Oil and Gas in Offshore Tracts:

Reports

Estimates Before and After Drilling

Abstract. Estimates of volumes of recoverable hydrocarbons underlying offshore
tracts are made by the U.S. Geological Survey prior to the sale of leases and after
drilling on those leases. Comparisons of these estimates show a moderate positive
correlation and no evidence for relative bias, although the precision of the predic-

tions is quite limited.

The ability to evaluate the oil and gas
potential of specific tracts of land prior to
drilling is useful for developing rational
exploration strategies under conditions
of capital constraint. Prior to the sale of
leases on the federal outer continental
shelf (OCS) by the Bureau of Land Man-
agement (BLM) of the Department of the
Interior, the U.S. Geological Survey
(USGS) evaluates the resource potential
of individual tracts to ensure that the
government, representing the national
interest, receives fair market value for
leases granted on the federal domain.
Several years later, after leasing, drill-
ing, and some experience with produc-
tion, it is possible to estimate proved re-
serves (/) with some reliability. Presale
estimates of recoverable resources and
postdrilling estimates of proved reserves
each made independently by USGS per-
sonnel, exhibit a moderate positive cor-
relation with very high statistical signifi-
cance for those tracts on which oil and
gas have been found and for which data
are currently available.

The presale evaluation process con-
ducted by the USGS consists of three
parts: (i) a geologic evaluation of the po-
tentially recoverable resources of each
structure underlying the tract; (ii) an as-
sessment of the risk that, for whatever
reason, hydrocarbons are not in fact
present in quantities foreseen as a result
of the geologic evaluation; and (iii) an
engineering and economic evaluation of
the monetary value of those resources,
which takes risk into account. The result
is an estimate of the expected value of
the tract as an independent investment,
which BLM uses to determine whether
high bids on tracts meet the criteria of
fair market value. In this report, we are
concerned only with the geologic evalua-
tion of the potentially recoverable re-
sources.
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Data available with which to estimate
potentially recoverable resources prior
to drilling are typically limited to seismic
records, stratigraphic tests, and the logs
and production histories from wells on
leased lands in the vicinity of the tract
of interest. Seismic records and strati-
graphic test well data are usually ac-
quired under permit by consortia of com-
panies who must submit the data to the
USGS; these data are shared with all the
companies who pay for them. Thus far,
all deep stratigraphic tests have been
drilled away from potentially productive
structures. Until recently, well data from
leased tracts were shared only with the
lessees of those tracts, who are required
to submit the data to the government (2).

Personnel of the USGS began making
explicit presale evaluations, tract by
tract, in 1968. At that time, they used
available data to make their best single-
value estimates of all the parameters
used in the appraisal, which was based
on standard principles of petroleum geol-
ogy and engineering. Beginning with sale
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Fig. 1. Presale and postdrilling estimates of re-
coverable hydrocarbons for 108 tracts on the
federal outer continental shelf.

30 in December 1972, probability distri-
butions for a number of the more impor-
tant geologic parameters were used in
parallel with single-valued estimates as a
test of methodology, and probability dis-
tributions of recoverable resources were
calculated by Monte Carlo techniques
(3). Beginning with sale 33, Monte Carlo
techniques have been used exclusively in
presale evaluations. The expected value
determined from the probability distribu-
tion of recoverable resources is taken as
the resource potential of a tract.

Proved reserves may be estimated by
standard techniques only after drilling
has discovered economically recover-
able oil or gas, or both. The USGS per-
sonnel use well logs, the results of core
and pressure tests, and production rec-
ords to estimate reserves. Under existing
regulations, these data are submitted to
the government by the operating com-
panies. As more data become available
through production experience, reserve
estimates generally become more re-
liable.

Until recently, the USGS did not sys-
tematically make detailed estimates of
proved reserves by tract. Beginning in
1975, however, the USGS began making
independent estimates by reservoir and
field for all OCS fields. These estimates
are now being compiled in a field and res-
ervoir reserve estimate (FRRE) file (¢4).
Thus far, proved reserves have been es-
timated from available data for 108 tracts
for which presale estimates of potentially
recoverable resources also exist. Be-
cause of the time required to prove re-
serves once a tract has been leased, a
comparison of presale with current
(FRRE) estimates cannot be made for a
number of years after the sale.

Figure 1 is a cross plot of the presale
and FRRE estimates for each of the 108
tracts in the data set (Table 1). The unit
of measure is millions of barrels of oil
equivalent (BOE) based on energy con-
tent (5). Logarithmic scales are used.
The tracts are divided into three groups:
(i) sales 24 through 29, for which single-
value inputs to deterministic equations
were used; (ii) sales 30 and 31, for which
both the deterministic analysis and a
probabilistic method based on distribu-
tions for the parameters and a Monte
Carlo simulation were used; and (iii)
sales 33 through 44, for which the proba-
bilistic method was used exclusively (6).
Data are not available for more recent
sales for which leases are currently being
drilled.

If the presale and postdrilling esti-
mates were in perfect agreement, all the
points in Fig. 1 would lie along the cen-
tral diagonal line (y = x). It is evident
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from the figure that there is a large
amount of scatter; the great majority of
points fall within a band defined by a fac-
tor of 10 above and below the central di-
agonal. However, without further analy-
sis it is not evident whether any signifi-
cant correlation exists, or if there is any
tendency for presale estimates to be
biased with respect to postdrilling esti-
mates.

We performed a series of parametric
and nonparametric statistical tests on the
data of Fig. 1. Tests for correlation in-
cluded the following: the parametric ¢-
test (7, p. 184) based on the Pearson
product-moment correlation coefficient
calculated directly on the BOE values
and on the logarithms of BOE values (8);
Hotelling and Pabst’s test for rank order
correlation (9, pp. 91-96); and Kendall’s
test for correlation (9, pp. 284-287). The
latter two tests are independent of the
logarithmic transform. Tests for bias in
presale versus postdrilling estimates in-
cluded the following: matched-pair ¢-
tests (7, pp. 91-96) based on BOE values
and on the logarithms of BOE values;
Wilcoxon’s signed rank test (9, pp. 96-
103) based on difference scores of BOE
values and difference scores of loga-
rithms of BOE values; and the sign test
for median difference 9, pp. 170-174).
All tests were performed on four group-
ings of data: all 108 points, the 38 points
from sales 24 through 29, the 21 points
from sales 30 through 31, and the 49
points from sales 33 through 44.

Strict application of statistical meth-
ods on these data is hindered because the
tracts were not selected at random, nor
are the estimates for tracts in all cases
independent. Rather, the sample repre-
sents a census of all tracts for which both
presale and postdrilling estimates are
currently available, including some
tracts that are adjacent to each other and
cover parts of the same fields. No tracts
for which both estimates are available
were excluded from the sample, how-
ever, and we have no reason to suspect
that the sample is biased. Moreover, the
range and distribution of resource vol-
umes appear to be representative for dis-
coveries on such tracts; the number of
tracts having common fields is not large
compared to the sample size; and the de-
gree of dependence between estimates
for such tracts is limited because the geo-
logic structures in the Gulf of Mexico are
typically very complex and highly fault-
ed. For these reasons, we believe that
the results of the statistical analyses are
representative for the leases issued in the
time period studied.

The results of the statistical analyses
are summarized as follows. Except for
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Table 1. The date of the sale and the number
of tracts in each sale included in our data set.

Number
Sale Date of tracts
24 14 January 1969 1
25 16 December 1969 7
26 21 July 1970 6
27 15 December 1970 20
29 12 September 1972 4
30 19 December 1972 19
31 19 June 1973 2
33 28 March 1974 24
34 29 May 1974 3
36 16 October 1974 13
38 28 May 1975 3
38-A 29 July 1975 2
35 11 December 1975 3
44 16 November 1976 1

the data of sales 30 and 31, there is a
highly significant positive correlation be-
tween the presale and postdrilling esti-
mates (sample correlations in the range
.3 to .5) and no significant evidence to
reject the hypothesis that the presale es-
timates are unbiased with respect to the
postdrilling estimates. For the data of
sales 30 and 31, however, the estimates
do not show significant correlation, and
the presale estimates are significantly
higher than the postdrilling estimates.

Of the 36 tests performed, only one
was inconsistent with these conclusions.
This exception resulted from the
matched-pair ¢-test on BOE values for
sales 30 and 31, where the test failed to
reject the hypothesis that the presale es-
timates were unbiased with respect to
the postdrilling estimates. The other four
tests for bias for sales 30 and 31 resulted
in rejection of this hypothesis at least at
the .05 level, with the consistent result
from all five tests that presale estimates
were higher than postdrilling estimates.

On balance, it appears as if the data for
sales 30 and 31 (/0) are not representa-
tive of those for earlier or later sales. We
attribute some of this peculiar behavior
to the fact that the presale estimates in
these cases were made during a period of
transition from a familiar, deterministic
method of evaluation to a probabilistic
method which was unfamiliar to many of
the resource specialists who were car-
rying out these evaluations. We can de-
vise plausible arguments to explain the
apparent tendency to overestimate re-
source volumes in the presale evalua-
tions in this circumstance, but we are at
a loss to explain the apparent lack of cor-
relation.

We are not aware of other published
data that compare geological predictions
of potentially recoverable resources
made prior to drilling with estimates of
reserves made subsequent to discovery.

The estimates made by the USGS for oil
and gas in OCS tracts, both prior to leas-
ing and after drilling, employ state-of-
the-art techniques and all available data.
Comparison of estimates indicates a
moderate positive correlation between
the predicted volumes and the volumes
discovered when hydrocarbons were
found to be present. There is no statisti-
cal evidence of bias. Even so, available
data indicate that the ability to predict
the volume of recoverable resources un-
der OCS tracts (if any is discovered) ap-
pears to be limited to within a factor of
10 (Fig. 1).
MyRroN F. UMAN
National Academy of Sciences,
Washington, D.C. 20418
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Magnetospheres of the Galilean Satellites

Abstract. The plasma and field perturbations of magnetospheres that would sur-
round magnetized galilean satellites embedded in the corotating jovian plasma differ
from those produced by interaction with an unmagnetized conductor. If the intrinsic
satellite dipole is antiparallel to that of Jupiter, the magnetosphere will be open. It is
predicted that o has an internal magnetic field with a dipole moment of 6.5 X 10
gauss—cubic centimeters antiparallel to Jupiter’s, and I0’s special properties can be
interpreted on the basis of a reconnecting magnetosphere.

The intriguing speculation that the gal-
ilean satellites of Jupiter may possess in-
trinsic magnetic properties (/, 2) gains
support from Voyager’s photographic
evidence of surface activity consistent
with a molten interior for Io (3). If some
or all of the galilean satellites are magne-
tized, the properties of the magneto-
spheres that will result from their inter-
action with the corotating jovian plasma
can account for numerous puzzling fea-
tures of the jovian system in a way that
avoids inconsistencies inherent in earlier
models of satellite-planet interactions.

In our initial arguments we assume the
magnetic moments (M,) proposed by
Neubauer (2) on the basis of Busse’s (¢)
scaling law. ‘‘Bode’s law’’ estimates (5)
differ by less than a factor of 2. Neu-
bauer’s magnetic moments and other pa-
rameters needed for the arguments pre-
sented here are listed in Table 1. Voy-
ager measurements may change these
estimates, but the burden of this report
will be unaffected provided the ratio of
the thermal plasma pressure to the mag-
netic pressure and the ratio of flow ve-
locity to Alfvén velocity remain less than
1. Because Pioneer 10 and Pioneer 11
measurements show little departure from
a dipole magnetic field in the vicinity of
Io and Europa, we are confident that the
required conditions are met, at least
inside of 10 R, [R, (Jupiter radius) =
71,000 km].

Suppose that the dipole moment of the
satellite is strictly aligned with that of Ju-
piter. The satellites are embedded in the
jovian plasma. Relative to the more
slowly moving satellites, the flow arrives
from behind and is diverted by the satel-
lite magnetic field. A closed magneto-
sphere should form around the satellite
as the highly conducting corotating jo-
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vian plasma moves by. The total external
pressure (P,;) at the nose of the
magnetosphere is the sum of the ram
pressure, the thermal pressure, and the
magnetic pressure (Table 2). The stand-
off distance, R,,, satisfies

RmG = K(Msz/Ptot)

where « = 1.7 for Earth's magneto-
sphere and M is the satellite’s magnetic
moment (6). The magnetic pressure
dominates or equals the other contribu-
tions, at least for Io and Europa (Table
2). This means that the satellite magneto-
sphere would form a bubble with little
asymmetry between upstream and
downstream dimensions and with little
disruption of jovian plasma in this
aligned-moment configuration. We sug-
gest that this occurs at Europa and possi-
bly at Ganymede and Callisto.

The occurrence pattern of jovian deca-
metric radiation (7) suggests that Io
alone is strongly coupled to the jovian
magnetosphere and ionosphere (8-10),
and this can occur if its dipole is approxi-
mately antiparallel to that of Jupiter. As
in the earlier case, we focus on an ex-
treme by taking the dipoles to be exactly
antiparallel. We now expect a Dungey-
type (reconnected) magnetospheric con-
figuration (/7). This expectation is con-
sistent with the results obtained for the
lowest Alfvénic Mach number (M, =
1.5) flow recently reported for terrella
experiments (12).

The antiparallel jovian and ionian field
lines will extend from Io’s ionosphere to
Jupiter’s. Field lines will be dragged
ahead of Io in its orbit and will skew to-
ward Jupiter as their feet in the jovian
ionosphere corotate. Stress is trans-
mitted along this extended tail by field-
aligned currents. The tail length can be

readily estimated. If the electric field im-
posed across lo’s magnetosphere is re-
duced by a factor € from the corotation
field upstream and A is the fractional
area of Io with field lines connecting to
Jupiter, a straightforward calculation
(13) yields a length 5.6 A/e in units of Io
radii, e measures the efficiency of recon-
nection and is about 0.1 at Earth. For A/
€ ~ 10, the tail is 56 r|, long and subtends
an angle of 14° ahead of Io. We picture
the field moving through the ionian iono-
sphere and frozen to Jupiter, in contrast
with some earlier accounts (9). The high
conductance of Io’s ionosphere (/0) is
not high enough for us to modify this
view. The field-aligned current system
connecting ionian and jovian iono-
spheres has an associated magnetic per-
turbation, 8B, that, unlike the main field,
is roughly independent of the distance
from Jupiter. If 8B is constant and
azimuthal, we can give an expression for
the equatorial trace of Io’s flux tube. If x
is the angle between that trace and the
radial direction, then tan x is the ratio of
8B to the radial component of the ap-
proximately dipolar jovian field and var-
ies with radial distance r (in R;) as

tan x = (8B/2B,)(1 — r/6)"'2(r/6)*

The skewing of the field toward Jupiter
increases rapidly as the flux tube moves
inward from Io at » = 6.

The open ionian magnetosphere pro-
vides a model which can explain many
lo-related phenomena, some of which
have been hard to understand until now.
First consider Io’s ionosphere, whose
density profile Kliore et al. (/4) estab-
lished with Pioneer 10 occultation data.
Cloutier et al. (15) have pointed out the
difficulty of understanding how Io’s
weak gravity (1.8 m/sec?) can hold an
ionosphere against the large electromag-
netic (j x B) forces produced by iono-
spheric currents and the ram pressure of
the corotating jovian plasma (Table 2). In
addition, both the strong day-night
asymmetry of the measured ionosphere
(Table 2) and the sharp cutoff of the
‘‘nightside”” or upstream electron den-
sity at an altitude of 200 km have been
hard to understand.

Our open magnetosphere model read-
ily explains the retention of the iono-
sphere. The magnetic field of Io shields
the ionosphere from the flowing jovian
plasma and produces a strongly asym-
metric cavity. On the upstream side,
which is (fortuitously?) the nightside in
the observations, the cutoff of ion den-
sity could be the magnetopause. Were
this so, the magnetic moment would
need to be half Neubauer’s value. The
observation is suggestive enough that we
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