
BENSON-MONTIN-GREER DRILLING CORP. 

22! PETROLEUM CENTER BVILDING, FARMINGTON, NM. 87401 505-325-8874 

June 30, 1988 

Mr. William J. LeMay, Director 
Oil Conservation Division 
New Mexico Energy & Minerals Departinent 
State Land office Building 
Santa Fe, NM 87501 

Mr. Erling Brostuen, Director 
Mining and Minerals Division 
State of New Mexico 
525 Camino de Los Marquez 
Santa Fe, NM 87501 

Mr. William Humphries 
Commissioner of Public Lands 
State of New Mexico 
State Land Office Building 
Santa Fe, NM 87501 

Re: REQUEST FOR NAMES OF FRACTURED 
RESERVOIRS UNDER PRESSURE MAINTENANCE 
BY GAS INJECTION 

Gentlemen: 

In the hearing of Cases 7980 , 8946 , 8950 and 9111 held 
June 13, 1988, the Chairman requested identification of fractured 
reservoirs which have undergone pressure maintenance by gas injection. 
This was in connection with the Canada Ojitos Unit, which produces 
from a fractured reservoir by gravity drainage depletion under 
pressure maintenance by gas injection. Transmitted here is seme 
information on such reservoirs. 

Most naturally fractured reservoirs are of the dual 
porosity type; and as such can be expected to be less efficient from 
the standpoint of pressure maintenance than single porosity 
reservoirs. Despite this pressure maintenance by gas injection has 
been carried on successfully in such reservoirs - seme of them 
exceptionally large reservoirs. 

Clearly, the most definitive factor in success or failure 
of pressure maintenance by gas injection is not whether the reservoir 
is of the single porosity or dual porosity type, but whether gravity 
drainage is allowed to operate. 

Of these pressure maintenance reservoirs, the most 
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rateable in New Mexico is the Empire Abo field, which produces under 
gravity draingae depletion with pressure maintenance by gas injection. 
This reservoir comprises corraline reef material in which vugs, 
fractures and fissures have been observed in cores throughout the main 
reef. 

The Bahrain pool, referred to in NMDCC Case 7075 and again 
in the June hearings, is remarkable in that recoveries under pressure 
maintenance by gas injection have followed waterflooding with 
substantial increases in ultimate recovery resulting from the more 
efficient depletion process of gravity drainage when supported by 
pressure maintenance. Although limited, this reservoir has fractures 
and vugs and might be classed as a dual porosity reservoir. 

Information has been released on only a few of the large 
fractured reservoirs undergoing pressure maintenance by gas injection 
in the Persian Gulf area. We have, however, found three papers with 
respect to these reservoirs which are enclosed with this letter: 

1. Article from the Oil and Gas Journal October 21, 
1974, indicating increased recovery from Iran's 
gravity drainage fields by gas injection. 

2. A follow-up paper with respect to the particular Haft 
Kel field in Iran. 

3. A recent paper (May 1988) covering the Fahud field in 
Oman; in which they apparently have experienced the 
same as the Bahrain field with increased recovery 
through pressure maintenance by gas injection over 
that by water drive. 

Yours truly, 

BENSCN-MCJNTINKaREER DRILLING CORP. 

BY: 

ARG/tlp 

Enclosures 

cc: Vic Lyon 
Frank Chavez 
B i l l Weiss 
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MATHEMATICAL SIMULATION MODEL DESCRIBING IRANIAN 
FRACTURED RESERVOIRS AND ITS APPLICATION TO HAFT 

KEL FIELD 

Abstract 
Iranian fractured limestone reservoirs arc composed 

essentially of millions of small blocks with sharp 
discontinuities formed by fractured or impermeable 
barriers between the blocks. Because of this unique 
feature the recovery mechanism of oil is essentially 
based on gravity drainage. 

A three-phase compositional reservoir model was 
developed to simulate the usual features of sandstone 
reservoirs and the following characteristics of fractured 
reservoirs: variable block size, gravity drainage, 
imbibition, variations of capillary pressure with 
reservoir pressure, diffusion of gas through liquids, 
bubble point pressure depression. 

The Haft Kel reservoir with forty-six years of 
producing history was successfully matched with this 
model. 

Resume 
Les reservoirs calcaircs fractures d'Iran sont 

constitucs de millions dc pclits blocs separes par des 
discontinuites (fractures ou barriercs impcrmeablcs). 
Par consequent, le mecanisme dc recuperation est 
essentiellcment Ic drainage par gravite. 

Un modcle compositionncl triphasique a etc 
elaborc pour simuler, outre Ics caractcrcs usucls des 
reservoirs grcscux, les caractcristiqucs proprcs aux 
reservoirs fractures: blocs dc dimensions variables, 
drainage par gravite, imbibition, pression capillairc 
fonction de la pression dans le reservoir, diffusion du 
gaz dans les liquides, abaissemcnt dc la pression dc 
bulle, etc. 

Les quarante-six ans de production du reservoir de 
Haft Kel ont cte simulcs avec succcs. 

1. INTRODUCTION 

Proper simulation of the Iranian fissured reservoirs 
can only be made through complete understanding of 
the nature of the mechanisms that take place in these 
reservoirs. Some of these mechanisms are similar to 
those that occur in the classic sandstone reservoirs 
such as water drive, expansion drive, etc. However, 
some ofthe mechanisms do not take place in the same 
manner or some are often ignored in the sandstone 
reservoirs because of their insignificant contribution to 
the oil recovery. It was therefore thought appropriate 
to describe briefly the nature of some of the important 
mechanisms involved in the fractured reservoirs before 
going into their mathematical description. 

A mathematical model describing some of these 
mechanisms using the tank concept was developed 
nearly fourteen years ago.1 This model has been 
modified to its eighth version incorporating the results 

by A LI M. SAIDI, 
Co-ordinator of Special Projects, 
National Iranian Oil Company. 

Avenue Takhte Jamshid, Teheran, Iran 

of single block studies.2 However, with the present 
fast computer it was thought feasible to develop a 
model using as many blocks as necessary to describe a 
fractured reservoir, [n this manner less manpower is 
needed for any study and fewer assumptions and 
approximations are made as compared with the 
above-mentioned model, [t was due to the above 
reasons that the present model was developed. 

To check the entire model, the Haft Kel reservoir 
with forty-six years of history was selected. The reason 
for this selection is that the reservoir has produced 
over 94% of its primary recoverable oil and the 
variations in the levels and pressure in this reservoir 
permit modelling on a one-sector basis. 

2. DESCRIPTION OF THE RESERVOIR 
MECHANISMS 

The history of the Iranian well-fractured reservoirs 
shows very uniform pressure and fluid levels over a 
wide area of reservoir. The information available on 
pressure and levels is basically that measured in the 
fissures. If the variations of the pressures and levels in 
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a reservoir are such that they cannot reasonably be 
grouped into one area, the reservoir is then divided 
into more than one sector. A vertical cross-section of 
pressure-depth relationship for a sector at its initial 
time and at different times in the depletion period of a 
fractured reservoir is discussed in detail in the litera
ture.3 In the fracture system there is only one of the 
three phases present and with the prevailing pressure 
they determine the boundary conditions of the blocks 
surrounded by this particular phase. Studies made on 
the outcrop of the Asmari and Bangestan formations, 
flow meter surveys, log analyses of the wells invaded by 
water in Haft Kel field,3 etc., show that these reservoirs 
are composed essentially of several million small 
blocks with fully open boundaries or partially sur
rounded by impermeable materials. The major flow 
mechanisms in the oil zone are visualised as the matrix 
blocks feeding the fractures, and the fractures, in turn, 
are acting as carriers of the fluids to the producing 
wells with essentially no pressure drop. 

Gas, water-invaded zones 

These portions of the reservoir consist of the volume 
of the reservoir in which gas or water has surrounded 
the blocks. Oil drains from the blocks due to the 
gravity drainage process. This is the main process that 
causes the oil to flow from the matrix to the fractures 
and then to the well bores. 

Capillary pressure, which is the main retaining 
force in holding oil in the matrix pores, is a function of 
interfacial tension, and the gas-oil interfacial tension 
measurements show a rapid decrease as pressure 
increases.4,5 Therefore, the gas-oil drainage process 
is a strong function of reservoir pressure. 

Gassing zone 

This zone consists of the portion of the reservoir 
where the blocks are surrounded by oil and the matrix 
pressures are lower than the prevailing bubble point 
pressure. 

In this portion of the reservoir, as gas percolates 
upwards from the matrix blocks, the fissure oil 
replaces the volume of gas lost to the fractures. 

' Oil column 

In this portion of the reservoir where the blocks are 
surrounded1 by oil the following mechanisms are 
taking place: . , . : 

1. Fluid and rock expansion. >t 

2. Oil circulation due to convection. The thermal 
expansion of the oil in these reservoirs is higher than 
the contraction due to pressure gradient. This causes a 
continuous potential gradient in the vertical direction 
within the fractures. This force makes the oil to 
circulate and the oil with less gas in solution at the 
gas-oil level to contact the blocks at the lower depths. 
The uniform initial PVT properties of the oil in each 
fractured reservoir can easily be explained by the 
above process. As the reservoir pressure drops, the oil 
at the gas-oil contact becomes even heavier and the 
potential, due to the density differences of the oil, 
becomes larger. 

3. Displacement of matrix oil by fracture oil. 
Because ofthe density difference between the oil in the 
matrix and fracture, due to the above process, the 
lighter matrix oil is displaced by the heavier fracture 
oil. 

4. Gas diffusion. Because of the higher gas con
centration between the oil in the matrix and that in the 
fissure, diffusion takes place between matrix and 
fracture and gas is transferred from matrix to the 
fracture according to Fick's Law. This gas is then 
released to the gas cap through the fracture system. 

3. DESCRIPTION OF FRACTURE MODEL 

The uniform pressures and levels within a sector of 
a reservoir and limited areas of pressure drop around 
the wells cause the three-dimensional problem to be 
reduced to a vertical two-dimensional problem. To 
represent the oil-in-place and the rock types, consider 
a horizontal layer of a sector that consists of many 
small blocks. I f these blocks could be classified into, 
let us say, four groups each having its own dimensions, 
porosity, vertical and horizontal permeability, capillary 
pressures, grid divisions, location, etc., then each layer 
is represented by four blocks. However, each of the 
four blocks is multiplied by the number that it 
represents, so that the total oil-in-place within that 
layer remains the same. 

From the above descriptions, each sector of the 
reservoir can be represented by a number of blocks 
stacked vertically and to a limited extent horizontally. 
Each block is divided into several vertical and hori
zontal grids. The pressure and level change* in the-
fracture system is detected by the nodes located at the 
top and bottom of each grid. A schematic representa
tion of such a sector is shown in detail in Fig. 1. 

The fluid compositions within the blocks and 
fractures can be varied with depth. The variation of 
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Fig. 1—Schematic representation of a reservoir by the 
model. 

interfacial tension with pressure to correct the capillary 
pressures, and the fracture volume versus depth, are 
expressed in tables. In addition, a program was 
developed to convert the black oil PVT information 
into a two-component system with great accuracy.6,7 

Assumption 

The mathematical model described here represents 
.anry a sector of a reservoir. The multi-sector model and 
the mixed sandstone-fractured model will be discussed 
in a separate paper. The basic principles involved in 
the mathematical simulation of multi-component 
three-phase flow are conservation of mass, Darcy's 
'Law and PVT behaviour of fluids. In addition the 
following assumptions and conditions were made in 
the development of this model: 

1. A reservoir or each sector of a reservoir consists 
of a suitable number of horizontal and vertical blocks 
as was described earlier. 

2. Two-dimensional cylindrical blocks, with no 
angular flow, are sufficiently accurate to describe the 

Tliree^imerisionanjlocks. • - -
3. Fluids leaving matrix blocks enter directly into 

the fracture system without being imbibed by other 
blocks. ; - • '"-

4. The ; blocks are surrounded ̂ 4>y fissures or 
impermeable boundaries. 

5. The fracture system has infinite transmissibility. 
This is equivalent to saying that fluids within the fissure 
system arc under hydrostatic equilibrium at all times. 

6. The capillary pressure effect in the fissure system 
is zero. 

7. At the initial condition, the capillary pressure 
maintains continuity vertically through different 
matrix blocks which are separated by horizontal 
fractures. 

8. Fick's Law diffusion can occur between matrix 
blocks and fissure system due to any concentration 
gradient within the hydrocarbon phase. 

9. The number of the components in the hydro
carbon system is limited to ten. 

10. At the end of any time-step, the hydrocarbon 
phase is at complete equilibrium. 

To verify assumption (2), several gas and water 
gravity drainage displacement studies were conducted 
on both 3-D and 2-D (R-Z) blocks. These studies 
indicated that there is insignificant difference between 
the results of the 2-D and 3-D systems. The main 
advantage of using the 2-D (R-Z) system over the 3-D 
is to reduce computer time by a factor of more than 
two. To explain and verify the assumption that oil 
leaving a matrix block would not be imbibed by other 
blocks while flowing to the fractures, studies were 
made with two blocks with known volume of fracture 
between the two blocks in two positions, horizontal 
and tilted. The result of gas-oil drainage shows that in 
the case of a completely horizontal fracture between 
two blocks the oil drainage from the upper block is 
imbibed by the lower block. However, if the fracture is 
tilted, even at a small angle, almost all the oil produced 
from the upper block flows into the side fractures. In 
addition, there is the possibility that a block partially 
touches a block above or below, which may have the 
same effect as the two blocks with the horizontal 
fracture in between. In all the above cases, assumption 
(4) would be correct if an effective longer block height 
than the actual were used. 

General discussions on the fractured model 

The developed model has been used to study over 
ten major Iranian fractured reservoirs with success. 
Most ofthe studies were multi-sectoral, and in some of 
the studies the reservoir was divided into as many as 
four sectors. 

To check the mathematical model against some 
known data, a laboratory experiment made by the 
Shell Laboratories in Rijswijk on a consolidated core 
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was simulated. The core was about 5 ft (1 -5 m) high and 
5 in (125 mm) in diameter, with a permeability of about 
2 D with porosity of 25 %. The capillary pressure of this 
very homogeneous core was measured on a sample 
taken from its adjacent formation. The rate of water-
oil movement in the fractures around the blocks 
carried from a minimum of 5 ft/day to a sudden 
submergence of the block. 

Figure 2 shows the results of the simulated and the 
laboratory experiment. In addition, in another 
transparent laboratory model experiment, a sharp 
gas-oil front was noticed in all the cases that were 
studied. Similar observations were made in the above 
simulated model studies." 

In matching the past history of a reservoir, the 
fracture pressures, water-oil and gas-oil levels are fed 
into the model. The model calculates the oil and gas 
production which is compared with the actual 
production. The reason for choosing this method is 
that since the pressures and levels are known, it means 
that the boundary conditions are also known, and 
therefore the calculations are done only once. 

In order to arrive at a good match, the more 
accurate and reliable information such as pressure, 
levels, capillary pressures, relative permeabilities, etc., 
are .fixed and oil-in-place and its distribution, block 
sizer4iffusion-cc^den 
and 'permeability of the blocks are changed within 
their acceptable mtervak) In matching the GOR it was 
noticed ythat^the .distribution ,of oil-in-place and 
<iiffiuiohc«fBjc^ be changed. This is 
•because ihe; volume of the gas necessary to replace the 

oil in the gas-invaded zone is first taken from the free 
and solution gas produced from the system, and the 
remaining gas is produced with the oil through the 
wells within the sector. 

In the prediction mode, where production and/or 
injection are given, pressure is first calculated by 
material balance method and water influx equations 
using the previous constants. The levels are then 
calculated making two or three iterations until the 
resulting model production matches the input data. 

The running time of a block with 2 x 2 grid 
division is nearly five times faster than a 2 x 10 grid 
division. It is obvious that when there are 500 blocks 
in a reservoir the computer time can be greatly reduced 
if 2 x 2 grid division can give the same results as 
2 x 10 grid division. This was achieved with great 
accuracy by using fictitious capillary pressures, and 
possibly different relative permeabilities, for water-oil 
and gas-oil systems, so that the recovery curves of the 
single blocks under all possible conditions are almost 
exactly the same as if the blocks had 2 x 10 or finer 
grid divisions. After matching the history of a reservoir 
with 2 x 2 grid blocks, a run using 2 x 10 or finer 
grid blocks is also made to double-check the previous 
results. 

"* " Sensitivity analysis-- """" ~~ 

To know the effect of variations of different reservoir 
and model parameters on the calculated values, the 
variations of the following were examined using a 
single book: - • . — .- . 
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\ \ . Studies on absolute and relative permeabilities 
indicate that the recovery curve is not very sensitive to 
the shape of relative permeabilities, if the end points 
are kept the same. The effect of absolute permeability, 
on the other hand, is very pronounced, for both water 
and gas displacement. These studies indicate that the 
variation of permeability has a time delay effect. 

For the first approximation the change in perme
ability is proportional to the time necessary to recover 
the same volume of fluids, or k j k 2 = t j t 2 , where t 
and k are, respectively, time and permeability. 

The following more accurate relationship between 
permeability, saturation and time was derived: 
l/S = 1/5U + C{tjky, where S and SU are, respec
tively, saturation at any time / and at final point, and 
C, K and n are, respectively, a constant, permeability, 
and another constant. The constant n is between 
0-5 and 1. 

2. The effect of the variation of porosity is similar 
but in opposite direction of permeability. 

3. The effect of variation of the number of vertical 
grid divisions in a block on recovery due to gravity 
drainage is very significant. The radial number of the 
grid divisions has no significant effect on the recovery. 
For radii less than 30 ft (9 m), two radial grid divisions 
were found to give sufficient accuracy. But the 
decrease of the number of grid divisions in the vertical 
direction causes a large increase in the oil recovery 
when gas displaces oil, and a large decrease in the 
water saturation when water displaces oil. 

The large variations in oil recovery when using a 
lesser number of grids is due to the approximation of 
capillary pressures, in different directions. In the case 
of gas displacing oil, the area above the capillary 
pressure curve represents gas displacement, while in 
the case of water the area below the capillary pressure 
curve represents water displacement. 

,The effect of variation of vertical grid division on 
saturation change for a 10 f t (3 m) block is given in 
Fig. 3. 

4. Pressure has a negligible effect on oil displacement 
by water, while the effect of pressure on oil displace
ment by gas is very pronounced. This is mainly 
because the gas-oil capillary pressure is a strong 
function of pressure. 

5. The taller the block, the lower the recovery in the 
early years. Jt crosses eventually that of the shorter 
block and reaches its final saturation at the later years. 
In the case of gas displacement the crossing time is 
reached sooner than the water displacement 

H 6. The model is very sensitive to capillary pressure. 

7. The size of time step has almost no effect for a 
given permeability when the solution is stable. 

22 
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Fig. 3—Effect of grid height on gas saturation. 

Special features of the model 

To improve the computing efficiency, the following 
special features are incorporated in the model: 

1. Independent time step size for each matrix block 
is taken depending on the variation of saturations in 
the blocks. To accomplish this, a target time is chosen. 
Calculation of all the blocks is performed up to that 
target time. In this fashion considerable saving on 
running time was achieved. 

2. Since the matrix inversion routine constitutes a 
significant part of the computations, it is written in 
COMPAS (machine language). The running time due 
to this was reduced by about 20%. 

3. Because of the large storage requirement, 
information pertaining to individual matrix blocks is 
put on and retrieved from the disk which causes a 
significant amount of input-output time. To reduce 
this deficiency a technique was introduced to provide 
simultaneous input-output and computations. This is 
structured in such a way that-while execution is in 
progress on one matrix block, input is being processed 
for the second block and the output is being written 
for the third block. In this manner peripheral pro
cessors are functioning in parallel with the central 
processor. V 
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4. MATHEMATICAL DESCRIPTION OF THE 
14IODEL 

The flow equations using Darcy's Law and the 
conservation law of mass for water and component i 
in both gas and oil phases may be written in the 
following form: 

kkr, V(/>w - yj,) + q. (1) 

I'o 
X,V(PB - yBh) ^qaX, - qyXt 

+ V 

+ q,Y, + qyYi+V-DVXi 

= jtW(soPoxl + stPtx,)] (2) 

Equation (2) represents a total material balance on the 
components. The V • D VX t represents diffusion in the 
oil phase only, where D = DABSj>J<p. The following 
algebraic equations relate oil, gas and water pressures: 

P w = P a - P e w o , P t = P„ + P c t o (3) 

The phase equilibrium relations are: 

Yt = K,X t ( / = 1,2,...,A0 (4) 

and constraints which must be satisfied are: 

N N 

2 x, = i, 2Y' =1 <5> 
i-i i-i 

S 9 + S 0 + SM = l (6) 

Equations (l)-(6) are 2N + 6 equations with the 
2N + 6 unknowns: 

f 

P*n Pot P & -^w> Sot Xlf Xj, • • Xa, Y l t Y2, • • ., Yn 

These equations are solved for the necessary initial 
and boundary conditions. 

As an example, the initial and boundary conditions 
of a block when water starts to touch the bottom of a 
block until it passes the top of the block are: 

v Initial conditions: f = 0,0 ^ z ^ H and 0 <. r 
£ r„ ==j constant, and P0 = P. — zV y„z. 

^Boundary conditions: . 

at 2 = 0, 0 ^ r ^ r„ 

= P 

at 0 < z < i>/, r = r„ 

at vt < z < H, r = r0 

Po - P ~ NVw + Or - »/) Vy„(z -

at z = H, 0 ?S r <, ra 

Pa = P - [otyv + (H- ut) V7o(/y - vl)] 
for 

/ > H/v 

at z = 0, 0 ^ r < r„ i>w = P 

at 0 < z ^ H, r = rB Pw = P - ywz 

Pa = P- ywH at z = //, 0 < r < r„ 

where z is vertical direction and P is a reference 
pressure at z — 0. 

Equations (l)-(6) have to be solved for the necessary 
initial and boundary conditions for each block in a 
sector. The basic difference between this set of 
equations representing a compositional system and 
that of a black oil system is that the gas and oil 
equations represent liquid and vapour and the units 
are mols/day, as against STB/day and MCF/day, 
respectively. The q y term replaces the normal gas-oil 
ratio R, and represents mass transfer between the 
liquid and vapour phases which is a function of both 
composition and pressure. 

The method of evaluating qy is to express it in the 
form 

dP 
SPa + q\ 

dL 
= - ( S o P o + S t P i ) — 5Pa + q \ (7) 

where dqJdP is the derivative of the vaporisation with 
respect to pressure evaluated at the start of the time 
step. dL/dP is obtained from equilibrium flash 
calculations for a pressure change 5P. q*y is the 
iteration on the vaporisation rate to account for 
compositional changes plus correction for any error. 
The vaporisation rate at the end of any iteration is 
simply calculated implicitly from the net transfer to the 
gas phase by using the flow equation (2). 

The total accumulation of component / (ACC,) was 
calculated explicitly from eqn. (2) as (ACC,) = Vy"*1 

x (S0p0X t + S^tY,) '* l . The total mol fraction of oil 
and gas of component / was calculated as: 
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The mol fraction of each individual phase was 
obtained from equilibrium (lash calculation by solving: 

N 

^ - K,)I[L + K,(\ - L)\ = 0 (9) 

and the phase mol fractions were calculated from: 

X, = ZJ[L + - L)] and = -K,X, (10) 

At this point the new pressure and compositions are 
obtained. 

By appropriate transformation and manipulations 
of the above equations, it is possible to solve them for 
liquid hydrocarbon pressure, p a, using the known 
implicit pressure and explicit saturation methods 
(IMPES). 9- 1 0 The coefficients of the pressure equations 
are solved by the Gaussian elimination method. 

The iterative procedure for the solution used in the 
simulation is: 

1. Whileholdingthenon-linearcoefficientsconstant, 
"the pressure equation is solved by the Gaussian 
elimination method. 

2. Using the last pressure iteration, water saturation 
and the number of mols of each component present in 
each grid block were calculated. 

3. The hydrocarbon is flashed to obtain the 
compositions and hydrocarbon saturations, oil and 
gas. 

4. The non-linear coefficients in the pressure 
equation are calculated, and steps (l)-(4) are repeated 
until convergence is obtained. 

5. HAFT KEL FIELD STUDY 

Haft Kel Field is situated in the south-west of Iran 
at the east side of the Dezful embayment. The field 
was discovered in 1928 and had a cumulative oil 
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production of over 1-64 x 109 STB at the end of 1973. 
It is approximately 20 miles (32 km) long and 3 miles 
(5 km) wide. The main producing formation is the 
Asmeri limestone of Oligo-Mioceneage which is 900 ft 
(280 m) thick. This reservoir is also in pressure 
communication with the Eocene and Cretaceous 
rocks and with the Naft Safid Field from the north
west. These formations and reservoirs have probably 
contributed to oil production in Haft Kel. 

The oil-in-place finally used in the mathematical 
model is 7-24 x 109 STB in the matrix and 197 x 106 

STB in the fissures. 
Because of excellent communication in the reservoir, 

the pressure variations and gas-oil and water-oil 
levels within the field are not significant and they can 
reasonably be averaged. In addition, in order to 
simplify the study and to reduce the computer time, 
only one rock type was used to represent the reservoir. 
The porosity and permeability of the blocks varied, 
respectively, from 12 to 7% and from 0-8 to 0 05 md. 
The block dimensions are varied from 10 to 14 ft 
(3-4-25 m) in height with radii of 6-8 ft (1-8-2-5 m). 
The forty-five years of history consisting ofthe pressure, 
water-oil and gas-oil contacts are given in Fig. 4. The 
relative permeabilities of gas-oil and water-oil are 
given in Fig. 5, and their related capillary pressures at 
the bubble point pressure are given in Fig. 6. The 
cumulative fracture volume distribution versus depth 
which was finally used in this study is given in Table I . 
The black oil PVT properties are given in Table I I . 

« TABLE I 

FRACTURE VOLUME DISTRIBUTION VS. DEPTH 
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Fracture Fracture Fracture 
Depth volume Depth volume Depth volume 

(10" RB) (10« RB) (10» RB) 

90 4-5 600 970 1400 165-0 
200 10 0 700 1070 1700 1930 
350 550 900 127 0 1850 2130 
500 850 1100 135-0 2136 2340 

The water formation volume and compressibility 
factors, rock compressibility, and diffusion coefficient 
of 1-002 RB/STB, 3 x 10_* p s i - 4 x 1 0 _ 6 p s i _ 1 , 
and 0 00025 ft2/day were respectively used in this 
study. The gas-oil capillary pressure was calculated 
from the equation: 

Pc (at any pressure) 
= Pc (at bubble point) 
x (3-62 - 2-76 x IO-3 P + 6-5 x I0~7 P1) 

In matching the past history of this reservoir, almost 
all the parameters mentioned earlier within their 
possible ranges were changed to arrive at a good match. 

TABLE I I 

PVT PROPERTIES OF THE HAFT KEL RESERVOIR 

Pressure 
(psia) 

Oil FVF Gas FVF Solution Viscosity 
(RBI (RBI GOR 
STB) MCF) (MCF/STB) Oil Gas 

212 1065 10-6 009460 1-590 0-011065 
612 1-1037 4 16 0 194934 1170 0012059 

1012 1-142 2-40 0-295268 0-910 0013049 
1412 1181 1-662 0-3956 0-785 0014040 
1812 1-1766 0-3956 0-785 0015032 
2122 1-1723 0-3956 0-785 0-016024 

Fig. 5-4(9/7, water and. gas relative permeability. 

The reason for such detailed studies was to check and 
find feelings for the magnitude of certain not well-
known mechanisms, such as convection and diffusion, 
block height, equilibrium gas saturation, fracture 
volume, etc. This study was very important since the 
histories of the other Iranian fractured reservoirs are 
relatively short and they are far from being near 
depletion. In addition, Haft Kel Field has very strong 
water drive so that the water-oil and gas-oil levels 
have advanced almost equally from their original 
positions, while most other Iranian fractured reservoirs 
have relatively weak water drive. Because of this, the 
calculation of water displacement efficiency in these 
other fields would be inaccurate. This would lead to a 
possible wrong decision on the type of fluid injection 
in these reservoirs for pressure maintenance and 
secondary recovery. The results of yearly oil produc
tion history match are given in Fig. 7. The solid line is 
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yearly production and the dashed line is the net 
production minus estimated oil influx from the Naft 
Safid reservoir and other sources. The GOR was 
matched on the yearly cumulative basis. To evaluate 
the effect of gas and water injection on recovery, 
several hypothetical studies were made, using the 
same reservoir data under which the natural depletion 
history was matched. Water or gas was injected into the 
reservoir from the starting day of production, such 
that in the case of water injection the original gas-oil 
c»ntact_w_as jcept the same, and in the case of gas 
injection the original water-oil contact was kept 
constant. The reason for making hypothetical studies, 
i.e. to inject gas or water at the initial situation, was 
that if gas is injected into the Haft Kel Field, with 
an air column of about 100 ft.(30 m>,-it will contact 

the water-invaded zone, by pushing the oil column 
down to the presently water-invaded zone. To analyse 
and compute such systems the knowledge of three-
phase capillary pressure and relative permeability is 
essential. Gas injection with higher final reservoir 
pressure (1683 psi) than the pressure at the original 
gas-oil contact (1412 psi) was also studied. The 
results of the hypothetical studies are given in Fig. 8. 

6. SUMMARY AND CONCLUSIONS 

The following conclusion may be made from this 
paper: 

1. Iranian fractured reservoirs are substantially 
different from the classic sandstone reservoirs and to 
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study them special attention andaspecial mathematical 
model are required. 

2. These reservoirs can be described by a stack of 
vertical, and to a limited extent horizontal, blocks 
surrounded by fractures and/or impermeable barriers. 

3. A rigorous mathematical model was developed 
to describe such reservoirs, and some of the funda
mental portions of the model were tested against some 
known laboratory data. 

4. The Haft Kel Field was matched and several 
hypothetical prediction cases were studied. 

5. Studies indicated that if gas had been injected 
into Haft Kel Field from the beginning, such that the 
reservoir pressure at the gas-oil contact was kept 
constant at 1412 psi, nearly 800 million STB of 
additional oil could have been recovered. 

7. NOMENCLATURE 

RB Reservoir barrel 
STB Stock tank barrel 
B Formation volume factor, RB/STB 
b Reciprocal formation volume factor, STB/RB 
C Compressibility, psi" 1 

Z)A B Diffusion coefficient, ft2/day 
g Acceleration due to gravity, ft/sec2 

GOR Gas oil ratio, ft 3 /bbl 
h Depth, f t 
H Block height, ft 
k Absolute permeability, md 
kT Relative permeability 
K Equilibrium phase constant (YJXi) 
L Moles liquid per mole hydrocarbon mixture 
N Number of components " 
P Pressure, psia 
Pc Capillary pressure, psia 
q Injection rate, STB/day/ft3 for water, mol/day/ 
. f t 3 for gas and oil 

qy Vaporisation rate, mol/day/ft3 

q*v Vaporisation rate neglecting pressure change, 
mol/day/ft3 

q' y Derivative of vaporisation rate with respect to 
pressure, mol/day/psi 

5 Saturation 
t Time, days 
v Velocity, ft/day 

— X ( Mol fraction component / in liquid phase 
j 

i 

i 

Y, Mol fraction component / in gas phase 
Z, Mol fraction component / in total hydrocarbon 
/< Viscosity, cP 
p Molar density, lb mol/bbl 
<f> Porosity, fraction 
y Specific weight, psi/ft 
5 Change over time step 
V Laplacian operator 

Subscripts 
g Gas phase 
/ Component number / 
o Oil phase 
w Water phase 

Acknowledgements 

The author wishes to thank the management of the 
National Iranian Oil Company for the support of this 
work. The assistance of INTERCOMP for developing 
the computer program and computing technique is 
also greatfully acknowledged. 

References 

1. K. H. ANDRJESEN, R. I . BAKER and J. RAOOFI, 
Development of Methods for Analysis of Iranian Asmari 
Reservoirs, Proc. of the 6th WId Petrol. Congr., Section I I , 
Paper 14. 1963. 

2. R. H. YAMAMOTO et al., Compositional Reservoir 
Simulation for Fissured Systems: The Single Block Model, 
SPE Paper No. 2666, presented at the 44th Annual Fall 
Meeting of Sol. Pet. Eng., 1969. 

3. A. M . SAIDI and T. VAN GOLDFRACHT, Considera
tions sur les mechanismes de base dans les reservoirs 
fractures, Revue Inst. Fr. Petrole, 1971, 12. 

4. A. M . SAIDI, Effect of Gas Pressure Maintenance on the 
Recovery of the Iranian Fractured Limestone Reservoirs, 
presented at the 9th Wld En. Conf., 1974. 

5. D. L . KATZ et al.. Handbook of Natural Gas Engineering, 
1959, McGraw-Hill, New York. 

6. G. H . A L A N I and H. T. KENNEDY, Volumes of Liquid 
Hydrocarbons at High Temperatures and Pressures, Petrol. 
Trans. AIME, 1963. 

7. J. E. LITTLE and H . T. KENNEDY, A Correlation of 
Viscosity of Hydrocarbon Systems with Pressure, Tempera
ture and Composition, SPE J., 1963. 

8. A. SOTOODENIA, private communications. 
9. J. W. SHELDON et al., A Method for General Reservoir 

Behavior Simulation on Digital Computers, 35th Annual 
Sec. Petrol. Engrs Meeting, Oct. 1960, Denver. 

10. H . L . STONE and A. O. CARDER, Jr, Analysis of Gas 
Cap or Dissolved Gas Drive Reservoirs, Trans. AIME, 
1961, 222, 92. 



Fahud Field Review: A Switch 
From Water to Gas Injection 
Niel O'Neill, SPE, Petroleum Development Oman 

Summary. The water injection schemes implemented in the Fahud field during the early I970's led to poor recoveries because 
the reservoirs were both fractured and oil-wet. On the basis of the results of a thorough performance review, it was decided in 
1983 to promote gas/oil gravity drainage fully by drilling rows of downdip producers and switching completely from water to gas 
injection. This paper investigates the reasons behind each stage of development and reviews recent efforts to evaluate the future 
production potential through the use of dual-porosity simulators. 

Introduction 
The Fahud field (Fig. 1), which has a stock-tank oil initially in place 
(STOnP) of 1000x 106 stock-tank m 3 [6,300X10* STB], is an 
elongated monocline with an eroded fault escarpment. The field 
is divided by a permeability barrier into two accumulations, Fahud 
Norm-West (NW) and South-East (SE), each of which contains three 
fractured Natih limestone reservoirs. The three Fahud NW 
reservoirs (NW-A, NW-C/D, and NW-E/F/G) are separated by con
tinuous shales but are in oomraunicarion with each other acrossthe 
eroded fault escarpment (Figs. 2 and 3). The same applies to the 
three Fahud SE reservoirs (SE-A, SE-CVD, and SE-E). The oil has 
a density of 870 kg/m 3 [31 * API] with initial reservoir fluid prop
erties as presented in Table I . The field was discovered in 1964 
and started production in 1967. To date, 12% of the field's STODT 
has been produced. This paper reviews tbe field's performance 
during four distinct phases of development: initial, waterflood, reas
sessment, and present development. 

Initial Development—1967-71. The field was initially produced 
under natural depiction supplemented in 1968 by gas injection. The 
high ornate rates led to a rapid displacement of the gas/oil contact 
(GOC), which resulted in the early gassing out of a number of rela
tively downdip completions. Simulation studies and field trials were 
conducted, which concluded that better recoveries would be ob
tained through waterflooding. 

Waterflood Period—1972-80. Following the recommendations, 
water injection schemes were implemented in four of the six Fahud 
reservoirs. However, they failed to arrest either the pressure or 
oil production decline. 

Reassessment Period—1981-83. The poor performance of the 
waterflood led to a thorough review during which a number of 
thermal decay time (TDT) logs and tracer tests were conducted. 
It was concluded that because the reservoir rock was both fractured 
and oil-wet, recovery factors from waterflooding were low and could 
be substantially improved by reverting to full-scale gas/oil gravity 
drainage. 

Present Development—From 1984. The present policy is to 
promote gas/oil gravity drainage fully. This ongoing development 
requires the phasing out of water injection, the completion of 
downdip grids of producers, and the full replacement of voidage 
by gas injection. Dual-porosity simulation studies are currently being 
conducted to optimize the remaining development and to predict 
the future field performance. 

Geology 

The Fahud field is a 0.24- to 0.3-rad [14 to 17°] northeast-dipping 
monocline bounded in the southwest by a fault plane and overlain 
by the scaling Fiqa shales (Figs. 2 and 3). The three main oil-
producing reservoirs are contained in the Natih formation, which 
is about 440 m {1,444 ft] thick. The Natih carbonates consist of 
seven regressive cycles. Reservoir division into subunits is largely 
based on its relative position in a deposittonal cycle. A fully de-
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veloped cycle contains shale at the base and grain-supported lime
stone at the top. The reservoirs are therefore of variable quality, 
but usually improve upward in a cycle. Notably the rudistid grain-
stones of Subunits A3 and C t , each being at the top of a cycle, 
are excellent reservoirs (Table 2). These subunits are greatly im
proved as a result of freshwater leaching during periods of subaerial 
exposure terminating the respective cycles. 

Very high permeability values can be explained only by fractures 
in the reservoirs. Fracture identification logs, tracer tests, and 
outcrop studies indicate a northeast/southwest directional trend in 
the fracture system, a fracture spacing of about 10 m [33 ft] , and 
fracture widths up to 2 mm (0.08 in.]. This feeder fracture system 
is rather different from more common nocture models in carbonates, 
which usually have smaller spacings and widths. The matrix blocks 
(or slabs) are thought to be of a considerable size with continuity 
in both the dip direction within each subunh (> 100 m [>328 ft]), 
and also in the vertical direction through the varying-permeability 
subunits (up to 80 m [262 ft]). 

Initial Development 

The initial development of the Fahud field, consisting of 47 
producers in the six-reservoirs, was drilled by the end of 1968. 
The majority of the wells were located relatively downdip to enable 
completions between 380 and 420 m subsea (ss) [1,250 and 1,380 
ft ss]—100 to 140 m (330 to 460 a] above the 50% oil/water contact 
(OWC). This positioning was selected to give some scope for both 
gas-cap expansion and natural water influx. 

The initial production performance was encouraging with well 
offtakes of up to 2500 m 3/d [15,700 B/D] and total field pro
duction building up to more than 35 000 m 3/d [220,000 B/D] by 
1969 (Figs. 4 through 7). Because of the rapid decline in reservoir 
pressure, however, gas injection had to be initiated in mid-1968. 
This arrested the pressure decline but did not stop the fall in the 
GOC, which in Reservoir NW-A moved from an original level of 
76 to 300 m ss (250 to 980 ft ss] in early 1970 (Fig. 8). The ex
panding gas cap had caused two updip NW-A wells completed at 
200 m ss [660 ft ss] to gas out in late 1968 and two more wells 
completed at 250 to 300 m ss [820 to 980 ft ss] to gas out in late 
1969. 

In the meantime, geologic and petrophysical studies had indicated 
that the reservoirs were far more heterogeneous than had been origi
nally suspected. Core-derived permeabilities ranged from < 1 to 
1,000 md. In addition, there were thought to be extremely high-
permeability zones in the vuggy/rudist Subunits A 3 and C i , where 
core recovery was extremely poor. It was consequently concluded 
that the rapid advance ofthe GOC was caused by drainage of these 
high-permeability zones and that the majority of the reservoir rock 
was being left undrained. 

To avoid premature gas breakthrough into the main rows of 
producers, two options were considered: reducing the offtake to 
a level that matched the lotal sustainable drainage rate of each 
reservoir or injecting water into the more permeable Subunits A 3 
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Fig. 1—Oman location map. 

and Ci and relying on gravity-induced crossflow to sweep the 
tighter underlying subunits. 

To investigate the merits of waterflooding vs. gas/oil gravity 
drainage in the Fahud field, a simulation study of Subunit NW-
C l f 2 was made. The model consisted of five layers with permea
bilities of 1,000. 100, 100, 10, and lOxlO" 3 darcies and 15 
columns. To investigate the merits of water injection, runs were 
made for a range of k H lk v (horizontal/vertical permeability) values 
and injection rates. Waterflooding of the lower layers could occur 
only through gravity-induced crossflow because capillary effects 
were ignored. The study showed that while gas injection gave recov
eries very similar to the extrapolated field results (15 to 20% of 
STOnP), water injection would increase these recoveries by be
tween 50 and 100%. The main difference was in the sweep effi
ciency of the underlying lower-permeability layers. 

Three main field trials were conducted from April 1971 to test 
the merits of water injection. In the first, updip water injection was 

tested for Reservoir NW-A by injecting water into Well FN-5 and 
observing the water-cut development of downdip Wells FN-56 and 
FN-61. This scheme appeared attractive as rows of relatively 
downdip producers were already in place and a number of updip 
wells were available as injectors. In addition, scouting simulation 
studies suggested that a high recovery of the tighter underlying 
Subunit A4^ could be obtained through gravity-induced crossflow. 

When tested, however, water breakthrough occurred in Well FN-
61 (located 900 m (3,000 ft] downdip from Well FN-5) in 8 days 
and in Well FN-56 (located 450 m (1,500 ft] downdip from Well 
FN-5) in 10 days. When the water injection was stopped, the oil 
cut recovered faster in Well FN-56 than in Well FN-61. The rapid 
breakthrough during this test could be explained only by either a 
fissure/solution channel system or an extremely high-permeability 
layer. It was already suspected from the rapid decline of the GOC 
that a dual-permeability system existed with a leached secondary 
porosity system having darcy permeability imposed on the tight 
primary matrix. However, a review of the reservoir permeabilities 
derived from pressure buildups indicated average permeability 
values of up to 30 darcies over the 60-m (200-ft] -thick Reservoir 
NW-A. These high kh values found in partial completions in all 
subunits could not be accounted for by a single leached zone in 
Subunit NW A 3 . This evidence, taken in conjunction with the 
updip injection pilot performance of Well FN-61, which had water 
breakthrough before Well FN-56 and afterward recovered oil pro
duction more slowly, pointed to the existence of a complex fissure 
system extending throughout Reservoir NW-A in addition to the 
leached secondary porosity zones in Subunit NW-A3. Similar ar
guments, based on the high kh values from pressure buildups, could 
be used to support fracturing in the other five Fahud Natih 
reservoirs. 

The two other water injection trials were conducted to test 
downdip injection in Reservoirs NW-A and NW-C. The water in
jectors were located close to the OWC while water cuts were mon
itored in the existing producers. In Reservoir NW-A, test water 
broke through after 11 months (approximately 3% breakthrough 
sweep efficiency) and in Reservoir NW-C within 2 to 3 months 
(approximately 1.5% breakthrough sweep efficiency). The dif
ference was thought to be die result of a greater degree of frac
turing and leaching in Reservoir NW-A than in Reservoir NW-C, 
which provides greater storage capacity and facilitates lateral 
spreading. Further simulation studies with a single very-high-
permeability layer confirmed the early breakthrough but still indi
cated ultimate recoveries up to twice that from gas injection, albeit 
at high water cuts. 

The lack of sufficient natural water influx, estimated in 1972 to 
have replaced only 23% of voidage and expected to decline in 
strength, dictated the necessity for pressure maintenance. Gas in
jection had been shown to maintain gas-cap pressures effectively, 
but would lead to low recovery efficiencies unless off-take levels 
were reduced to unacoeptably low levels. Water injection, although 
resulting in early breakthrough and leading to a large degree of recy
cling, was expected to give substantially higher recoveries in time. 
This conclusion was based primarily on simulation runs that showed 
that the tight underlying layers would be swept by gravity-induced 

Fig. 2—Fahud f ie ld structure map. 
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Fig. 3—Schematic cross section of Fahud NW and SE, 

TABLE 1—FLUIO PROPERTIES 

Fahud Northwest Fahud Southeast 

Pi. kPa 6130 6130 
Po. kPa 3800 5380 

std m 3 / m 3 23.0 29.0 
Ba,, res m3/stock-tank m 3 1.10 1.11 
fig,. mPa-s 2.40 2.07 
Oil datum, m ss 400 400 
Oil density, kg/m 3 871 871 

crossflow. Capillary imbibition effects, unaccounted for by the simu
lation runs, were expected to accelerate this process. It was therefore 
decided in 1972 to introduce full-scale water injection in both 
Reservoirs NW-A and NW-C/D and later in Reservoirs SE-A and 
SE-C/D. It was not considered necessary at this stage to inject water 
in Reservoirs NW-E/F/G and SE-E because their performance in
dicated a higher level of natural water influx. 

Waterf lood P e r i o d 

The water injection pilot schemes were gradually extended, so that 
by 1974 there were seven injectors in Reservoir NW-A and nine 
injectors in Reservoir NW-C/D. Average water injection levels rose 
to 3200 m 3/d (20,000 B/D] during 1974 in Reservoir NW-A and 
to 5900 m 3/d [37,000 B/D] during 1973 in Reservoir NW-C/D 
(Figs. 4 and 5). Five injectors were completed in Reservoir SE-A 
between 1974 and 1977. 

In all cases, water cuts responded rapidly to the downdip water 
injection. By 1976, water production equaled water injection in 
Reservoir NW-A and was approaching it in Reservoir NW-C. 
However, material-balance calculations continued to indicate that 
the rate of natural water influx was significant and water sweep 
was continuing. The reason for this is now believed to be underes
timation ofthe ST01IP in Fahud NW. Since 1976, the STOIIP has 
been increased from 439 x l O 6 to 764 X10 6 m 3 [2,760 x lO 6 to 
4,810xl0 6 bbl] through the inclusion of Reservoir NW-A7/B, the 
shift of the boundary between the northwest and southeast reservoirs 
600 m [2,000 ft] to the southeast, and a favorable remapping of 
the main boundary fault. Subunits NW-A7 and NW-B have a com
bined STOIIP of 210X 106 m 3 (I,320x IO6 bbl] and were origi
nally considered nonreservoir because of their low permeability (< 1 
md). Pressure measurements taken during a number of recent 

TABLE 2—FAHUD SUBUNIT CHARACTERISTICS 

Thickness Porosity 
Matrix 

Permeability 
Fracture 

Permeability* 
Subunit (m) (%) (10 _ 3 darcies) (10 " 3 dare 

A , 5 33 1 to 20 10,000 
A 2 

12 33 1 to 20 20,000 
A 3 

10 32 1,000 30,000 
A 4 

6 28 20 to 100 6.000 
A s 

11 32 5 to 20 7,000 
A , 18 32 1 to 5 1.000 
A 7 

20 20 to 30 1 100 

B « 62 17 to 36 0.1 to 5 • * 
B 4 

IS Shale — — 
c, 12 29 200 to 1,000 1,500 
c 2 

29 32 1 to 20 500 
9 — Oto 1 * • 

o, 18 29 1 to 20 
12 — 1 * • 

o4 
11 Shale — — 

E, 18 22 1 to 5 
E2 50 26 15 '300 
E 3 

55 27 25 300 
E 4 

43 26 5 300 
F 31 28 10 . . • 
G 17 26 3 

'Estimates of fracture permeabitiiies based on pressure buildups. 
'Limited available data show no evidence of fracturing. 

Subunit NW-B production tests, however, have indicated that they 
are substantially depleted and thus provide a degree of pressure 
maintenance. Although me omission of Reservoir NW-A7/B had 
little effect on the 1972 material-balance calculations, when the 
majority of the reservoir was still at a pressure above the bub-
blepoint, by 1977 it resulted in an overestimation of the water influx 
of approximately 70%. or 107 m 3 [63 x IO6 bbl]. This implied that 
the water sweep efficiency was 50% higher and the gas sweep ef
ficiency 30% lower than was actually the case. Even so. the 1977 
material-balance calculations indicated that gas/otl gravity drainage 
was more efficient in Reservoir NW/A than the waterflood, although 
waterflooding still appeared the more efficient recovery process in 
Reservoirs NW-C/D and NW-E/F/G. 
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Rg. A—neaetvotr NW-A production pen\>rmance (BSW - baate aedhnerrt and water, Wl=water 
Injection, and GJsgas injection). 

Rg. 5—Reservoir NW-C/D production performance. 

Reservoir NW-A. The implementation of a line waterdrive and 
the phasing out of gas injection led in 1973 to a renewal of the 
pressure decline. The rapid response of the updip producers to water 
injection, caused by fracture communication, made it impossible 
to increase the water injection rate sufficiendy to match the voidage 
rate. This shortfall was accentuated by the proximity of the fracture 
GOC to the producers, which led to increasing GOR's (Fig. 4) and 
voidage rates. The real problem was that the oil rim was not being 
charged at a sufficient rate by the combination of water sweep and 
gas/oil gravity drainage to match well productivities. Despite the 
material-balance errors described above, it was clear from the 
balance of water injection and production that oil recovery through 
waterflooding had virtually ceased. 

612 

Because the reservoir pressure was still declining rapidly (Fig. 
8), it was decided in 1977 to reinitiate full voidage replacement 
by gas injection and to promote gas/oil gravity drainage in the better 
developed central part of the reservoir. Water injection would be 
retained only in the less fractured areas on the flanks ofthe reservoir. 

Reservoir NW-C/D. Problems similar to those in Reservoir NW-
A were encountered in Reservoir NW-C. Water cuts rose rapidly, 
soon causing the water injection rate to be cut back (Fig. 5), while 
the reservoir pressure resumed its decline. However, the cumulative 
water injection minus water production continued to increase and, 
when combined with an overestimation of the natural water influx, 
still gave an optimistic assessment of the waterflooding in relation 
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Rg. 7—Fahud SE production performance. 

to the gas/oil gravity drainage performance. To improve the areal 
and vertical sweep efficiency, an additional injector was added and 
direct injection into the tighter Subunit NW-C2 started. 

Reservoir NW-E/F/G. The gradual water-cut buildup in Reservoir 
NW-E/F/G had initially suggested a moderately strong bottomwater 
aquifer in this reservoir. However, it failed to arrest both a decline 
in the reservoir pressure and an increase in the produced GOR 
during the period to 1977 (Fig. 6). The results of the material balance 
had again indicated that recovery by waterflooding was more effi
cient than by gas/oil gravity drainage. It was therefore decided to 
supplement the natural influx with water injection. An initial one-
well pilot injector (Well FN-5) was commissioned and, although 
rapid water breakthrough like that in Reservoir NW-C was seen. 

the project was extended in 1979 to a line of seven dual Subunit 
NW-E 2/Ej injectors. 

Reservoirs SE-A, SE-C/D, and SE-E. The Fahud SE reservoirs, 
containing less than 25% of the total field STOIIP, have histori
cally followed the same development as the Fahud NW reservoirs. 
Consequentfy, some pressure maintenance occurred through gas 
injection (1969-72) and through water injection in the less frac
tured northwestern half of Reservoir SE-A from 1973. During the 
period to 1980, however, the production decline was even more 
severe than in the Fahud NW reservoirs. This was because of a 
combination of reservoir geometry (the original oil column was 230 
vs. 460 m [750 vs. 1,510 ft] in Fahud NW), aquifer strength, and 
low sweep efficiencies, which caused almost immediate water break-

613 



AT OATUM 

DATUM CAS 6 0 m „ 

OIL 4 0 O - < « 

WATER 3 2 0 * « . 

-MTCNLC« 
M C s a u a c i 

WATTOI N M tmmm •At-AA. AAAV. ****** 

^rj-M |>M j'ro ' T l [ ' T t j ^ - n j ' T A l ' n f ' T t t f ' T r r j ' T * 'm ['•2|,*sj'»t|'«9j *a 

«7 | -4 . | -W| r c | r i | n|-T»|-T<l|^|-«|-TT]-T«|-T»| « o ) - » . | - « | ^ » ) - ^ | - c | - M 

Fig. 8—Reservoir NW-A fracture pressures and contacts. 

through in the fractured areas of the reservoirs (Fig. 7). By 1980, 
the rapid advance of the fracture OWC to a high level in the 
reservoirs had virtually eliminated the oil rim and cut total pro
duction from 8400 m3/d [53,000 B/D] in 1969 to 1600 m3/d 
[10,000 B/D]. 

Reassessment Parted 
The poor response of Reservoir NW-E/F/G to water injection during 
the second half of 1979 and 1980 and the continued decline in the 
net oil production from Reservoir NW-C/D (Figs. 5 and 6) brought 
about a radical reassessment of the Fahud production policies during 
1981-83. This consisted of a thorough performance review sup
ported by new data from a number of tracer tests and TDT logs. 
Subsequent results of openhole logs, which were run in downdip 
wells and directly measured the degree of water sweep, have been 
included here to complete the interpretation. 

Tracer Tests. Seven radioactive tracer tests, two each in Reservoirs 
NW-A and NW-E/F/G and three in Reservoir NW-C/D, were con
ducted between 1981 and 1983. Three types of tracer with suitable 
half-lives (cobalt 60, cobalt 57, and tritium) were used to enable 
differentiation of the source of each breakthrough. The objectives 
of the tests were as follows. 

1. To confirm the rapid breakthrough times seen in the water in
jection projects and to estimate breakthrough sweep efficiencies. 

2. To establish the orientation of the preferential flow paths. 
3. To investigate potential communication between adjacent 

subunits and reservoirs and to confirm suspected lateral flow 
barriers. 

The results in all cases confirmed the rapid breakthrough from 
injectors to producers. The tracer front was found to move at rates 
between 8 and 38 m [26 and 125 ft] for 1000 m 3 (6,290 bbll of 
water injected. Calculated breakthrough efficiencies were on the 
order of 0.3, 0.6, and 1.8% for Reservoirs NW-E/F/G, NW-A, 
and NW-C/D tests, respectively. Bearing in mind that the Reservoir 
NW-A tests were conducted in a peripheral area of nonrudist Subunit 
NW-A3 development, these results confirm that the breakthrough 
sweep efficiencies are highest in reservoirs having vuggy/rudist 

TABLE 3—SUMMARY OF WATER INJECTION 
RESPONSE IN RESERVOIR NW-E (1979-80) 

Response Watercut 

Water Time Before After 
Injector Producers (months) (%) O) 

152 13S 8 10 35 
23 3 42 77 

104 4 40 75 

155 163 2 10 58 
33 2 25 82 

126 No response — — 
150 29 4 8 78 

114 No response — — 
5 35 1 22 60 

102 No response — — 
160 34 4 25 60 

112 No response — — 
164 48 1 38 78 

51 128 2 18 43 
62 1 40 85 

subunits such as Subunit NW-C,. Other conclusions were as 
follows. 

1. In six of the seven tests, tracer breakthrough was seen only 
in the producer located directly updip of the injector, despite con
tinued sampling in adjacent producers. In the one exception, break
through was seen in two producers 350 m [ 1,150 ft] apart but offset 
from the injector. These results would imply a "plate" rather than 
a "matchstick" fracture model with the fractures oriented in a strike-
normal direction. 

2. In several cases, inducting both tests in Reservoir NW-E/F/G, 
the producer showed multiple tracer peaks, implying complex tracer 
paths. 

3. Injection of tracer into Subunit NW-E3 in Well FN-51W re
sulted in breakthrough after 6 weeks in the Subunit NW-E2 com
pletion in Well FN-62, confirming good vertical communication 
between the subunits. 

4. No evidence of tracer breakthrough into adjacent reservoirs 
was seen. 

Besides the waterflood tracer tests, the difference in composition 
of the Fahud West nonassociated gas from that of the Fahud as
sociated gas (10% N 2 compared with 2% N2) has enabled a gas 
tracer test to be made. The resumption of full gas injection into 
Reservoir NW-A in 1978 enabled die passage of the Fahud West 
injection gas to be traced through the field. This confirmed the com
munication across the boundary fault with Reservoirs NW-C/D and 
NW-E/F/G and established the position of the permeability barrier 
between the northwest and southeast reservoirs. 

TDT Logging. Altogether 25 TDT logs, 11 in the Fahud NW and 
14 in the Fahud SE reservoirs, were run to evaluate the performance 
of the waterflood. Ideally the TDT logs should have been run in 
wells that produced (or injected) in reservoirs different from those 
being monitored for water sweep. This would have ensured that 
any observed saturation changes were reservoir and not well effects. 
Unfortunately, because of a lack of appropriately positioned lo
cations, it was possible to achieve this in only three wells. These 
showed a rise of 13 m (43 ft] in Reservoir NW-C OWC in Well 
FN-31, some sweep in Reservoir NW-C at 420 m ss (1,380 ft ss] 
in Well FN-155, and a 7-m [23-ft] partially swept zone in Subunit 
NW-E, at 500 m ss [1,640 ft ss] in Well FN-137. These results 
have been included in the overall evaluation of the water sweep 
described below. Although the other TDT logs run were subject 
to well effects, such as coning and cusping, they still give an idea 
of the maximum sweep that might be encountered at a particular 
structural position in a reservoir. The following conclusions can 
be made. 

1. No evidence of substantial water sweep was found in the Fahud 
NW reservoirs. Water coning was found in Reservoirs NW-A (Weil 
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Fig. 10—Estimated water sweep profiles in Fahud NW subunits. 

FN-19) and NW-E3 (Wells FN-29, FN-34, FN-126, and FN-163) 
(e.g., see Fig. 9d). An apparent water sweep is found across most 
Subunit NW-C[ completions, although it is not known to what 
extent this is caused by acid effects. 

2. In two Reservoir NW-E wells (Wells FN-34 and FN-155), 
where TDT logs were run both before and after the period of water 
injection, there was no apparent additional water sweep. 

3. In Fahud SE reservoirs, the only apparent evidence of water 
sweep is across perforations. Again it is not known to what extent 
this is caused by acid effects. Many logged intervals showed mud-
filtrate effects despite long elapsed times between the drilling and 
TDT logging of these wells. This indicates tight matrix rock and, 
together with the water-cut performance of these wells, suggests 
that the water is produced through the fracture system with little 
or no water sweep. 

Waterflood Performance. An investigation of the water-cut 
response to downdip injection was made as part of the performance 
review. Typical results for Reservoir NW-E producers are found 
in Table 3, which shows the breakthrough times and water-cut 
responses to water injection. The lack of response in Wells FN-
126, FN-114, FN-102, and FN-U2 and the one-to-one in
jector/producer relationship in the center of the reservoir confirms 
the plate fracture model. However, there is some lateral spreading 
of the waterflood toward the edges of the reservoir above Wells 
FN-152W and FN-51W. It is clear from such water-cut behavior 
and from the tracer tests that sweep efficiencies at breakthrough 
are very low. However, it is not clear to what extent the matrix 
is subsequendy swept with continued water injection. The decline 
in oil production particularly in Reservoir NW-C/D between 1974 
and 1980 and in Reservoir NW-E/F/G during 1979-80 (Figs. 5 
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TABLE 4—ESTIMATED WATER BALANCE 
FOR FAHUO NW ON JAN. 1, 1986 

Water Water Estimated Water 
Fahud NW Injection Production Water Sweep* Influx 
Reservoir (10 s m 3 ) (10 4 m 3 ) (10 s m 3 ) (10 s m 3 ) 

A 7.3 11.2 4.1 8.0 
C/D 16.2 12.2 6.3 2.3 

E/F/G 3.3 7.4 5.6 9.7 

Total 26.8 30.8 16.0 20.0 
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Fig. 11 —Historical water balance for the Fahud NW reservoirs. 

and 6) suggests that there was an almost direct exchange of oil for 
water production. At the same time, the efficiency of the potential 
gas/oil gravity drainage process was restricted by the high level 
of the fracture GOC's, which limited the percentage of rock ex
posed to gravity drainage to 65% in Reservoir NW-A, 40% in 
Reservoir NW-C/D, and 55% in Reservoir NW-E/F/G. 

An estimate of the extent of the water sweep in the Fahud NW 
reservoirs has been made by combining the results of material-
balance calculations with saturation profiles derived from resistivity 
logs run during drilling of recent downdip replacement wells. 
Difficulties in obtaining a unique material balance occur from un
certainties over the degree of depletion of the tighter reservoir units 
and uncertainties over the accuracy of the gas injection and pro
duction measurements. Estimates of the cumulative water influx 
range from 20x 106 to 35x 106 res m 3 (126XlO6 to 220x 106 

RB] compared with cumulative water injection and production totals 
of 27 x l O 6 and 31 x l O 6 res m 3 (170xl0 6and 195X106 RB], 
respectively. To distribute this aquifer influx between the three 
Fahud NW reservoirs, an estimate of the water sweep for each 
subunit has been made using the recently logged downdip oil satu
ration profiles (see Fig. 10). Good data coverage exists for Reservoir 
NW-A, central Reservoir NW-C, and Subunit NW-E 2, 4 (see ex
amples in Fig. 9). There is poor coverage away from the center 
of Reservoir NW-C, where the new grid wells have yet to be drilled, 
and in Subunit NW-E3. In general, it appears that significant sweep 
has occurred only near the original 50% contact and only marginal 
changes in oil saturation are seen above 500 m ss (1,640 ft ss]. 
Because the fracture OWC has historically been sustained at a level 
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Fig. 12—Typical recent water-cut performance of a Reservoir 
NW-A completion. 

close to the producing completions, 120 m [390 ft] above the 50% 
OWC at approximately 400 cn ss [1,310 ft ss], the observed poor 
sweep would appear to be caused by oil-wet matrix rock. This pro
duction performance is considered a more reliable indication of wet
tability than the tests conducted on Fahud core samples, which 
indicated neutral to slighdy water-wet properties. These tests were 
considered unreliable because of problems in preserving wettability 
while transferring from reservoir to laboratory conditions. Recently, 
Amott1 wettability measurements have been conducted on native-
state Natih reservoir samples from the nearby Natih field, which 
has rock type and performance history similar to the Fahud field. 
The results show a distinct oil-wet bias, particularly in the permeable 
subunits that have been the target for waterflooding in the past. 

Extrapolating the observed saturation changes across the various 
subunits leads to the water balance presented in Table 4. This gives 
a current cumulative water swept volume of 16XlO6 res m 3 

[101 x 10* RB], which, when combined with the difference be
tween the produced and injected water, fits in well with the low 
estimate of aquifer influx of 20x10* res m3 [126xl06 RB]. 

An estimate of the historical waterflood performance for the three 
Fahud NW reservoirs has been made assuming that the percentage 
of the total aquifer influx into each reservoir has remained con
stant with time. Fig. 11 shows the cumulative water injection, water 
production, and water injection plus water influx volumes for 
Reservoirs NW-A, NW-C/D, and NW-E/F/G from 1967 to 1986. 
The difference between the curves of water injection plus water 
influx and water production is the cumulative water swept volume. 
The curves indicate that the majority of the water sweep occurred 
in the early stages of the waterflood (75% by the end of 1974). 
Since then, an increasing proportion of the water influx and water 
injection has been cycled straight to the producers. Recently (from 
1980 in Reservoir NW-A and 1984 in Reservoirs NW-C/D and NW-
E/F/G) there has been a reduction in the water swept volume as 
downdip producers have been opened up and water injection 
stopped. Fig. 12 shows the water-cut performance of one of the 
producers (Well FN-61), a previous Reservoir NW-A injector from 
1971 to 1977 that was reopened in 1981. 

Present Development 

The results of the field review, which showed that water injection 
was giving very poor sweep efficiencies, led to a reassessment of 
the field's development. It was clear that even during the period 
of water injection, no more than 30% of the oil recovery was a 
result of the waterflood. Overall, only 17% of the total recovers 
could be accounted for by the waterflood as opposed to 80% from 
gas/oil gravity drainage and solution-gas drive. Gas saturation 
logging indicated that in the crest ofthe structure, gas saturations 
of up to 70% in Subunit NW-A3, 50% in Subunits NW-A4 5 and 
NW-C,, and 35% in Subunit NW-A, 2 o had already developed. 
Given time, this drainage would be expected to continue downdip 
through the reservoirs. It was therefore decided in 1984 to phase 
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out water injection completely, to increase gas injection to match 
voidage, and to shift the completions downdip gradually to max
imize the rock exposed to gas/oil gravity drainage. Six downdip 
rows were designed on a 350- to 450-m [1,150- to 1,480-ft] spacing 
to give sufficient well productivity to match the estimated oil 
drainage rate. The structural position of the rows (Fig. 3) was set 
shallow enough to avoid excessive periods of water production from 
the resaturabon of water-swept zones. The full development, ex
pected to be completed by 1991, will consist of 166 completions, 
requiring a further 48 new wells and 20 workovers. 

The gas injection policy in Fahud NW is to replace voidage fully 
and to maintain the gas-cap pressure at 2600 kPa [377 psi]. Repres
surization of the reservoirs to their original gas-cap pressure of3500 
kPa [508 psi] would increase recovery by decreasing the gas/oil 
interfacial tension (TFT) and reducing the capillary holdup.2 In 
Fahud, however, these gains are small because the reduction in IFT 
is slight (18.2 to 17.0 mN/m [18.2 to 17.0 dynes/cm]), the capillary 
pressures for 30% porosity are small (see Fig. 13), and the effective 
block height is large. In Fahud SE, however, gas mjecuon has been 
maintained at a level approximately 500X103 m 3/d (17.7x10* 
ft3/D] greater than the rate required to replace voidage to raise the 
reservoir pressures and to combat the moderate aquifer influx. This 
has resulted in a repressurization of up to 1000 kPa (145 psi] and 
enabled downdip watered-out wells to be reopened. Fig. 14 shows 
the water-cut performance of one of these wells (Well FN-118). 
The first three Fahud SE downdip replacement wells were drilled 
during 1986. 

Despite the short-term successes of the current policies, which 
have led to a resurgence of oil production in all reservoirs, the future 
production potential under gas/oil gravity drainage is still uncertain. 
At present, the production is benefiting from primary production 
as the fracture GOC moves downdip. When the contact approaches 
the completions, the wells will have to be either beancd back or 
produced on a stop-cock basis. From the stop-cock production 
history, it will eventually be possible to establish the future pro
duction potential of all the reservoirs. To gain a better insight into 
the complex recovery processes in fractured reservoirs that de
termine these potentials and to optimize the production policies, 
dual-porosity simulation studies were started in 1986. 

Dual-Porosity Simulation Studies. The initial studies have con
centrated on a cross section of Fahud Reservoir NW-A because its 

geometry is simple and a wealth of performance data exists. A 30-
column, 10-tayer dual-porosity model was set up with a commer
cially available simulator3 to represent a 930-m [3,050-ft]-wide 
cross section of Reservoir NW-A/B (Fig. 2). The fracture charac
teristics are based on transient-pressure test analysis studies, funded 
by the Ministry of Petroleum and Minerals, as well as outcrop, core, 
and wireline logging observations. Fracture relative permeabilities 
were assumed linear, while matrix permeabilities, relative perme
abilities, and drainage capillary pressure curves were all based on 
core measurements. The matrix imbibition capillary pressure curves 
were derived from a combination of the historically observed water 
sweep and fracture OWC levels. Fracture pressures, fracture 
contacts, and observed gas and water saturations were used as 
matching parameters. 

With a cross-sectional model, the fluid flux along strike was 
assumed negligible. This was considered a reasonable assumption 
because production from the central area of Reservoir NW-A has 
been uniform and the main feeder fractures are almost certainly 
oriented in a strike-normal direction. As the crossflow of gas to 
and from the cross section through the erosional edge is unknown, 
an artificial gas injector/producer was placed at the crest of the cross 
section to match the historical gas-cap pressure. The emphasis of 
the history match was to maintain the fracture GOC at the correct 
depth against time by varying the matrix/fracture exchange terms. 
The developed updip gas saturations and downdip water saturations 
could then be checked against log-derived field data. The matrix 
pressure in the tighter subunits, especially in the essentially unfrac-
tured Natih B, also had to be matched. 

Typical updip gas saturation profiles developed by the simulator 
by the end of the history-matching period (1985) are plotted vs. 
log-derived (openhole and cased-hole compensated neutron logs 
(OHCNL and CHCNL)] saturations in Fig. 15. The simulator 
fracture pressures and contacts are in reasonable agreement with 
the historical data, although they tend to show too thick an oil rim 
throughout the production history. 

A preliminary assessment ofthe results suggests that in the simu
lator, the fracture oil rim has been consistently overcharged, even 
though the gas/oil gravity drainage rate has been substantially re
stricted by reductions in the matrix/fracture exchange terms. In ad
dition, the developed saturation profiles indicate too much drainage 
trom both Subunit A 4 ^ and the downdip areas exposed to gravity 
drainage (Fig. 15). It has been suggested that these differences in 
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Fig. 15—Logged gas saturations vs. simulation gas saturations. 

the drainage pattern are a result of leimbibition of oil draining 
through the fractures back into the matrix, which restricts the total 
drainage rate. This process has been studied in physical model ex
periments and simulation studies reported in Ref. 2. It is thought 
that in the Fahud reservoirs, oil draining from the updip more 
permeable reservoir rock recharges the downdip less permeable 
reservoir, which remains fully saturated until the reimbibition rate 
falls below the drainage rate. Although a reasonable history match 
can be obtained by restricting the matrix/fracture exchange terms, 
it is unlikely that a reliable prediction of performance would result. 
It is therefore planned to include reimbibition effects in further simu
lation work. 

Conclusions 
1. Waterflooding of the Fahud Natih reservoirs leads to poor 

recoveries because the reservoirs are both fractured and oil-wet. 
Field experience indicates low breakthrough sweep efficiencies (less 
than 3%) and low recoveries (less than 16%). 

2. Despite the high structural level of the fracture OWC during 
the period of waterflooding, the sweep that has occurred is con
fined mainly to the bottom 30 m [98 ft] of each reservoir. New 
downdip wells, completed 30 to 45 m [98 to 148 ff] above the 
original OWC, generally show an increase in oil cut from <5 to 
>60% within 3 years. 

3. The promotion of gas/oil gravity drainage through crestal gas 
injection and downdip production gives higher .recoveries than 
waterflooding in the Fahud Natih reservoirs. Material-balance cal
culations show that even during the period of water injection, less 
than 30% of oil production was a result of the waterflood. Recovery 
from gas/oil gravity drainage is expected to continue at a steady 
rate as the high sweep efficiencies (up to 70%) seen in the best 
subunits in updip observation wells slowly extend downdip. 

4. Reimbibition appears to affect the overall drainage rate in the 
Fahud reservoirs. This contention is supported by the distribution 
of observed secondary gas saturations in Reservoir NW-A, which 
shows lower gas saturations developing away from both the crest 
and the upper subunits when compared with predicted gas saturations 
from simulation studies. 

N o m e n c l a t u r e 

B,„ = initial oil FVF, res m3/stock-tank m 3 [RB/STB] 

p b = bubblepoint pressure, kPa [psi] 
Pl = initial pressure, kPa [psi] 

= initial solution GOR, std m 3 /m 3 [scf/bbl] 
lirf = initial oil viscosity, Pa-s [cp] 
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Santa Fe, New Mexico 87501 

RECEIVED 

JUN ? ms 

OIL CONSERVATION DIVISION 

Re: Mallon O i l Company's Well Data Request 

Dear Perry: 

T h i s i s Benson-Montin-Greer D r i l l i n g Corporation's response t o 
Mallon's w e l l data request which we received on June 3rd. 

I f Mallon O i l Company needed the a d d i t i o n a l i n f o r m a t i o n i t now 
requests i t should have rai s e d t h i s matter a t t h e May 19, 1988 
p r e - h e a r i n g c o n f e r e n c e i n s t e a d of w a i t i n g u n t i l only ten days 
p r i o r t o h e a r i n g . As you can a p p r e c i a t e , we are now deeply 
involved i n the p r e p a r a t i o n of our case f o r the June 13th hearing 
and simply do not have time t o i n t e r r u p t t h i s work t o a s s i s t you 
w i t h Mallon's case. 

We t h e r e f o r e d e c l i n e t o provide the requested i n f o r m a t i o n . 

Very t r u l y yours, 

WILLIAM F. CARR 
WFC:mlh 
cc: i/Mr. W i l l i a m J. LeMay 

A l l counsel of record 



Robert D. Buettner 
General Counsel and Sec re ta ry MK O C H 

EXPLORATION COMPANY 

May 18 , 1988 

Mr. W i l l i a m J. LeMay, Chairman 
Mr. W i l l i a m R. Humphries 
Mr. E r l i n g A. Brostuen 
New Mexico O i l Conservation Commission 
State Land O f f i c e B u i l d i n g 
Santa Fe, NM 87501 

Re: Cases 7980, 8946, 8950 and 9111 

Gentlemen: 

As requested i n the Commission's Public Notice of 
Prehearing Conference i n the referenced cases, Koch hereby 
enters i t s appearance as f o l l o w s : 

(a) Koch's p o s i t i o n on the issues set f o r t h i n the 
Notices i s t h a t allowables i n the Gavilan Pool and the 
westernmost two section-wide t i e r o f the West Puerto C h i q u i t o -
Mancos O i l Pool should be r e s t o r e d t o statewide depth-bracket 
allowables and GORs. 

(b) Koch has no present i n t e n t i o n t o present witnesses, 
except p o s s i b l y i n r e b u t t a l t o testimony which may be adverse 
t o Koch's p o s i t i o n s as hereinabove set f o r t h . Even i f such 
r e b u t t a l testimony should be necessary, Koch doubts t h a t more 
than one hour would be r e q u i r e d f o r i t s p r e s e n t a t i o n . 

(c) Koch be l i e v e s the Commission's paramount o b j e c t i v e 
i n these hearings should be t o immediately r e s t o r e allowables 
t o stop the waste which has been engendered by the experiment 
w i t h r e s t r i c t e d p r oduction. However, Koch b e l i e v e s t h a t the 
Commission should consider, w i t h o u t d e l a y i n g allowable 
r e s t o r a t i o n , the issue of r e d e f i n i n g the Gavilan-Mancos Pool 
boundary t o i n c l u d e the "western t i e r " of two sections 
c u r r e n t l y forming t h e western edge of the Canada 0 j i t o s U n i t . 

(d) Koch has not reviewed the proposed statement of 
procedure and t h e r e f o r e i s unable t o comment upon i t , however, 
as a non-operating working i n t e r e s t owner i n Gavilan 
p r o p e r t i e s operated by Mallon O i l Company, we would adopt the 
p o s i t i o n o f Mallon's counsel w i t h regard t o these matters. 

A SUBSIDIARY OF 
KOCH INDUSTRIES INC. 

P.O. BOX 2256 
WICHITA. KANSAS 67201 

TELEPHONE: 316-832-5426 
TELEX 437-050 



Please keep us advised of further developments in these 
cases. 

Yours very truly, 

R. D. Buettner 

RDB:Ira 
cc: Thomas Kellahin, Esq. 

William F. Carr, Esq. 
Owen Lopez, Esq. 
W. Perry Pearce, Esq. 
Frank Douglass, Esq. 
Mr. Vic Lyons 
Mr. Frank Chavez 
Mr. B i l l Weiss 
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• N O T L I C E N S E D I N N E W M E X I C O 

Mr. William J . LeMay, Chairman 
and Secretary 

Mr. William R. Humphries 
Mr. Erling Brostuan 
Oil Conservation Commission 

State of New Mexico 
Post Office Box 2 088 
Santa Fe, New Mexico 87504-2088 

OIL UGi-ii>t".KVAU.. : JiVi;>l :H 

Re: Cases Nos. 7980, 8946, 9113 and 9114, Order No. R7407-E; 
Case No. 8950, Order No. R06469-D; Gavilan Mancos Oil Pool 
and West Puerto Chiquito-Mancos Pool, Rio Arriba County, New 
Mexico 

Gentlemen: 

We have received copies of correspondence dated January 28, 
1988, addressed to you from Messrs. William F. Carr and W. Thomas 
Kellahin, counsel for Benson-Montin-Greer Drilling Corp., Sun 
Exploration and Production Corp. and Dugan Production Corp., and 
copies of correspondence dated January 19, 1988, addressed to you 
from Messrs. Frank Douglass and W. Perry Pearce, counsel for 
Mallon Oil Company, in regard to the above referenced matter. 

Please be advised that Mesa Grande, Ltd. and Mesa Grande 
Resources, Inc. ("Mesa Grande") concur with Mallon Oil Company's 
statement that the fi e l d wide gas-oil ratio decreased beginning 
in July 1987 when standard statewide allowable rates were 
reinstated. This fact i s documented in Mesa Grande, Ltd.'s 
Application for Compulsory Pooling, Case No. 9225, heard before 
the Commission on January 21, 1988. Total pool production rates 
for the period of May through November 1987 are summarized as 
follows: 



Messrs. LeMay, Humphries 
and Brostuan 

February 3, 1988 
Page 2 

GAVILAN MANCOS FIELD 
TOTAL POOL PRODUCTION 

1987 

Month Bbls. BOPD MCF MCFD 
Gas-Oil Ratio 

SCF/Bbl 

May 
June 
July 
August 
September 
October 
November 

84,507 
94,108 
145,654 
162,285 
176,449 
167,621 
96,848 

2,726 
3,137 
4,699 
5,235 
5,882 
5,407 
3,228 

311,957 
329,969 
549,485 
542,032 
556,083 
556,157 
449,751 

10,063 
10,999 
17,725 
17,485 
18,536 
17,941 
14,992 

3,691 
3,506 
3,773 
3,340 
3,152 
3,318 
4,644 

I t i s important to observe that the f i e l d average gas-oil 
ratio actually decreased with an increase of f i e l d wide o i l 
production rates. Further review of the data also evidences that 
the rapid increase in the fi e l d gas-oil ratio occurred in the 
f a l l of 1986 when restricted allowable rates were ordered. The 
restricted allowables, in fact, may have precipitated higher gas-
o i l ratios. This i s also evidenced by the November, 1987 field 
production data. 

I t i s Mesa Grande's position that the continued reduction in 
allowables at Gavilan i s unnecessary, constitutes waste, allows 
for the redistribution of remaining reserves, and has caused an 
unnecessary economic hardship to a l l interest owners. The 
preponderance of data clearly supports this statement, a l l of 
which has been received by the Commission. 

Mallon Oil Co. was only partially correct in their statement 
that low production rates from the Gavilan Pool commenced in the 
fi e l d on November 16, 1987. In fact, this unnecessary 
curtailment of production started on September 1, 1986. Except 
for the brief period commencing in July, 1987 when reinstatement 
of the standard statewide allowables for the pool were granted, 
pool production rates have been and w i l l continue to be 
unnecessarily curtailed. In that regard we would concur with 
Mallon's position and ask that the Commission, effective February 
16, 1988, immediately restore the standard statewide depth-
bracket allowable for the Gavilan Pool. This situation should 
not continue unabated. I f waste has occurred due to a rate 
sensitive reservoir, i t has been caused by reduced allowables. 
This situation should not continue unabated. 



Messrs. LeMay, Humphries 
and Brostuan 
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We also request that a l l pending matters concerning the 
Gavilan and West Puerto Chiquito-Mancos Pools be consolidated for 
hearing in March 1988. In regard to Case 9111, expansion of the 
Canada Ojitos Unit Pressure-Maintenance project, we would remind 
the Commission that testimony presented by both sides in March 
and April, 1987, indicated that several of West Puerto Chiquito 
wells located along the administrative boundary separating 
Gavilan and West Puerto Chiquito are characteristic Gavilan A-B 
type producers. We have also received Mr. Carr's lett e r to the 
Commission dated February 1, 1988 regarding case 9111 where he 
indicated that the historic West Puerto Chiquito C zone pressure 
i s substantially higher than Gavilan's. We are pleased to note 
his further confirmation of the separation of the two pools which 
provides additional support for our position that any expansion 
plans of Benson-Montin-Greer into the Gavilan area proper should 
be addressed when a l l the Gavilan-West Puerto Chiquito issues are 
addressed by the Commission. 

We note that Benson Montin Greer's meeting for the unit now 
called for March, has no bearing whatsoever upon the Commission's 
reopening of the Gavilan Mancos and West Puerto Chiquito-Mancos 
Pool cases. In fact, we understand there has not been a working 
interest owners' meeting for the Canada Ojitos Unit in over 4 
years, although requested on several occasions by various parties 
owning an interest in that Unit. 

Mesa Grande has no sympathy for the Benson-Montin-Greer 
group's position that a short delay in hearing Case 9111 could 
result in a year's postponement of construction and attendant 
revenue. Mesa Grande has deferred several d r i l l i n g projects in 
Gavilan over the past 18 months, in part due to regulatory 
uncertainty and reduced allowables as precipitated by the Benson-
Montin-Greer group's f i l i n g their "emergency" application in mid-
1986 calling for a departure from statwide rules resulting in a 
drastic reduction of allowables in Gavilan. 

Thank you for your consideration of our requests. 

Sincerely, 

OML:tao 



STATE OF NEW MEXICO 

ENERGY A N D M I N E R A L S DEPARTMENT 
OIL CONSERVATION DIVISION 

GARREY CARRUTHERS 
J u l y 9, 1987 

GOVERNOR 
POST OFFICE BOX F0R8 

STATE LAND OFFICE BUILDING 
SANTA FE, NEW MEXICO 97501 

1505) 827-5800 

W i l l i a m O. Jordan, Esq. 
2 8 Old Arroyo Chamiso 
Santa Fe, New Mexico 87505 

Re: Case Nos. 7980, 8946 
9113, 9114, and/^5a 

Dear Mr. Jordan: 

We are i n r e c e i p t of your A p p l i c a t i o n f o r Rehearing 
f i l e d i n t h i s matter on J u l y 9, 1987. NMSA 70-2-25(A) 
1978 r e q u i r e s t h a t A p p l i c a t i o n s f o r Rehearing be f i l e d 
w i t h i n twenty days of the e n t r y of the order. Because 
the order i n the referenced cases was entered on June 
8, 1987, your A p p l i c a t i o n f o r Rehearing was not t i m e l y 
f i l e d and i s t h e r e f o r e r e j e c t e d . 

I f you have any questions, please contact e i t h e r myself 
or J e f f Taylor a t 827-5800. 

Sincerely, „ i 

WJL/fd 



Memo FLORENE DAVIDSON 
OC Staff Specialist 

March 2 , 1987 

Please s u b s t i t u t e the enclosed D i v i s i o n 

Order No. R-6469-C and No. R-3401-A-1 

f o r the one mailed t o you on February 

19, 1987. 

I am sor r y f o r any inconvenience t h i s 

may cause you. 

Oil Conservation Division Santa Fe, New Mexico 87504-2088 
827-5802 



STATE OF NEW MEXICO 
ENERGY AND MINERALS DEPARTMENT 

OIL CONSERVATION DIVISION 

CASE NO. 8950 
Order No. R-6469-C 

and 
Order No. R-3401-A-1 

APPLICATION OF BENSON-MONTIN-GREER 
DRILLING CORPORATION FOR THE 
AMENDMENT OF THE SPECIAL RULES AND 
REGULATIONS OF THE WEST PUERTO 
CHIQUITO-MANCOS OIL POOL TO ESTABLISH 
TEMPORARY SPECIAL PRODUCTION ALLOWABLE 
LIMITATIONS AND GAS-OIL RATIO LIMITA
TIONS, RIO ARRIBA COUNTY, NEW MEXICO. 

NUNC PRO TUNC ORDER 

BY THE COMMISSION: 

I t appearing t o the O i l Conservation Commission o f 
New Mexico (Commission) t h a t the combined order (Order Nos. 
R-2565-E and R-3401-A) issued i n Case No. 8950 and dated 
September 11, 1986 does not c o r r e c t l y s t a t e the intended 
order o f the Commission, 

IT IS THEREFORE ORDERED THAT: 

(1) D i v i s i o n Order No. R-6469-B issued i n Case No. 
8715 and dated March 7, 1986, superseded the Special Rules 
promulgated f o r the West Puerto Chiquito-Mancos O i l Pool, 
as p r e v i o u s l y e s t a b l i s h e d by D i v i s i o n Orders Nos. R-2565-B, 
R-2565-C, and R-6469-A; and the d e s i g n a t i o n o f D i v i s i o n 
Order No. R-2565-E i n the immediate case was i n e r r o r ; 
t h e r e f o r e , a l l references t o said "Order No. R-2565-E" 
throughout t h i s Order are hereby amended t o read "Order 
No. R-6469-C." 

(2) D i v i s i o n Order No. R-2565-E, h e r e i n redesignated 
Order No. R-6469-C, as described above, i s hereby a f f i r m e d 
by t h i s Order; s i m i l a r l y , a l l p r o v i s i o n s p e r t a i n i n g t o 
D i v i s i o n Order No. R-3401-A simultaneously issued i n the 
immediate case s h a l l remain i n f u l l f o r c e and e f f e c t 
except as provided i n paragraph (3) h e r e i n below. 

(3) The d a i l y a d j u s t e d o i l a l l o w a b l e formula contained 
i n "Rule 7" o f Decretory Paragraph No. (3) on page 4 of sa i d 
order i s hereby amended t o read as f o l l o w s : 
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Case No. 8950 
Order No. R-6469-C and 
Order No. R-3401-A-1 

(4) The c o r r e c t i o n s set f o r t h i n t h i s order be enter 
nunc pro tunc as o f September 11, 1986. 

DONE at Santa Fe, New Mexico, on t h i s 2nd day of 
March, 1987. 

STATE OF NEW MEXICO 
OIL CONSERVATION COMMISSION 

WILLIAM R. HUMPHRIES, Member 

S E A L 



STATE OF NEW MEXICO 

ENERGY AND MINERALS DEPARTMENT 
OIL CONSERVATION DIVISION 

February 26, 1987 

GARREY CARRUTHERS 
GOVERNOR 

POST OFFICE BOX 2088 
STATE LAND OFFICE BUILDING 

SANTA FE. NEW MEXICO 87501 
I505I 827-5800 

Wi11iam F, 
W. Thomas 
Santa Fe, 

Carr, Esq. 
K e l l a h i n , Esq. 
New Mexico 

Re: Your L e t t e r / A p p 1 i c a t i o n of February 13, 1987 -
Gavilan-Mancos Pool 

Gent 1emen: 

We are i n r e c e i p t of your l e t t e r referenced above seeking a 
hearing on overproduction by Mallon O i l Company. Ins o f a r as 
you suggest that o i l p r o d u c t i o n by Mallon above the authorized 
allowable should be c l a s s i f i e d as i l l e g a l o i l , i t i s the 
p o s i t i o n of the D i v i s i o n that your l e t t e r / a p p l i c a t i o n be 
t r e a t e d as a report of unauthorized p r o d u c t i o n which should be 
i n v e s t i g a t e d . Any hearing c a l l e d to penalize or otherwise 
implement a d m i n i s t r a t i v e a c t i o n against Mallon should, i n my 
o p i n i o n , be i n i t i a t e d by the D i v i s i o n . 

I t i s my understanding that the continued p r o d u c t i o n by Mallon 
has been authorized by the D i v i s i o n ' s Aztec D i s t r i c t O f f i c e i n 
order to permit the continued o p e r a t i o n of a gasoline p l a n t 
that serves these and other w e l l s . I f Mai Ion's w e l l s are shut 
i n without a l t e r n a t i v e supplies being made a v a i l a b l e , the 
pl a n t w i l l also have to be shut down, which, since i t serves 
other producers, would n e c e s s a r i l y penalize these t h i r d 
p a r t i e s . Although the D i v i s i o n would l i k e to see Mallon's 
overproduced w e l l s shut i n , I b e l i e v e a s o l u t i o n that i s 
e q u i t a b l e to a l l , i n c l u d i n g innocent p a r t i e s , i s p r e f e r a b l e . 

Although the D i v i s i o n w i l l undertake to i n v e s t i g a t e and 
evaluate the s i t u a t i o n r eported i n your l e t t e r , i t would be 
appreciated i f you would provide us w i t h any s p e c i f i c 
i n f o r m a t i o n you have have regarding your a l l e g a t i o n s . 

I f i t i s determined that a w i l l f u l v i o l a t i o n of D i v i s i o n r u l e s 
has occurred, a case w i l l be prepared and presented at the 
e a r l i e s t a v a i l a b l e date. 



Thank you for your assistance in t h i s matter. I f you have any 
questions, please feel free to c a l l or v i s i t me. 

Sincerely, 

WILLIAM J. LEMAY, 
Director 

WJL/JT/dr 



BENSON-MONTIN-GREER DRILLING CORP. 

221 PETROLEUM CENTER BVILDING, FARMINGTON, NM. 87401 505 325 8874 

January 15, 1987 

Mr. Vic Lyon)4 
New Mexico O i l Conservation Division 
Box 2088 
Santa Fe, NM 87501 

Re: ORDER R-3401-A: TYPOGRAPHICAL ERROR 

Dear Vic: 

As we discussed b r i e f l y at the meeting yesterday, we 
recognize that there i s a typographical error i n the formula setting 
out the gas-oil ra t io calculations under the captioned order. 

The formula on page 4 should show 600 rather than 1000 as 
noted on the copy. The intent of the order i s clear i n the language 
of Rule 7. 

The formula actually w i l l not come in to play u n t i l such 
time as our "net" gas-oil ra t io i s more than the l i m i t i n g gas-oil 
r a t io - and t h i s w i l l not happen u n t i l we commence sel l ing a 
substantial portion of the produced gas. Throughout the operation of 
the pressure maintenance project we have reinjected a l l produced gas; 
and i s is our intention to continue doing so u n t i l we reach the "blow-
down" stage. 

Yours t r u ly , 

BEISBCN-MDNTIN-GREER DRILLING CORP. 

BY: 
Albert R. Greer, President 

ARG/tlp 

Enclosure 

cc: Mr. Frank Chavez 
Mr. William Carr 


