
equivalent of the BTU's represented by the other liquid 
hydrocarbons and natural gas. This increases the average 
level of discoveries by almost 100 per cent and greatly in- 
creases the year-to-year fluctuation, but there is still a 
notable decline over the years 1947-58, which are the only 
years for which acceptable data on the volume of natural 
gas discoveries are available. 

After having surveyed the above evidence of trends in the 
real cost of finding reserves, from the vantage point of the 
longest obtainable historical perspective, it is probably best 
to undertake a detailed investigation of the available statis- 
tics relating to the real costs and the real productivity of 
true exploratory wells, and to consider briefly the relation- 

Total Liquid 
Hydrocarbons & Number of Bbls. Found 

Year Natural Gas Exploratory Per Expl. Well 

(Million bbls.) Wells (Thousands) 
- 

1947 4,770 6,775 704.1 
1948 6,850 8,013 854.9 
1949 5,938 9,058 655.6 
1950 5,571 10,306 540.5 
1951 8,137 11,756 692. '3 
1952 6,002 18,485 483.1 
1953 7,937 13,313 595.4 
1954 4,776 13,097 364.7 
1955 7,467 14,937 498.6 
1956 8,389 16,173 518.7 
1957 6,145 14,707 417.8 

Sources: Wells, F. R. Lahee, in July issues of the Bulletin of the Amwkan Asso& 
tion of Petroleum Geologists; Reserves, American PetroIeum Institute and American 
Gas Association, in World Oil. 
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ship between exploratory and development welIs. Before 
investigating the details of these special classes of wells, 
however, there are two additional series on the real cost of 
finding reserves which extend over a sufficiently long period 
of time to confer upon them some historical interest. Neither 
of these series presents a dear picture as far as the assess- 
ment of specific cost trends is concerned, but each makes 
its contribution to the overall picture of increasing real costs, 
and emphasizes the fact that such a picture must at present 
be built up from a large number of sources of only indirect 
immediate relevance to the cost trend problem. 

The first of these historical series has been compiled from 
a number of sources and purports to show the trend in the 
average depth of all wells drilled, from 1860 to 1958. These 
data are contained in Chart VI, where it is shown that the 
average depth of wells drilled did not exceed 2,000 feet 
until 1916-20, but that average depths have increased quite 
rapidly since 1931. A straight-line curve was fitted to the 
1931-58 data, and the following equation was obtained: 

Y' = 3,410.6 + 64.67X 
where Y' is the average depth of wells (excluding service wells) in feet 

X is time in years (1945 = 0) 

The standard error of estimate is 132.1 feet. This equation 
indicates that the average depth of all wells in the United 
States is increasing by 64.67 feet per year. I t  is not certain 
but it is rather likely from the data presented in Chart VI, 
that the long-run trend of average well depth in the in- 
dustry has been to increase at a somewhat increasing rate, 
with the increase in this rate becoming somewhat more 
pronounced since about 1930. If year-to-year data were only 
available prior to 1930, it would be rewarding to attempt 
to fit an exponentially increasing curve to this data. As it 
is, an average increase of 64.67 feet per year per weU is a 
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CHART VI: Average Depth of All Wells Drilled, 1860-1958. (Excludes 
Service Wells.) 

very sizeable factor making for increasing costs. This can be 
seen from the data on costs of drilling by depth range, de- 
veloped by the Joint Association Survey on Drilling Costs. 
If we interpolate on the basis of these data from the Survey, 
we find that the total cost of a well 4,052 feet deep (the 
1958 average depth) would be $26,440. A 64.67 foot annual 
increase in depth would bring the average depth of the 1959 
well to about 4,117 feet, at which level a total cost of 
$28,060 for drilling alone could be expected. This is an in- 
crease of $1,620 per well at 1953 cost levels. Since the Survey 
data show that the total cost increases more than propor- 
tionately with increasing depth of well, total costs per well 
can therefore be expected to increase more rapidly than 
average footage in the future. 

The second of these historical series shows the number of 
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barrels of crude oil reserves found per foot drilled, from 1925 
through 1957, and also shows the number of barrels of crude 
oil equivalent discovered per foot drilled, when crude oil, 
natural gas liquids, and natural gas are all converted into 
equivalent barrels of crude oil on the basis of their relative 
BTU content. These data are shown in Chart VII, and bear 
some resemblance to the data presented in Charts I, 11, and 

CHART VII: Barrels of Reserves Discovered per Foot Drilled: Crude 
Oil, 1925-1957; Crude Oil, Natural Gas Liquids, and Natural Gas, 
1947-1957. 

111, tile chief difference being that the data of Chart VII have 
not been subjectecl to the moving-average process. The ad- 
vantage that this chart has over Chart I is that it shows the 
effect of the increasing average depth of wells, the produc- 



BARRELS OF RESERWS DISCOVERED PER FOOT DRILLED: CRUDE OIL, 1925-1957; 
CRUDE OIL, NATURAL GAB LIQUIDS, AND NATURAL GAS, 1947-1957 

Total 

Year 
Total Feet 

Drilled* 
(Thousands) 

Total 
Crude Oil 
Reserves 
Found 
(Million 
Barrels) 

Total 
Discoveries 
of Crude Oil, 
Natural Gas 
Liquids, and 
Natural Gas 

(Million 
Barrels) 

Discoveries 
of Crude Oil, 
Natural Gas 
Liquids, and 
Natural Gas, 
in Equivalent 

Barrels of 
Crude Oil 
Per Foot 
Drilled 

Sources: Reserves, American Petroleum Institute; footage, U. S. Bureau of Mines, 
1925-26 in Pet~oleum Almanac, p. 15; 1927-38 in Pef~oleum Data Book, 1047, p. 
D-40; 1939-57 in World Oil, February 16, 1958, p. 139. 

" Excludes service wells. 
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tivity per foot drilled in the late 19Us  is actually greater than 
that of 1937, although on a per-well basis, the 1937-38 peak is 
considerably higher. For crude oil alone, the trend since the 
late 1930's is clearly a downward one, although it was broken 
by higher values for the years 1948 and 1951, and to a lesser 
extent, by 1946 and 1953. Since 1953 the trend has been con- 
tinually downward, falling from 16.86 barrels per foot in 1953, 
to 11.05 barrels per foot in 1957. For crude oil, natural gas 
liquids, and natural gas, the trend from 1947 through 1957 has 
on the whole declined at least as steeply, although the fluctua- 
tions around the trend line of decline that might be fitted 
to these eleven years are inordinately large, much of this 
fluctuation being attributable to extensions and revisions 
of natural gas reserve discoveries for prior years. I t  is useful 
to note that, even if natural gas liquids and natural gas are 
incIuded with crude oil discoveries, the downward orienta- 
tion of the trend since 1947 is not altered, although the dis- 
persion around this trend is greatly increased. Obviously 
we can make no valid conclusions about the trend unless we 
have reliable data on reserves of natural gas liquids and 
natural gas before 1947, but unfortunately these data are 
not: available. 

Tables VII and VIII represent an attempt to provide sup- 
plementary information on the ratios in which crude oil, 
natural gas liquids, and natural gas discoveries have been 
encountered in the past twenty years. One is immediately 
struck by the extreme variability in these ratios from year 
to year. First, let us consider the ratio of new discoveries 
of natural gas liquids to new discoveries of crude oil. In 
1935 this ratio was less than one-half of one per cent, but 
gradually increased, wit11 extreme year-to-year variations, 
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to a level of about 19 per cent in 1951, and to some 31 per 
cent in 1957. If we compare extensions and revisions of 
natural gas liquids discoveries with extensions and revisions 
of crude oil discoveries, we find that the same pattern of 
extreme variation is present, although on the whole the trend 

R.4~10 OF TOTAL DISCOVERIES, EXTENSIONS, AND REVISIONS OF NATURAL 
GAS LIQUIDS AND NATURAL GAS TO CRUDE OIL 

(Millions of Barrels) 

New Discoveries Revisions & Extensions 
Year (?) + (1) (3) + (1) (6) + (4) 

Crude NGL* Ng,"~' Crude NGL* Nntura' Gns 

' Natural Gas Liquids. 
Source': American Petroleum Institute nnd American Gus Bssocintion; 1936-1946 dnta presented by 

H. J. Struth in Fork4 Pairoleurn, July 1954, p. 60. 

has been upward since about 1937. There seems to be no 
real stability in this ratio, however, for the ratio was 28.6 
per cent in 1956 and 0.5 per cent in 1957. 

Two other series have been computed for purposes of 
comparison. The ratio of total additions to natural gas liquids 
discoveries to total additions to crude oil discoveries has 
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TABLE VIXI 

Year 

Total 
Disc. of 
Crude 

Oil 
(Million 
Barrels) 

Total 
Disc. of 
Natural 

Gas 
Liquids 
(Million 
Barrels) 

Total 
Disc. of 
Natural 

Gas 
(Million 
Barrels) 

3-Yr. 
Moving 
Average 

of (4) 

3-Ya 
Moving 
Average 

of (5) 

Sources: American Petroleum Institute and American Gas Association; 1936- 
1946 data based on data presented by H. J. Struth, in World Pdf0le~7n, July 1954, 
pp. 60, 62. 

been computed, and also the ratio of the total additions to 
natural gas discoveries to total additions to crude oiI dis- 
coveries, both of these series being computed on the basis 
,of three-year moving averages to eliminate extreme ffuctua- 
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tions. The first of these two series seems to have increased 
from about three per cent in 1936-38 to over 22 per cent in 
1950-52, and to have decreased to about 15 per cent since 
that time. The second of the two series shows the most inter- 
esting and consistent trend present in the entirety of these 
data. The ratio of total discoveries of natural gas to total 
discoveries of crude oil has doubled in ten years, from 75.2 
per cent in 1947-49, to 151.3 per cent in 1955-57. In part 
this is a consequence of deeper drilling, it would seem, 
for fiere is a familiar phrase in the industry to the effect that 
"the deeper the ciude, the lighter the crude." In part, how- 
ever, it would seem to indicate that different types of forma- 
tions are now being more widely explored than was formerly 
the case. At any rate, this phenomenon points up the in- 
creasing urgency of the need for devising a more satisfactory 
way of dealing with the joint-product dilemma, 

Turning next to the detailed consideration of the statistics 
on exploratory wells, we may first note that the costs of 
finding oil through a program of exploratory drilling will 
vary with (1) the average depth of wells, (2) the percentage 
of dry holes among exploratory wells, and (3) the average 
size of oil or gas pools discovered. All of these variables can 
be combined when the trend of discoveries per exploratory 
foot drilled is computed, but it is instructive to consider the 
first and second of these variables separately before in- 
vestigating the net result of all of them as it affects dis- 
coveries per exploratory foot. 

Chart VIII shows the number of exploratory wells and 
the total footage drilled for the period 1937-57. Both series 
are difficult to analyze statistically because of the indications 
which each presents of a break in an upward trend, the 
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period of the break being somewhere between 1954 and 
1956. Footage and total wells both demonstrate an ex- 
ponential rate of increase up until about 1954, when the 
trend is clearly broken without the establishment of any 
definite new trend. If we can take 1954 as the end of the 
trend, we can compute the historical trends of total explora- 

CHART VIII: Exploratory Wells: Number and Total Footage DriIIed, 
1937-1957. Line a: Total number of exploratory wells drilled. Line b: 
Total footage drilled. 

tory wells and total exploratory footage for the period 1937- 
54. This would be of interest, and would be useful chiefly 
in the event that the 1937-54 trend might be resumed in the 
near future, after of course allowing for the break in the 
series. I t  is probably not likely that such a rate of increase 
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would be precisely resumed, although if the decline in the 
average discoveries per exploratory well predicted in Charts 
111 and IV is to come about, the increase in totaI exploratory 
wells and footage must be at least as great as that experi- 
enced in the period 1937-54, since discoveries per well and 
per foot will continue to fall. 

The parabolic equation for the number of wells drilled 
is as follows: 

Y' = 7,688.15 + 779.16X + 17.35'291i2 
where Y' is the number of exploratory wells drilled per year 

X is time in years (1948 = 0) 

The standard error of estimate is 725.8 wells. This curve 
increases quite rapidly; for the year 1959, for exa~nple, the 
increase in exploratory wells over 1955 would be 1,471 wells, 
a sizeable but not impossible increase, especially when one 
takes into account the increased number of wells needed to 
maintain reserves when the average size of oil pools found 
continues to decrease. 

A logarithmic equation was found to provide t l ~ e  best fit 
to the data on total exploratory footage. The equation is as 
follows : 

log Y' = 4.40511 $- .051965X 
where Y' = thousands of feet of exploratory wells drilled per year 

X = time in years (1947 = 0) 

The standard error of estimate is 114,900 feet. This equa- 
tion produced a very good fit for the data through 1955. The 
same may be said for this series that was said for the preced- 
ing equation on exploratory wells. Future reserve require- 
ments must be met, and even if demand does not increase at 
as rapid a rate as it has in the past decade, decreasing success 
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rates in finding reserves may be such as to indicate the rele- 
vance of the resumption of such a rate of drilling as is given 
by the above equation. 

Chart IX gives the average depth of exploratory wells, 
classified into five groups, for the period 1938-57. For con- 

EXPLORATORY WELLS: NUMBER AND TOTAL FOOTAGE DRILLED, 1937-1967 

Total Exploratory Footage Total Exploratory 
Year (Thousand feet) Wells 

1937 N.A. 2,322 
1938 8,860 9,638 
1939 8,793 2,7023 
1940 10,254 3,038 
1941 11,615 8,264 
1942 12,1234 9,212 
1943 15,720 4,008 
1944 520,226 4,796 
1945 %S, 030 5,516 
1946 32,198 6,769 
1947 26,393 6,776 
1948 92,741 8,013 
1949 34,798 9,058 
1950 40,175 10,308 
1951 49,344 11,756 
1952 55,615 12,425 
1953 60,703 13,313 
1954 69,581 13,097 
1955 69,173 14,937 
1956 73,981 16,173 
1957 69,136 14,707 

Source: F. H. Lahee, in July issues of the Bulletin of the American Association of 
Petroleum Geologists. 

densate wells, a very small group, the average depth of well 
has been increasing rapidly since 1953, although the peak 
level of 1948 has not been regained. The other four cate- 
gories, gas-producing exploratory web,  oil producing wells, 
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total exploratory wells, and dry exploratory weEs, are closer 
together in average depth, and have bee11 increasing ill 
depth, on the whole, 80 or more feet per year since 1938. I t  is 
interesting to note that the average depth of dry wells has 

C I ~ T  IX: Exploratory Wells: Average Depth of Dry Wells, Oil Find- 
ing Wells, Gas Wells, Condensate Wells, and Total Exploratory Wells, 
1938-1957. 

always been lower than that of any producing group; that 
oil producers have generally had the highest average depth 
since 1945 (with the exception of four years in which they 
were exceeded by the relatively small group of gas pro- 
ducers), and that among those four years are included three 
of the last four years in the series: 1954, 1956, and 1957. 

Chart X reveals an even more pronounced trend in the 
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TABLE X 

DEVELOPMENT WELLS: PERCENTAGE DISTRIBUTION BY DRILLING CATEGORIES; EXPLORAT 

Per Cent of All Develop~nerital TTrells Per Cent of Exploratory Wells 
----- ----- ------------- 

Year Con- New- Deeper- Shallower- New 
Dry Oil Gas densate Outposts Pool Pool Pool Fielc 

Prod' Prod. Producers Wildcats Tests Tests Wildcr 
-- 
1957 
1938 16.0 75.7 8.2 
1939 17.2 73.7 9.1 
1940 15.7 75.1 9.1 
1941 16.5 72.4 11.1 
1942 18.7 67.9 13.4 
1943 22.3 66.2 11.5 17,O 3.7 
1944 17.2 67.3 15.5 15.7 14.7 4.5 0.5 
1945 16.1 70.6 13.0 0.3 21.6 16.1 7.5 0.7 54.1 
1946 16.1 71.1 3 0.5 03.6 14.8 6.8 0.5 54.4 
1947 17.5 70.4 11.2 0.9 22.8 17.9 7.9 0.6 51 .5 
1948 18.9 72.7 7.9 0.8 22.0 18.3 5.4 0.6 53.f 
1949 19.6 '71.7 7.8 0.8 23.8 20.6 5.5 1 .O 49.1 
1950 20.5 71.9 6.5 1.0 34.5 19.7 3.2 1.3 51.5 
1951 22.8 69.0 7.5 0.7 21.3 20.8 3.6 1.6 52.t 
1952 23.8 67.7 7.9 0.5 19.5 21.4 3.5 1 .6  53.: 
1953 99.7 68.4 8.4 0.5 92.7 21.0 9.5 1.1 52.C 
1954 26.0 65.7 7.1 1.2 20.1 18.7 3.3 1 . 5  56.: 
1955 21.6 70.6 7.0 0.8 21.5 19.6 3.1 1.6 54.2 
1956 21.4 69.0 8.7 0.7 22.4 00.0 2.9 0.9 53.1 
1957 22.0 68.0 8 .5  1 . 2  21.9 20.0 2.8 0.8 54.1 

Sources: All exploratory well data from F. W. Laliee, in July issues of the Bulletin qf The  Amer 
Association of Petroleum Geologists. Development well totals were derived by subtracting Lahee's c 
on total exploratory wells from World Oil's data on total wells and total footage drilled (service r 

average depth of exploratory wells. The average depth of 
successful new field wildcat wells has been increasing much 
more rapidly than the depth of any other class of exploratory 
wells, and significantly more rapidly than the average for all 
new field wildcats taken together. Successful new fieId wild- 
cats are of course the most crucial wells for future reserves, 
and this marked increase in depth is perhaps the most striking 
evidence that can be pre~ented to demonstrate the increasing 
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TABLE X 

LLS: PERCENTAOE DISTRIBUTION AND AVEB.\QE DEPTR, BY DRILLING CATEQORI~, 1938-1957 

Average Depth of Exploratory Wells (Feet) 
-- ---- 

A11 Oil All Dry Gas Con- A11 New Dry New Successful All 

Prod. Wells densate Field Field New Field Expl. 
Prod' Producers Wildcats Wildcats Wildcats Wells 

----------- - - 

3,713 3,692 3,883 
3,982 3,232 4,840 3,313 3,218 4,095 3,359 
4,040 3,162 4,000 3,153 3,121 3,465 3,331 
3,586 3,309 5,125 3,469 3,237 3,525 3,376 
3,918 3,465 6,960 3,232 3,167 3,779 3,559 
4,168 3,664 8,566 3,602 3,515 4,264 3,775 
3,903 3,861 4,571 4,111 4,016 4,765 3,922 
3,925 4,113 3,571 4,400 4,127 4,796 4,5317 
4,450 3,530 3,555 7,940 4,402 4,310, 5,082 4,103 
4,534 3,659 3,834 7,650 4,007 3,879 5,084 3,854 
4,364 3,747 4,021 8,028 4,200 3,970 5,322 3,896 
4,447 3,902 6,035 10,190 4,362 4, 929 5,371 4,086 
4,232 3,657 4,175 8,770 4,080, 3,899 5,508 3,842 
4,335 3,733 4,137 3,477 4,177 4,038 5,314 3,898 
4,609 4,059 4,240 8,762 4,516 4,381 5,601 4,197 
4,781 4,334 4,800 8,770 4,85.2 4,712 5,982 4,476 
4,761 d,447 4,720 8,527 4,889 4,767 5,858 4,560 
4,740 4,408 5,094 8,719 4,805 4,653 5,990 4,549 
4,812 4,498 4,749 9,149 4,809 4,683 5,792 4,631 
4,883 4,412 4,991 9,308 4,814 4,657 6,317 4,574 
5,036 4,486 5,170 9,915 4,873 4,697 6,311 4,701 

udcd). Although this procedure may result in minor discrepancies due to small differences in the 
3ification of exploratory wells by the two cornpiling sources, it seems preferable to maintain Lnhee's 
lition of exploratory wells consistently throughout this monograph. 

real costs of discovering new reserves. On the average, it 
takes the deepest drilling to produce successes. The deeper a 
successful wildcat is today, the deeper all future development 
wells in such Gelds are likely to have to be in later years. The 
trend equation for all new field wildcats is: 

Y' = 4,161.4 + 86.48X 
where Y' is the average depth of new field wildcats in feet 

X is time in years (1947 = 0) 
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The standard error of estimate is 237.9 feet. This equation 

indicates that the average new field wildcat well is increasing 
in depth at a rate of about 86.5 feet per year. Such an increase 
can mean a substantial increase in costs as the average depths 

Y 
AVO. DEPIH 
1U FEET 

1937 1940 1945. 1950 1955 1957 
X 

CHART X: New Field Wildcat Wells: Average Depth of Dry Wells, 
Successful Wells, and TotaI Wells, 1937-1957. 

of new field wildcats increase. For successful new field wild- 
cats, however, the relationship is: 

P' = 5,052.4 + 139.3X 
where Y' is the average depth of successful new geld wildcats in feet 

Xis time in years (1947 = 0) 

The standard error of estimate is 264.4 feet, The yearly in- 
crease of 139.3 feet in average depth is very substantial, 
especially when one considers that the average depth of 
successful new field wildcats was 6,311 feet in 1957. 
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Chart XI shows the success rates for the various classes of 

exploratory wells for the period 1937-57, where such data 
are available. The most striking fact here is the stability of 
the success rate of new field wildcats, which seems to fluc- 
tuate around a level of 10 per cent to 12 per cent with very 

CKART XI: Exploratory Wells: Percentage of Successful Wells, by 
Class of Well, 1937-1957, 

little variation from year to year. (As we shall see presently, 
however, a constant success ratio is consistent with increas- 
ing real costs if the average depth per well increases, or if 
the average size of pool discovered decreases.) New pool 
wildcats seem to have declined in their success ratio since 
about 1946, although this was to some extent reversed by the 
trend from 1953 to 1955. Outposts seem to have followed a 
more or less horizolltal trend since 1943, with some slight 
evidence of a recent increase in the success rate. ShaIlower- 
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pool and deeper-pool tests show such erratic variations that 
it is difficult to say if any trend is present; since about 1950 
the former has decreased markedly, and since about 1949 
the latter has increased somewhat. However, there seem to 
be no general conclusions which we can draw from these 

CHART XII: Development Wells: Number and Total Footage, 1938- 
1957; Outpost Wells: Number and Total Successfi~l Outpost Wells, 
1943-1957. 

changing success patterns, apart from the dependable con- 
stancy of the success rate of new field wildcats. 

Chart XI1 presents information on the rate of developmen- 
tal drilling, both in terms of welIs drilled and footage drilled, 
for the period 1938-57. It also shows the trend in the number 
of outpost exploratory wells, and the number of successful 
outposts. These data are presented in conjunction since the 
outpost well is the closest exploratory well equivalent to the 
developmental well, in that the developnlental well, proper, 
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simply exploits as-yet-undrilled areas of proved oil pools, 
while the outpost well is drilled in an attempt to make a long 
lateral extension to reserves in the vicinity of a known pool. 
Here the situation is roughly similar to that encountered in 
the investigation of exploratory drilling, except that develop- 
mental drilling fell off more markedly during the war than 
exploratory efforts, which suffered no setback whatsoever 
with the possible exception of a slight drop from 1941 to  

Developmental 
Developmental Footage Number of 

Year Wells (Thousand Number of Successful 

Feet) Outposts Outposts 

1938 24,167 76,246 
1939 23,595 78,804 
1940 25,056 80,326 
1941 46,423 82,315 
1949 14,852 47,451 
1943 13,876 44,600 681 191 
1944 18,308 62,001 755 315 
1945 19,053 68,456 1,213 480 
1946 21,239 71,571 1,357 424 
1947 24,118 83,184 1,582 489 
1948 99,345 100,963 1,766 490 
1949 28,575 101,998 9,152 668 
1950 31,733 117,135 2,531 780 
1951 31,419 1'20,954 2,505 689 
i95e ~ 1 , 9 8 3  127,879 9,429 706 
1953 34,745 134,845 3,090 982 
1954 39,811 159,405 3,632 923 
1955 40,985 167,097 3,904 1,118 
1956 40,938 159,991 3,623 1,207 
1957 37,399 150,268 3, 917 1,084 

Sources: Number of development wells and total development footage derived 
from World Oil data on total wells and footage drilled, less the number and footage 
of service wells, as reported by World Oil, and less the number and footage of 
exploratory wells, as reported by F. H. Lahee in the Bulletin of the American Asso- 
ciation of Petroleum Geologists. Figures on development wells are therefore residuals. 
Outpost well data are those reported by F. R. Lahee. 
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1942. The rate of increase of developmental drilling was less 
rapid in the postwar period, and as is the case with explora- 
tory wells, the rising trend seems to have ended about 1954- 
55. It is interesting to note that the number of developmental 
wells increased considerably in 1954, precisely at the time 
when exploratory wells were decreasing. It seems plausible 
to conjecture that the industry decided to substitute more 
developmental drilling in place of exploratory drilling, in an 
effort to maintain reserves when the returns to exploratory 
drilling had been falling off for a number of years. But Table 
X reveals that this increase in the intensity of develop- 
mental drilling was accompanied by diminishing returns in 
the form of the lowest rate of success and the highest rate of 
dry holes experienced in development drilling since the war 
year of 1943. In 1955, exploratory drilling increased once 
again, but developmental wells scarcely rose above the 1954 
level. Total developmental footage fell off after 1955 and this 
decrease was accompanied by an increase in the success rate. 
In 1957, both exploratory and developmental driIIing decIined 
appreciably. 

It is of at least historical interest to compute the trend in 
total footage that prevailed in developmental drilling before 
the trend seems to have broken. Here, as in the case of ex- 
ploratory drilling, our chief interest will be in the rate of in- 
crease per year. The trend equation for the period 1944-55 
is : 

Y' = 109,624 + 9,496.8X 
where Y' = total footage, in thousands of development feet 

X = time in years (1950 = 0) 

The standard error of estimate is 4,841,400 feet. This trend 
equation would indicate an increase of 9,496,800 feet per 
year in deveIoplnenta1 drilling. This is in marked contrast to 
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the decrease in total footage from 1955 to 1957, but in 1951, 
at least, the rate of drilling was not sufficient to maintain 
reserves, and an increase in the future is more than likely, 
although not necessarily at the same rate as was experienced 
in the past. Chart XI1 also shows that the drilling of outpost 
wells followed the general pattern of exploratory drilling 
more closely than it did that of developmental drilling. Out- 
posts increased at  a greater rate than developmental wells as 
a whole, and when the number of developmental wells in- 
creased in 1954, the number of outposts decreased, as did the 
number of exploratory wells generally. 

Table X shows that the percentage of developnlental wells 
which have been dry has increased in the postwar period, but 
apart from the year 1954, the increase has not been very 
marked. The trend in gas-producing developmental wells is 
somewhat downward, rather surprising in view of the in- 
creasing proportion of natural gas in the total petroleum in- 
dustry output picture, but it is by no means improbable. The 
trend in the rate of oil discovery has been gently downward, 
with a temporary reversal of the trend in 1955. The per- 
centage of developnlental wells producing condensate has 
been fairly steady at a little less than one per cent. 

Chart XI11 shows the trends in the average clepth of de- 
velopmental wells by their discovery category. The trend in 
general is unmistakably an increasing one, although the rate 
of increase is less marked than in the case of expIoratory 
wells. As far as the pattern of relative well depths by cate- 
gories is concerned, we find much the same picture as was 
present in the case of exploratory wells. Dry wells are gen- 
erally the shalIowest category, on the whole, Oil-producing 
wells have generally been the deepest of the major categories, 
but the average depth of gas wells has been increasing more 
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CHART XIII: Development Wells: Average Depths by Discovery 
Classes, 1938-1957. 

rapidly since about 1951, and average gas well depths have 
been above oil well depths for three of the last five years. 
Condensate wells are the deepest wells on the average, but 
they consist of a very small sample of wells, and the average 

- - 

depth of well can therefore vary erratically. 
The trend equation for the average depth of a develop- 

ment well since 1937 is as follows: 

Y' = 3,563.4 + 52.6lX 
where Y' = average depth of a development well, in feet 

X = time in years (1948 = 0) 

The standasd error of estimate is 120.9 feet. During this 
period of some 20 years, the average development well in- 
creased in depth by some 52.6 feet per year, or only a little 
more than one-half the rate of increase experienced in the 
average depth of exploratory wells. 

Charts XIV and XV and Table XIV present a convenient 



Monograph in Economics 
TABLE XUI 

DEVELOPMENT W E ~ :  AVEUGE DEPTHS BY DISCOVERY CUSSES, 1938-1P57 

Average Depth of Development Wells (Feet) 

Year Oil All Wells: Dry Wells Producers Gas Wells Condensate 
Wells 

1938 3,155 
1939 3,840 
1940 3,206 
1941 3,115 
1942 3,195 
1943 3,070 
1944 3,387 8,188 3,500 P, 877 
1945 3,593 3,452 3,636 5,171 
1946 3,380 3,105 3,498 2,991 8,702 
1947 3,449 3,172 3,547 2,950 8,'130 
1948 3,441 3,826 3,505 3,456 8,524 
1949 3,569 3,225 3,684 2,951 5,736 
1950 3,691 3,089 3,861 3,136 8,832 
1951 3,850 3,255 4,061 3,106 9,229 
1952 3,998 3,494 4,167 3,472 9,302 
1953 3,881 3,401 3,972 4,090 9,187 
1954 4,004 3,835 3,987 3,633 10,776 
1955 4,020 3,510 4,201 3,711 10,489 
1956 3,096 3,709 3,867 4,224 8,608 
1957 4,018 3,607 3,944 4,380 9,132 

Source: World Oil, adjusted by means of data on exploratory w,ells compiled by 
F. H. Lahee. (See Table XI1 for details.) 

summary of all of the factors mentioned above-increasing 
well depth, varying success ratios, shrinking average size of 
oil pools-in terms of ten alternative and supplementary 
indexes of the real cost of finding oil. Five ofthese indexes 
are stated in terms of the returns to drilling activity on a per- 
well basis, and the other five are stated in terms of returns 
on a per-foot-drilled basis. Let us look at these measures 
individually. 

Series a and b measure the trends in barrels of new dis- 
coveries of crude oil per expIoratory well and per exploratory 
foot. This is one of the most meaningful direct comparisons 
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CHART XIV: New Discoveries and Extensions of Crude Oil Reserves 
per Exploratoiy Well and per Exploratory Foot, 1935-1957. L' me a: 
New discoveries in thousands of barrels per exploratory well. Line b: 
New discoveries in barrels per exploratory foot. Line c: New discoveries 
and extensions in thousands of barrels per exploratory well. Line d: New 
discoveries and extensions in barrels per exploratory foot. Line i: New 
discoveries in thousands of barrels per successful oil-pyoducing ex- 
ploratory well. Line j: New discoveries in barrels per successful oil- 
producing exploratory foot. 

in the whole field of drilling activity. Exploratory outlays are 
primarily designed to result in new discoveries, so that a very 
appropriate measure of the success of these outlays would be 
the amount of oil discovered in barrels per well or per foot. 
The data in Chart XIV show that both these two series have 
fallen very far indeed since 1935. The number of barrels per 
well has fallen from about 1,200,000 in 1935 to about 28,000 
by 1957, the decline being virtually unbroken. The decrease 
was precipitous from 1935 to 1939, and since then the de- 
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CHART XV: New Discoveries and Extensions of Crude Oil Reserves 
per Development Well and Per Development Foot, 1937-1957. Line e: 
Extensions in thousands of barrels per development well. Line f: Ex- 
tensions in barrels per development foot. Line g: New discoveries and 
extensions in thousands of barrels per exploratory and deveIopment 
well. Line h: New discoveries and extensions in barrels per explora- 
tory and development foot. 

crease has been significant (the rate of discovery in 1957 was 
only about 25 per cent of that of 1940) but relatively slower, 
like the declining ranges of a hyperbolic curve. The number 
of barrels per foot has fallen relatively more rapidIy than 
barrels per well since 1937, since average depth has increased 
over the period, but unfortunately we cannot extend the 
footage series back beyond 1937, for lack of data, so that we 
cannot compare 1935-37 for any of our footage series. From 
over 120 barrels per foot in 1937, the discoveries per foot 
have dwindled to an average of less than 10 barrels per foot 
in 1952-54, and still further to about 6.4 barrels per foot in 
19%-51. 



TABLE XIV 
OF SUCCESS OF CRUDE OIL FINDINQ EFFORTS, PER WELL AND PER FOOT, 1935-1957 

New Disc. New Disc. New Disc' New Disc. 
New Disc' New Disc. Extcn- E:ten- & Exten- B; Exten- %s&- Per Suc- New Disc. Disc. & Exten- 

cessful Per EXPI. per Elpl. sifi;? 22:gi sgvp z:i smm;l~z oil: 
Yenr Well ga. (BameIs) u ( Devel. w'dat 

Foo t  Well Foot bbls.) (Barrels) (hbls.) (Barrels) E!.y. (Bnrrels) ~~~~.~ (Barrels) 

1955 1,207 1,650 
1996 829 1,720 
1937 400 120.3 817 346.0 60.0 19.6 3,646 1,093 
1938 507 91.4 715 212.4 43.5 13.4 70.4 22.1 2,774 696 
1959 126 38.7 637 105.1 46.5 13.9 66.3 18.0 1,504 
1940 94 27.9 395 99.4 28.1 

378 
8.8 90.3 11.4 917 264 

1941 131 80.9 SO0 84.4 19.9 6.4 93.0 10.4 1,091 260 
1943 81 21.4 343 64.3 39.6 10.5 43.0 13.1 694 16% 
1945 70 17.9 216 64.8 57.5 12.1 48.1 14.8 633 
1944 107 56.9 

136 
259 61.5 39.8 11.7 60.9 15.1 721 174 

194.5 75 18.2 283 68.6 59.9 16.7 04.3 17.3 499 112 
1916 42 11.0 243 65.3 01.8 18.5 62.0 14.0 320 71 
1917 66 16.9 253 05.0 53.6 15.3 65.6 15.7 454 104 
1948 49 12.1 229 59.1 49.1 14.9 49.1 13.7 361 
l9 i0  08 25.6 

81 
285 74.3 69.3 16.6 68.5 18.9 633 160 

1950 55 14.1 184 47.3 43.0 11.4 45.52 12.1 557 
1951 35 7.9 324 55.5 71.0 18.6 61.1 15.5 %el 48 

83 

1953 40 8.9 161 6 . 1  47.3 11.8 45.2 10.9 279 58 
1953 44 0.8 155 33.6 41.4 10.7 42.3 10.4 29s 69 
1952 43 9.8 171 80.1 43.9 11.0 44.1 9.3 296 63 
195.5 39 6.9 140 51.4 41.4 10.3 38.8 9.6 915 46 
1956 0x0 6.3 194 29.3 41.6 10.6 37.8 9.5 a05 43 
1957 28 0.0 137 39.1 42.6 10.6 38.6 9.2 e l4  43 

Sources: Wells, See TnPles I V  and X. Reserves, 105546, derived from Wmld Pd~olcum, July 1964, pp. 44, 60, 6%; 1947-57, 
Amer~can Petroleum Institote. 



MEASURES OF TBE COSTS OF FINDING, DEVELOPING, AND ~ O D U C ~ N G  CRUDE OIL A24D ALL FLUID 
HYDROCARBONS: 1948, 1951,1963,1966 

Finding Dev. CoFt Dev. Cost Prod. Find'Cost Finding & Totol 
Per Unit Cost Per Unit Dev. Cost Cost q$c P:[$~t of Exten- Per Unit NmObisc. Per Unit Per Unit 

Nem Disc. teneione &$128 :iz,"i & Re- of 
vlslons Disc. Dix .  

la .  Costa Expressed in Current Dollars Per 
Barrel of Crude Oil Alone 

Year (1) (2) (5) (4) (5) (6) (7.) 

1056. .............................. 4.754 
Costs Expressed in Current Dollars Per 
Barrel of Crude Oil Equivalent (All Fluid 
Hydrocarbons Converted into Crude Oil 
Equivalent in B.T.U. Content) 

Year 
1948 ............................... $ .SO1 
1961 ............................... 1.659 
1065 ............................... .078 
1955 ............................... 1.414 

Ib. Costs Expressed i? 104740 Dollars Per 
Barrel of Crude 011 Aloneb 

Year 
1048. .............................. $2.677 
1951. .............................. 5.582 
1965 ............................... 5.000 

Se arafe figures for natural gas e~tensions and revisions are not avaitable. 
b ~ $  lusted by Index of Wholeaale Pricea, 1047-29=100. 
Sources: Reserves American Petroleum Institute and American Gaa Asaociation; cost dnta C. C. Anderson "Petroleum and 

Natural Gas in the finited States-Relation of Economic and Technologic  trend^," ~ a n s d i a i  Sectional ~ e e t : n ~ ,  World Power 
Conference, September 1058, p. 9; wholesale price index. U. S. Department of Commerce. 
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Series c and d measure the trends in barrels of both new 

discoveries and extensions of crude oil, per exploratory we11 
and per exploratory foot. These measures are devised to 
reflect the fact that exploratoiy wells (specifically outposts) 
sometimes increase reserves through discovering extensions 
to proved reserves, and not simply through the avenue of new 
discoveries alone. Also, including extensions will tend to 
correct for the fact that initial-year estimates of new dis- 
coveries are always highly conservative. In both cases, the 
decline is of the same order of magnitude as was observed in 
the case of series a and b. Discoveries and extensions per 
exploratory well stood at about 1,550,000 barrels in 1935, but 
had fallen to 137,000 in 1957. Discoveries and extensions per 
exploratory foot were 246 barrels in 1937, but only 29 in 
1957. Here, too, we note that the series based on footage 
declines somewhat more rapidly than the series based on 
total wells, indicating the effects of the greater average depth 
of well. 

Series i and j on the same chart show two other possible 
ways of measuring the success of exploration efForts in real 
terms. Here the ratio refers to the number of barrels of crude 
oil discovered per successful oil-producing exploratory well, 
or per successful oil-producing exploratory foot. The decline 
pattern is still tile same as before. If we attribute all the new 
discoveries of crude oil to the successful exploratory wells 
alone, we find that the average discovery per well was 
3,546,000 barrels in 1937, but by 1940 it had dropped to 
947,000 barrels per well, and by 1957 it had fallen 77 per 
cent below the 1940 level to 214,000 barrels per well. For 
the alternative measure, new discoveries of crude oil per 
successful exploratory foot, the decline is about 25 per cent 
greater, owing to the increase in the average depth of the 
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exploratory well over this period. Discoveries per successful 
exploratory foot: were 1,033 barrels in 1939, but had fallen to 
264 barrels per foot in 1940, and had fallen 83 per cent below 
the 1940 level by 1957, when only 42 barrels of crude oil 
were found per successful exploratory foot. 

Chart XV presents information which takes into account 
not only the volume of reserves acquired through initial-year 
estimations of new discoveries, but also includes those re- 
serves added by extensions to reserves discovered in prior 
years. Series e and f attempt to measure the trend in the reaI 
cost of proving reserves through extensions, on the assump- 
tion that only developmental wells contribute toward these 
extensions. This is an oversimplification because, as men- 
tioned before, outpost exploratory wells can also contribute 
to extensions of the reserve capacities of known oil pools, but 
the ratio in which these two classes of wells contribute to 
extensions is not known. It was therefore considered instruc- 
tive to investigate the trends in extensions per developmental 
well and per developmental foot primarily for the sake of the 
trend, keeping in mind the restrictive assumption employed 
in making the calculations. 

Series e shows that extensions per development well have 
fluctuated irregularly, with a level of 42,200 barrels per well 
in 1938 and an aIrnost identical figure of 42,600 barrels per 
well in 1957. During the interim, a minimum of 19,900 barrels 
per well was reached in 1941, followed by a steady increase 
up until 1946, when 61,800 barrels were discovered per well. 
Since that time the trend has been mildly downward, but 
was broken by two years of extremely high extensions, 1949 
and 1951. Series f shows essentially the same pattern, with 
the decline again being relatively greater on a per-foot basis 
because of the increasing average depth of developmental 
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wells, although since their depth has not been increasing as 
rapidly as that of exploratory wells, the contrast between the 
two series is not as marked as it is in the case of exploratory 
wells. Extensions per developmental foot were 13.4 barrels 
in 1938, and had fallen to 10.6 by 1957. The trend in between 
followed that of series e, with a trough in 1941, and peaks of 
approximately equal height in 1946, 1949, and 1951. The 
decline since 1951 is notable, and practically unbroken. The 
interpretation of this series must remain incomplete until the 
relationship is clarified between new discoveries in one year 
and extensions to these discoveries in the following years. 
No inforn~ation is available on which to base definite con- 
clusions about such a relationship; it seems most plausible to 
suppose that there is perhaps a two or three year lag between 
new discoveries and the appearance of major extensions to 
these new discoveries, but sufficiently detailed statistics are 
not available on the relationship of the new discoveries of one 
year to subsequent year extensions (and revisions) of these 
discoveries. 

The final pair of series, series g and h of Chart XV, recog- 
nizes the fact that both exploratory and developmental wells 
can contribute to both new discoveries and extensions, and 
therefore these series show the discoveries of crude oil 
through both new discoveries and extensions, per exploratory 
and developmental well, and per exploratory and develop- 
mental foot. Series g has a generally declining trend which 
resembles that of series e, both series being affected strongly 
by the war years with their relative curtailn~ent of develop- 
mental drilling, The trend of series g is, however, more un- 
equivocally downward since about 1945. New discoveries 
and extensions per exploratory and developmental well were 
at 70,400 barrels in 1938 and had fallen to 38,600 barrels by 
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1957. The peak years in this series were 1945,1949, and 1951, 
the years of large extensions. Since 1949, the decline has been 
consistent although it levelled out a bit in 1955-57, 

Series h shows that new discoveries and extensions per 
exploratory and developmental foot have declined more 
rapidly than series g on a per-well basis. Series h has also 
fallen more rapidly than its development-well counterpart, 
series f. From a peak of 22.1 barrels per foot in 1938, series h 
has fallen to 9.2 barrels per foot by 1957. Series f and h show 
the same general configuration, but here it should be noted 
that the decline since 1945 has been more pronounced in 
these composite series than it has been in any of the others. 
The successive peaks in 1945-46,1949, and 1951 have been at 
successively lower levels of average discoveries per foot. It 
might be useful to compare series h with the data in Chart 
VII, where total discoveries from extensions, revisions, and 
new discoveries, are divided by total footage drilled in all 
drilling categories to establish a measure of the success of 
gross drilling per foot. Here also we have an unmistakable 
downward trend from the late 1930's through 1957, but our 
peak years are 1942, 1946, 1948, and 1951. The chief differ- 
ence between the data in Chart VII and the data of series h 
of Chart XV is that the former includes the element of re- 
visions of prior year reserve estimates, while we have con- 
sidered it preferable to omit these revisions in the latter 
calculation. It seems preferable to omit i t  because the cate- 
g o ~ y  of revisions seems to be that component of total addi- 
tions to cumulative discoveries which fluctuates most errati- 
cally from year to year, and since it arises out of under- 
estimations of new discoveries in prior years, it is not logical 
to allocate it to either the current year exploratory wells or 
current developmental wells. (The case is much better for 
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assuming that it  is meaningful to compare developmental 
drilling and current extensions, although it is by no means 
beyond question even in this instance.) The relationship be- 
tween current exploratory and developmental drilling, and 
current revisions of prior year estimates, seems however to be 
entirely too tenuous and indirect to hazard any sort of as- 
sumption as to the relationship without a careful study of the 
problem, and such a study is made impossible by lack of 
relevant data. We might conjecture that some relationship 
could be verified, perhaps along these lines: take a moving 
average (three, four, five or more years) of revisions in order 
to remove the extremes of the element of random fluctuations, 
and then lag this moving average behind new discoveries by 
a certain number of years, experimenting to see which lag 
would give the best fit. It might be necessary to introduce 
several lagged variables to "explain" the volume of revisions: 
new discoveries, and probably extensions as well, and per- 
haps even the variable of total cumulative discoveries of 
crude oil to date, since the potential for current revisions de- 
pends not only on driUing in the recent past, but also upon 
a11 previous drilling. (It might be better to substitute total 
current proved reserves for total cumulative discoveries, but 
this would have to be decided in the light of the statistics.) 

The statistical series given in Charts XIV and XV, and in 
Table XIV, must therefore be interpreted with the reserva- 
tion that all of them somewhat understate the total success of 
current and past historical outlays on exploration and de- 
velopment, since they onlit revisions of prior year estimates 
in order to minimize the extent of inter-year distortion by 
having the results of the outlays of prior years affect too 
greatly the results of current year outlay computations. On 
the whole, then, total returns to exploration and development 
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since 1938 have been somewhat greater than any of the series 
a through j would indicate, but these series have been com- 
puted for the sake of illustrating the nature of the trends in 
drilling success, not the absolute level of total discoveries in 
any year. Including this information through the inclusion 
of revisions would only obscure the trend relationships; if 
this information is desired, it may be obtained from Chart 
VII, 

At this point the survey of the trends in the real cost of 
finding oil is substantially completed. Before concluding with 
a survey of the relatively scantly published infoimation on 
the total money costs of finding reserves, it might be best to 
draw what conclusions we can from the evidence on real 
costs presented above. 

The data all seem to support the hypothesis that the 
phenonlenon of diminishing returns to exploratoiy drilling is 
being experienced with increasing severity from year to year, 
and has been operating more severely ever since about 1937- 
1939, the period of the lowest per-well and per-foot real costs 
of discovery. Diminishing returns have, therefore, been oper- 
ating for several years prior to the postwar period, from 
which the current era of increasing costs is usually dated. 
The data in Charts XIV and XV seem to bear out these con- 
clusions, and Charts I-IV are intended to place the problem 
in a more adequate historical perspective. Whether or not 
the basic cause of the severity of diminishing returns and 
increasing real costs since 1937-39 is the failure of exploration 
technology to open up new horizons of exploration possibili- 
ties through the inauguration of a fourth "era" of discovery 
techniques, is a matter for conjecture; it may or may not be 
possible to devise further basic improvements in exploration 
technology within the limitations of oil-finding budgets; 
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nevertheless, it is quite plausible to interpret the facts in the 
light of the hypothesis that it is still possible. Of all the 
statistical data herein assembled, the most significant for the 
future are perhaps (1) the trend equation in Chart IV refer- 
ring to the future productivity of exploratory wells, (2) the 
equation for the increasing average depth of successful new- 
field wildcat wells in Chart X, and (3) the real cost indexes of 
Charts XIV and XV, All of these series may give rise to some 
pessimism regarding the future; but these series are necessary 
ingredients in any realistic appraisal of the oil-finding cost 
situation, and the facts must be regarded as posing a genuine 
challenge to the industry. I t  is true that the average level of 
discoveries is increased very significantly if natural gas 
liquids and natural gas are included in the discovery base, 
but Chart VII shows that the rate of decrease in the success 
rate, thus defined to include all products, is at least as rapid 
since 1947 as is the decline in crude oil discoveries alone. 

Turning now to the final evidence to be presented in this 
section, a survey of the available data on money costs in- 
volved in the finding, development, and production of oil 
and gas, we are faced with a rather embarrassing lack of 
acceptable data. What we need are dollar outlays for these 
categories, but the only reasonably consecutive and compara- 
ble estimates that we have are for the years 1948,1951,1953, 
and 1955; and there is no satisfactory way to estimate the sta- 
tistical validity of even this series. Table XV presents the total 
cost estimates compiled by C. C. A n d e r s ~ n ~ ~  (briefly dis- 
cussed in Section I) broken down into the separate com- 
ponents of finding, development, and production costs, The 
various estimates have been divided by the number of barrels 
of reserves which may be thought of as attributable to the 
relevant outlays under a variety of assumptions. Table XV 
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presents the data both in terms of current (unadjusted) 
dollars, and in terms of current dollars adjusted to a constant 
dollar basis (1947-49 = 100) by the use of the index of whole- 
sale prices. 

In  the evaluation of these figures it must be  kept in mind 
that Anderson's cost data refer to current cash expenditures, 
rather than to costs in the economic sense. Seven different 
measures have been given in Table XV in an attempt to show 
rough approximations of the actual trends in the cost of 
petroleum exploration, development, and production. Each 
of these seven unit cost measures (or unit expenditure meas- 
ures) merits some individual comment. In the discussion 
below, each measure will be taken up separately, using the 
current dollar figures of Table XV as a basis for discussion. 

Finding cost per unit of new discoveries is the ratio of the 
gross total of industry expenditures for exploration activity to 
the total number of barrels of crude oil (or crude oil equiva- 
lent of all fluid hydrocarbons) added to total cumulative 
discoveries as the result of discoveries of new fields and new 
pools in old fields. As such, it is a measure of the money cost 
of "proving" a barrel of new discoveries in the ground, and 
does not include any costs expended for development or 
eventual production of those newly proved reserves. The 
figures in this series can only be used to demonstrate a gen- 
eral trend, rather than the actual level of "proving costs. 
The figures are in some unknown degree biased upward be- 
cause initial estimates of new discoveries are always con- 
servatively estimated. For crude oil alone, the current dollar 
trend is definitely upward. Costs rose from $2.664 per barrel 
in 1948 to $4.116 in 1951, then fell to $3.302 in 1953 but rose 
to $4.754 in 1955. For total fluid hydrocarbons, the upward 
trend is less accentuated. Costs in 1955 were below those of 
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1951, because of larger discoveries of natural gas in 1955. 

Development cost per unit of extensions is the ratio of the 
total of industry expenditures on development activity to the 
total number of barrels of crude oil added to total cumulative 
discoveries as extensions to prior estimates of proved reserves, 
Most extensions result from the drilling of successful develop- 
ment wells. Hence, at least as a first approximation, develop- 
ment cost per unit of extensions is a measure of the cost of 
adding a barrel to proved reserves through developmental 
extensions to known fields and pools. It is only an approxi- 
mation because of the difficulty of estimating accurately the 
volume of extensions made by a development well. For crude 
oil alone, the current dollar trend is generally upward, al- 
though the increase in unit development cost has not been 
as pronounced as the increase in unit finding cost. Costs rose 
from $1.061 per barrel in 1948 to $1.684 in 1955, after having 
fallen in 1951, (This cost trend can not be computed for total 
fluid hydrocarbons since data are not available separately for 
extensions and revisions to naturaI gas reserves.) 

Development cost per unit of extensions and revisions is 
the ratio of total industry expenditures for development 
activity to the total number of barrels of cl-ude oil, or of 
equivalent fluid hydrocarbons, added to total cumulative dis- 
coveries as extensions to, and as revisions of, prior estimates 
of proved reserves in known fields and pools. As was men- 
tioned above, most extensions result from the drilling of de- 
velopment wells, but revisions also depend partly upon past 
or current exploratory drilling, No information seems to be 
available on the relative roles played by exploratory and de- 
velopment drilling in arriving at annual estimates of revisions. 
To ignore revisions entirely would be to overstate the unit 
cost of ccproving" reserves. To credit them to current explora- 
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tory drilling would be largely erroneous, since they are 
revisions of prior estimates and should rather be credited to 
prior exploratory drilling efforts, if they are to be related to 
exploratory drilling at all. In the absence of relevant data, 
there is no reasonable way of crediting revisions to prior ex- 
ploratory drilling. By default, one must therefore credit them 
to current development drilling, or ignore them altogether. 
Both expedients have been employed in Table XV. The third 
column of cost data attributes both extensions and revisions 
to current development outlays. For crude oil alone, the 
current dollar trend is markedly upward, a steady increase 
from $.450 to $1.194 per barrel having taken place. For 
equivalent fluid hydrocarbons, the trend is also unbroken in 
an upward direction (from $.290 to $.488 per barrel) although 
the rate of increase is not as great. 

Production cost per unit of production is simply the ratio 
of the total of industry expenditures on current production to 
the total number of barrels of crude oil or equivalent fluid 
hydrocarbons actually produced during the current year. 
The comparison is straightforward, and the resulting cost 
figure is meaningful both as a measure of the absolute leveI 
of costs and of year-to-year trends in costs. Production costs 
have shown an unbroken increase for these four years, al- 
thougli the increase is more moderate than is the case for 
finding or development costs. For crude oil alone, current 
dollar production cost per barrel increased from $.656 to 
$.835; for equivalent fluid hydrocarbons, the increase was 
only from $.398 to $.438. 

Finding cost per unit of new discoveries and revisions has 
been computecl simply to supplement the other cost compari- 
sons. As was mentioned immediately above, it is more logical 
to match current revisions with the Ending costs of the rele- 
vant priox years. NsvertheIess, in column five, current revi- 
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sions as well as current new discoveries are attributed to 
current finding efforts. In  this indirect measure of cost trends, 
the absolute level of the individual figures is not of particular 
significance; the trend of the figures may be of significance, 
depending upon the reIationship of revisions to prior new 
discoveries. (If the relationship of current new discoveries to 
future revisions is reasonably stable, the trend may be of real 
significance; if not, it is largely meaningless.) For crude oil 
alone, the current dollar trend displays the most pronounced 
increase of all the series shown in Table XV. The 1948 level 
was $.459 per barrel, but by 1955 the cost had increased to 
$1.934 per barrel, a 321 per cent increase above the 1948 
level. Primarily, this means that for crude oil, the ratio of 
revisions to current new discoveries has been declining. The 
sharpness of the rising trend would provoke one to specula- 
tion. I t  may be the case that the post-1940 decrease in the 
average size of newly discovered fields has been accom- 
panied, in later years, by a more than proportionately smaller 
level of subsequent revisions. If this were the case, new dis- 
coveries might actually increase in total volume if enough 
exploratory wells were drilled and a sufficiently large num- 
ber of small fields and pools were discovered. Nevertheless, 
with a relatively much smaIler potential for revisions, the 
volume of revisions would deciine. Such speculation is per- 
haps unwarranted, owing not onIy to the lack of specifically 
relevant supporting data, but also to the fact that revisions 
fiuctuate greatly from year to year. Unfortunately this series 
cannot be computed for equivalent fluid hydrocarbons be- 
cause of the lack of separation of natural gas extensions and 
revisions. It seems likely, however, that the rate of increase 
for total equivalent fluid hydrocarbons would be smaller 
than that displayed for crude oil alone. 

Finding and development cost per unit of total discoveries 
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is the ratio of the gross total of indushy expenditures for 
exploration and development activity to the total number of 
barrels of crude oil or eqtjlivalent fluid hydrocarbons added 
to total cumulative discoveries through new discoveries, ex- 
tentions, and revisions. As a gross estimate of the cost per 
barrel of "proving" reserves, it has some limited value in 
terms of the absolute level of costs, but is of more value as 
an indication of longer-run cost trends. For crude oil alone, 
the current dollar trend is sharply upward, increasing from 
$.681 per barrel in 1948 to $1.704 per barrel in 1955. For 
equivalent fluid hydrocarbons, the rate of increase is only 
about two-thirds as great, from $.377 in 1948 to $.687 in 1955. 

Total cost per unit of total discoveries is the ratio of the 
gross total of industry expenditures on exploration, develop- 
ment, and production activity to the total number of barrels 
of crude oil or equivalent fluid hydrocarbons added to total 
cumulative discoveries through new discoveries, extensions, 
and revisions. This comparison has been included to com- 
pIete the survey of plausible measures of cost, although for 
most purposes the measure discussed immediately above is 
preferable. Production costs would seem to bear ~ la t ive ly  
little relationship to exploration and developnlent activities. 
As is apparent from Table XV, the addition of production 
costs increases the level of unit costs, but has only a slight 
effect on the trend, Since production costs have increased 
relatively less ].apidly than finding and clevelopment costs, 
the effect on the trend is to diminis11 its rate of increase 
slightly. 

The lower portion of Table XV presents the same data in 
terms of constant 1947-49 dollars. The simple adjustment of 
current dollar values by the index of wholesale prices yields 
only a very approxiillate correction for the actual net effect of 
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changing price levels on petroleum industry operations. 
Nevertheless, it is a useful supplelnent to the unadjusted 
current dollar figures. The appasently large increase in costs 
between 1948 and 1951 was to some extent due to higher 
prices. If we adjust these data by the wllolesale price index 
as shown in Table XV, we find that "real" costs increased 
from $.572 in 1951 to 5.8'70 in 1955, for total cost per unit of 
total discoveries. However, there is evidence that the whole- 
saIe price index does not accurately measure changes in 
prices affecting the i n d ~ s t r y , ~ ~  Specifically, the wholesale 
price index actually declined during this period while the 
prices of steel, labor, and other major oil industry cost ele- 
ments were increasing. Therefore, the increase in the "real" 
cost of finding, developing, and producing oil from 1951 to 
1955 was actually somewhat less than the adjusted dollar 
figures would suggest. However, the price adjusted data in 
Table XV show that a part of the increase in industry costs 
between 1948 axd 1955 was due to an increase in the general 
price level. The remainder of the increase must reflect an 
increase in the "seal" cost of the operations involved. To take 
only one instance by way of example, the finding and de- 
velopment cost per unit of total discoveries of crude oil in- 
creased by 150 per cent between 1948 and 1955 on the basis 
of current dollars, and after being adjusted to the constant 
dollar basis, the cost increase was still 126 per cent. Since the 
same price level adjustments were made for all series, similar 
relationships will prevail for all other cornpal-isons between 
pairs of years. 
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