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F——— THE RELATIONSHIP BETWEEN THE
GAS SATURATION OBTAINED BY GAS
INJECTION TO THE FINAL GAS
SATURATION AFTER THE PRODUCTION
OF RECOVERABLE GAS.
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01136203 COMMENTS ON U,P. REPORT ON
) ’ GAS STORAGE, DAKOTA FORMATION

The California Compeny, after making studies of its own and -
after review of the report by the Union Pacific Railroad Company, is of
the firm-opinion that gas storage in the Dakota sand is impracticable
from the standpoint of oil and gas conservation, safety and economics.

In general, The California Company agrees with the Union
Pacific's description of the characteristics of the Dakota sand; however,
we believe that the present limits of the Dakota gas cap to be somewhat
smaller than that shown on the Union Pacific Exhibit No, l. Drill stem
tests of several wells with packers set some distance above the gas-water
contact shown on U. P, Exhibit No. 1 produced mostly water and very
little gas. Emerald #16, with the packer set at a depth of #2275 feet
above sealevel recovered 30L0' of brackish water and a small amount of
gas on drill stem test. Raven A-3 on drill stem test, with the packer
set at #23L8' above sealevel recovered 120! of mud and 1350! of water.
Whereas Union Pacific Exhibit No. 1 indicates a gas-water contact at
approximately £2250' above sealevel, the above-mentioned drill stem tests
included intervals 25' to 98" above this level, which tests produced
mostly water. It is also significant to note in this connection that
the blowouts which Union Pacific has emphasized have occurred in wells
located within the #2300 contour on the Dakota structure map, or 50!
higher than the Union Pacific indicated gas-water contact.

Although we do not know exactly how Union Pacific arrived at - =~

an increase in area of the gas cap of only 390 acres after injecting
26,2 billion cubic feet, we believe that this increase in area will be
approximately three times that amount. This was determined by using the
same data that were used by Union Pacific, i,e., formation pressure
increases from 1550 psi to 1800 psi, porosity of 16.5 percent, and that
injected gas will displace water from 50 percent of the pore space.

Although it is not specified on the Union Pacific Exhibit
No. 1, the "Estimated Limit of Cas Accumulation at 1550 psi Reservoir
Pressuré" apparently coincides with the f22L8' to #2250' Dakote structural
contour. The line labeled "Estimated Expanded Limit of Gas Accumulation
After Injection of 26,2 Billion Cubic Feet Raises Reservoir Pressure to
1800 psi" apparently coincides with the £22L0' to 2242' Dakota structural
contour. This represents a downward movement of the gas-water contact
of only 6 to 10!,

An increase in pressure from 1550 psi to 1800 psi will increase
the volume of gas in what Union Pacific calls the "present accumulation
of 12.3 billion cubic feet" to approximately

12,3 x 181% = 14.3 billion cubic feet

In other words, 2.0 (lh 3 - 12,3) billion cubic feet of the 26.2 billion
cubic feet injected in the first two years will remain in the "present
gas cap". This leaves 24.2 (26,2 - 2.0) billion cubic feet of gas that
must displace water from water saturated sand.

Using the Union Pacific data, and a downward movement of the
gas cap of 8', we cbtain a total of .

1625 x 8 £ 390 x 8/2 = 560 acre-feet of

water sand invaded. Further, we see that this sand, still using the.
Union Pacific data, will contain only

U3, 560 x 14,560 x ,165 x .50 x 1815 x 520 x 1° 6 25 billion cubic feet
I, G 25 580 9L .

thus, indicating that gas cap expansion in a downward direction will be
more than three times greatér than that shown on the Union Pacific Exhibit
No. 1 to accommodate the 24,2 billion cubic feet. It should also be
pointed out that the expansion of the gas cap beyond the outer line shown
on their exhibit will cover a much greater number of acres per unit of
injected gas because the gas can no longer expand in a downward direction
at the top of the structure, As the sand is approximately 75' thick,
expansion in a lateral direction will be accelerated. The above calculations
are extremely conservative in that they assume that gas will sweep through
100 percent of the sand section, whereas it is more reasonable to expect
it to sweep through only 50 to 60 percent of the sand section.

Our primary objection to the Union Pacific estimates is their
assumption that injected gas will displace water from 50 percent of the
pore spﬁs Baged on accepted methods of calculating water displacement
by gas,‘\~/we believe the average gas saturation in the gas invaded sand
will be in the order of 11 percent of the pore space rather than the
assumed 50 percent. Using this calculated value and an average Daota
sand thickness of 75', the 2,2 billion cubic feet of gas that is injected
into the water sand will cover at least 3400 acres. This was determined
as follows:

43,560 x 75 x .165 x .11 x 1815 x50 x 1 = 7.1 million cubic feet/acre,
15,025 5% 9L .

2l.2 billion
miilion

(1) Bﬁckley & Leverett. Trans. Ad. ¥.E., 1942

= 3400 acres

Again these calculations are very consérvative in that they assume
that gas flows through 100 percent of the sand section. If gas flowed
through only half of the 75' sand thickness, the.number of acres containing
the injected gas would be doubled.

-2 -
Union Pacific refers to 10 billion cubic feet of “space" within
the lowest closing contour on the Rangely structure which will store three '
times the total estimated future gas production from the Weber sand, We
cannot ascertain just how this "space" is defined; however, our calculations
indicate that it will require 42,000 acres to store the estimated 300 billion
cubic feet ultimately injected,

It is pointed out by Union Pacific that, in the event the Dakota
sand reservoir pressure becomes excessive, water may be withdrawn through
relief wells on the flank of the field.

At 1800 psi each MCF of injected gas occupies approximately 1.5
barrels of reservoir space. If the Dékota sand reservoir pressure does
not level off at 1800 psi (and it probably will not with the injection of
such large quantities of gas in a relatively thin, water saturated sand)
approximately 75,000 barrels of water per day would have to be withdrawn
from the flank of the reservoir in order to make room for the injected
gas after three years of operation. After ten years of operation, approxi-
mately 97,000 barrels of water per day would have to be withdrawn. At a
water withdrawal rate of 1000 barrels of water per day per well, at least 97
wells would have to be drilled to the Dakota for this purpose at & cost of
-$60,000 each. iIn addition, each would require pumping equipment at & cost
of approximately $5,000 per well. These costs alone amount to $6,300,000
exclusive of operating costs with no possibility of there being any return
on this investment. In addition, there is the problem of disposal of
these tremendous quantities of salt water which seems virtually impossible.
Therefore, it is clearly evident that the withdrawal of water from the
Dakota and for the purpose of relieving the pressure is completely out of
the question both from operational and economic standpoints.

The hazards and dangers of injecting gas into the Dakota sand
have been enumerated in previous testimony before the Commission. Union
Pacific suggests that if gas or water is found to be entering the annulus
outside the 7 casing, it would be possible to repair them by cementing.
We believe that this may be dangerous and that any precautionary cementing
would have to be done at the outset to prevéent the entry of gas into the
7" "annulus, The expense involved in squeezing the Weber wells in the
proposed injection area would be prohibitive.

With reference to the Union Pacific economic analysis of gas
storage in the Dakota sand, we agree in general with the estimates as to
the cost of injecting gas inte the Dakota sand; however, we feel that the
economics are not representative in that the analysis is incomplete.
Union Pacific ends their economic analysis abruptly with 26.2 billion cubic
feet of gas in the Dakota sand worth $0.07 per MCF which exactly balances
the costs after three years of operation. Apparently it has been assumed
that 100 percent of the "stored" gas will be recovered and that there will
be no operating costs involved in doing so. Our calculations, which are based
on extensive research pertinent to the efficiency of gas displacement by water,
indicate that approximately 31 percent of the injected gas entering the water
sand will be recovered. (Additional testimony explaining how this value was
determined will be presented later).

T3~
This low recovery plus the high production. costs resulting-from
the production of quantities of water, with subsequent low tubing pressures
and compression to line pressure during the later stages of production,
result in a very expensive and highly uneconomic "storage" program.

We agree with neither the Union Pacific cost estimates nor the
economic analysis of gas injection in the Weber sand. Union Pacific states
that workovers will be necessary for the conversion of oil producers to
Weber gas injection wells, yet they use the performance of two injection .
wells, that were.not worked over as a basis for their economic analysis.

Just what is meant by the term "by-passing® 2s used by Union
Pacific is not known; however, it is inferred by Union Pacific that there
is a large quantity of injected gas that is flowing through the sand from
the injection wells to producing wells without accomplishing anything.
This "by-passing" is not the by-passing of oil in the formation as it
implies but is actually the flow mechanism by which ultimate recovery is:
increased by gas injection. The injected gas that is being produced is
bringing 0il to the well bore with it which would otherwise be unrecoverable.
under natural depletion methods.

There is little connection between the method of operation now
being carried on in the Pilot Gas Injection Program and that which would
be used with unitization and gas injection. The offset wells to the
injection wells must currently be produced even though their gas-oil ratios
have increased because of the absence of unitization. With unitization
and flexibility of operation the offset wells would not be produced when
their gas-o0il ratios. increased but would be shut in and oil would be more
efficiently produced from wells more distantly removed from the injection
well.

Although there is no way of our determining how Union Pacifie
arrived at a gas injection rate of 113,000 MCF per day in the next three
years, Wwe do know that it is definitely not representative of what would
take place under a unitized gas injection program. Apparently this value
was not obtained in the same manner in which the percentage of "oy-passed"
gas was found to be 75 percent. .

In summary, it may be said that we are of the firm opinion that
gas storage in the Dakota sand is impractical for the following reasons:

1. It would not foster conservation in that a very large
percentage of the injected gas would not be recovered,

2. It may be very hazardous because of the dangers of gas
entering the. 7" annulus of Weber producing wells. : There is
also the possibility of gas migrating into the fractured
Mancos shale either behind the 7" casing of the Weber
wells or through fractures which may extend from the Mancos
shale into the Dakota sand.

] e

3.

Gas injection into the Dakota sand would be uneconomical in
that large expenditures would be required with the guarantee
of very little, if any, return on the investment.

The gas should be injected into the Weber formation in order

to increase ultimate recovery and promote the conservation of
oil, . ’ : :
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GAS STORAGE, DAKOTA FORMATION

The Caiifomia Company has anslyzed the feasibillity of  inject«~
ing residue gas produced from the Weber formation at Rangely and has
reached the following conclusions:

1. InjJection of gas in the Dakota cennot in any sense
of the word be considered a comservation program,
Injection of Weber gas in the Dakota for a three-yesr
period will result in an ultimate loss of epproxi-
mately 18 billion cublc feet of gas, and over a .
ten~year period a loss of approximately 138 billion
cubic feet,

2, Injection in the Dakots is economically equivalent
to throwing lerge sums of money down the rat hole,
without the slightest possibility of returm, It is
estimated that a three-year injection program will
result in the minimum loss of approximately
$3,800,000 and a ten-year program in the minimum
loss of approximately $3,900,000,

3. Injection in the Dakota could be hazardous end
dangercus with respect to the Weber wells in the
injection erea, (end possibly to the Mancos shale
production sbove the Dekota). Precautionary or
corrective measures to reduce or.correct thesge
hazards will cost additional large expenditures
without return,

4, 1Injection of residue gas in the Weber formation is
feasible under a single unit or three unit plan of
- operation; and will result in the recovery of an
additional 30-4%0 million barrels of oil. Such a
program will return large additional profits to the
operators, royalty owners, and to the state, This
i1s the only plan that can be considered s comserva=-
tion meesure with respect to the gas being flared
and the potential loss of recoverable oil from the
Weber reservoir.

In view of the above, The California Company 1s categorically
opposed to entering any plan of gas storage in the Dakota Formation, and
is similarly opposed to the premise that such injection should be given
credit under a pretext of conservation, by any ruling designed to prevent
waste at Rangely. d

%98
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Discugision

The Dakota formation must be considered as a blanket water
bearing sand. There wes originally a small accumulation of gas at the
. crest of the structure of undetermined size, The present gas saturated

area 1s wnknown due to the fact that part of the original accumulation
was dissapated through blowouts,

In any event the present gas saturated volume will contain
only & very small percentage of the gas to be injected. Injection of
gas will therefore be essentially under the flow mechanism whereby
injected ges must progressively displace water. - Similarly, it must be
asgumed that the displeced water and the total Dakota eguifer will be
active when the injected gas ie produced, and the flow mechanism will
be that of water progressively dlsplacing ges. Additional testimony
will be presented covering the fundamental performence of a sand reser-
-voir under these flow mecheniems,

The sverage gas seturation behind the gas front will be 11,1%
and the erea invaded by three years injection will be 3,700 acres as .
follows: Assuming the pressure builds up to 1,800 PSIG.

1815 50,1 = '
43,560 x 75 x 165 x .111 x 15.05 *%0 %W 7.1 million cubic f£t./acre

?(Siexxlég? < 3,700 acres invaded.

The above is very conservation because it aaemes 100% of the
effectlve sand section will be invaded by gas.

Using the seme data, the area invaded by imjecting 200 billion
cubic feet over e ten-year period will. be.

) 7-]—.—;—%—8% < 28,000 acres

0f the 26.2 dillion cubic feet of gas that invades the 3,700 -
acres of water sand at the end of a three-year period, only 8.1 billion
cubic feet will be recovered -- resulting in a loss of 18,1 billion cubic
feet of gas, Of the 200 billion cubic feet of ges that invades the
28,000 acres of water sand in a ten-year period, only 62.2 billion cubic
feet will be recovered while 137.8 billton will be lost,

It has been estimated that each Dakota injection well will take
approximately 6 million cubic feet of gas per day at 1,900 PSI, There-
fore, 9 wells will be required to handle 49,000 MCF per day at the end of
a three-year pericd and 11 wells to handle 65,000 MCF per dey &t the end
of & ten-yeer period. The well costs, compressor costs, dehydrator costs,
costs of surface facilities, inJection .lines and expension of the gathering
system will result in e capital investment of $2,826,000 over a thres-year

May 21, 1952
Page 3

eriod and $3,729,000 over a ten~year period., Total operat costs over
ﬁ three- and ten-year period,uiuybe $§§7iooo and $4.0 2,00011:8respectively.
This results in a total cost of 000 for injecting gas into the-
Dakota send for a three-year period and 1,000 for a fen-year period,
A breakdown of these costs are shown on Table I, !

As pointed out before, it is anticipated that spproximately 31%
of the gas injected into the Dakota sand would be recoverasble. Therefore,
at the end of a three-year injection program, 8.1 billion cubic feet
could be expected to be recovered of the 26.2 billion cubic feet injected
or, after ten years, 62 billion cubic feet recovered of the 200 billion

.cubic feet injected. It is also anticipated that 5 years would be required

to produce this stored gas with the normel operating and dehydrating costs
preveiling. This would result in production costs of $281,600 efter a
three-year period, or $367,000 after a ten-year period. A breakdown of
these costs is shown in Teble II, It should be emphasized that these
costs do not include the cost of compressing the produced gas to some pre~
determined contract delivery pressure. It is inevitable that compression
would be necesssry when large quantities of water are produced with the ’
stored gas during the later stages of production from the Dakota.

Therefore, as shown in Teble III, a very conservative analysis
of the results of injecting gas into the Dakota sand indicates that a
net loss of $3,818,600 cen be expected over & three-year period, and &
net loss of $3,901,000 can be expected over a ten-year period, This

analysis includes a conservative salvage velue of $75 per horsepover,
50% of dehydrator costs and 40% of field piping.

Baged on the foregoing ressoning, it is apparent that no
prudent operator would participate in e project involving the storage of
residue Weber sand gas into the Dakota sand., The proposal is basically
unsound from the standpoint of conservation, safety, practicability and
economics, ’ ’
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RECOVERY OF GAS INJECTED
TO DAKOTA SAND

. The subsurface storage of natural gas for the purpose of taking
care of seasonal fluctuations in demand is not something new. However, in
virtually all of the projects in which there is any appreciable gquantity
of data old, depleted oil or gas reservoirs, which have a high gas satura-
tion at the time the storage program is begun, are used for this purpose.
Consequently in these cases, the storage problem is simply one of build-
ing up the reservoir pressure and the only limitation is the maximum
pressure which can be safely and economically attained. When stored gas
is produced from a reservoir of this type it is solely a matter of open-
ing a valve. Practically all of the stored gas would be expected to be
eventually recovered from a reservoir of this.type.

The storage of gas in the Dakota sand at Rangely is a very
different situation. The Dakota sand is a blanket sand whose areal -
éxtent covers many square miles and, naturally, has a very active water
drive. Except for a small gas cap, the sand is saturated with salt:
water. ’

The mechanism by which gas displaces water from a sand of this
type can best be explained with the aid of Exhibit No. 1. This figure
shows a plot of the relative permeability of a sand to both gas and water
as function .of the water saturation in the sand. As shown, if the sand
is 100 percent saturated with water the pe ymeability to water is 100 per-
cent, or is the same as the permeability of the sand when 100 percent
saturated with air. At any water saturation less than.l00 percent, the
permeability to water is less. .

. " Also shown on Exhibit No. 1 is the effect on the relative per-
meability of the direction of saturation change. The solid curves re-
present the relative permeability of the sand to gas and water when gas.
is displacing water and the dashed curves represent the relative permea~
bility to gas and water when water is displacing gas. In other words,

in this specific application, the solid curves describe the relative
permeability to gas and water if gas were being injected into the Dakota
sand and the dashed curves apply if the water were displacing the gas as
it is produced. If gas were injected into the Dakota the water saturation
would be decreasing and if gas were being produced from the Dakota. the ’
water saturation would be increasing. It should be noted in Exhibit No. 1
that there is a very significant difference in relative permeabilities
depending on whether the water saturation is being increased or dscreased.

May 21, 1952
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The most significant point that should be emphasized in connection
with Exhibit No. 1 is the previously mentioned effect on the permeability
to gas, If the water saturation is being decreased (gas being injected)
there is a finite permeability to gas at a water saturation above 99 per—
cent. In other words gas will flow-into the water sand immediately. On
the other hand, if the water saturation is being increased (gas being
produced from the sand), the relative permeability to gas becomes zero
at a water saturation of approximately 72 percent (gas saturation, 28
percent), Consequently no further gas flow will occur after this con-
dition is reached.

Exhibit No. 2 is a plot of the final gas saturation, after
producing the gas from the Dakota sand, as a function of the gas saturation
attained at the end of the storage program, before gas is produced from the
Dzkota sand., This shows that the final saturation, or gas lost in the
reservoir, is a function of the gas saturation at the time the water
begins to displace the gas. In other words, looking at Exhibits Nos. 1
and 2 together, if gas is injected into a water sand until the gas satura-
tion is 70 percent (water saturation, 30 percent) and then this gas is
displaced by water, the final gas saturation is approximately 28 percent.
If the gas saturation at the end of the injection period is 20 percent,
the final gas saturation (gas left in the reservoir) after the sand has been
swept by water will be 13 percent.

- Exhibit No. 3 shows the gas distribution through the sand after
gas is injected into the sand and after it is produced from the sand.
The solid line "Gas Saturation Distribution at the End of Injection Period*
was deté \NQ.ned by the method .of Buckley and Leverett (Transactions ATME '
(1942) 146, 107) which method of calculabting liquid displacement by gas
is accepted throughout the industry, These calculations were primarily
developed to determine the gas saturation as a function of distance; how-
ever, since the Dakota sand is one of relatively uniform thickness, gas
saturation in this instance is shown as a function of acres invaded for
the sake of clarity. As a simplification, the vertical line at the
extreme left of the diagram may be visualized as an injection well.
Naturally the gas saturation in the sand adjacent to the well bore is
very high (in the order of 75 percent in this case). The gas saturation
decreases abruptly with distance and at the outer extremity of the injected
gas the gas saturation is only 2 percent. The average gas saturation
within the gas invaded area is approximately 1l percent. It should be
pointed out that, even though the vertical line at the left of Exhibit
No. 3 is labeled "Injection Well¥, essentially the same saturation
distribution will -exist throughout the sand if this point is visualized
as being the gas~water contact.
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The dashed curve shown on Exhibit No. 3 (Final Saturation
Distribution after all Recoverable Gas is Produced) was determined by
applying the correlation shown in Exhibit No, 2 to the solid curve of
Exhibit No. 3. .As the area under the solid curve represents the volume
of gas injected into the sand and the area under the dashed curve re-
presents the volume of gas remaining in the sand, the difference in area
under the two curves represents the volume of gas recovered.,  In this
case it has been determined that only 31.1 percent of the gas that entered
the water saturated sand will be recovered,

The concepts of water displacement by gas and subsequent gas
displacement by water applied in these calculations have been widely
publicized within the industry. A few of the publications which sub~
stantiate the low recovery of "stored" gas ares

(1) vwEfficiency of Gas Displacement From Porous Media by
Liquid Flooding", T. M. Geffen, D. R. Parrish, G. W. Haynes
and R. A. Morse, Presented at the ATME meeting, Oklahoma
City, Oklahoma. (1951).

(2) “Laboratory Measurements of Relative Permeability",
Jds S. Osoha,.J. G. Richardson, J. K. Kerver, J. A. Hafford
and P. M. Blair, Journal of Petroleum Technology,
III, No. 2, 57, (February 1951).

(3) “Experimental Investigation of Factors Affecting Laboratory
Relative Permeability Measurements", T. M. Geffen, W. W. Owens,
D. R. Parrish and R. A. Morse. Transactions A.I.M.E.,
192, 99 (1951).





TABLE I

TAKOTA GAS STORAGE
INJECTION PERIOD COSTS-

Three-Year
Period
Peak Volume to be injected MCF/D $ 49,000
Injection per well MCF/D 6,000
Number of Wells Required 9
Cost per Well 67,000
Surface Fécilities Meter Run, etc. 6,000
Total Cost per Well 73,000
Investment in Wells 657,000
Compressor Reguired 7,850
Investment in Compressors 1,960,000
Dehydrator Costs ' 4,000
Injection Lines 90,000
) Expansion of Ga‘bhering Syétem 75,000
Totel Capital Investment * 2,826,000
Operating Costs:
Compression Cost per/h.p.hr.
Total Compression Costs v 675,000
Well Costs $30 PWD . 251,000
De}}ydx"ation Costs per MCF
Total Dehydration Costs 21,000
Total Operating Costs 97,000
Total Injection Costs 3,503,000

g

Ten-Year
Period

$ 65,000
6,000

11
67,000
6,000
73,000
803,000
10,400
2,600,000
66,000
110,000
150,000

3,729,000

.0037 . .0037

2,885,000
1,014,000

,000816 ,000816

163,000
4,062,000

7,791,000

* This does not include the cost of providing relief wells at the flank of
the Dakota structure which probably would be reguired to prevent excessive
build-up of reservolr pressure above 1800 psi, Over a three-year period
the capital investment costs for withdrawing the necessary water would be

$4,875,000 and for a ten~year period $6,300,000,
TABLE II

DAKOTA GAS STORAGE
PRODUCTION PERIOD COSTS

Three~Year " Ten~Year
Poriod Period
Total Gas Injected, MCF 26 x 106 200 x 106
Total Ges Recovered, MCF 8.05 x 106 62 x 10
Production Period, Years 5' 5
Production Cost $30 PWD $ 275,000 $ 330,000
Dshydration Costs $,000816/MCF S 6,600 37,000
Totael Production Costs # 281,600 367,000

* The cost of compressing the stored gas to some predetefmined delivered
pressure Guring the later s‘cages of gas production from the Dekota is

not Included.
TABLE III

DAKOTA GAS STORAGE

ECONOMICS -
Three-Year Ten-Year
Period Period
Total Cost -
Injection
Investment $2,826,000 $3,729,000
Operating - 947,000 4,062,000
Total Injection $3,773,000 $7,791,000
Production ' »
Operating : 281,600 367,000
Total Costa : $4,05%4,600 $8,158,000
Less Salvageb
Compressors $75.00 per ﬁp. 588,000 780,000
Dehydrators 50% o 22,000 * 33,000
Field Piping L40% 66,000 104,000
' Total Salvege $ 676,000 $ 917,000
Total Cost Less Salvage 3,378,600 7,241,000
Value of Produced Gas @ $0,07 per MCF 560,000 . k4,340,000
Net Loss * © $3,818,600 43,901,000
Minimm Recovery to Breek Even 210% 51,6%

* Not including $4,875,000 to $6,300,000 (three end ten yoars respectively)
in cepital cost for water rellef wells and not including sny compressoxr
cogts during production period.



