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RESERVOLR STIDY (1)

NORTH VIRDEN SCALLION FIFLD, MANITOBA

August, 1961,

Introduction

The 0il and Natural Gas Conservation Board requested that The

California Standard Company up=-date the reservolr report written in May,

1958,

This current report analyzes the primary performance and invesi=

igates the potential of secondary recovery of oil by water flooding the
Mississippian limestone in the proposed North Virden Scallion Unit #1.

Findings

A,

B.

Ce

D.

E.

The discovery of oil saturation and commercial production in the
Lodgepole Formation of the Mississippian at Calstan Scallion Prov,
3=11=11=26 during December, 1953, led to the development of the
North Virden Scellion Field,

The original oil was an under=saturated crude at approximately 900
psig. containing 70 cubic feet of gas per barrel of residual liquid,
with a bubble point pressure of 145 psig.

The estimated original oilein=-place from volumetric calculations is
194,000,000 barrels within the proposed Unit Area.

Primary performance of the proposed Unit Area indicates a recovery
of 25,000,000 barrels, This is 12,9% of the estimated oil~in=place.
Cumulative production to April 30, 1961, for the Unit Area was
10,079,754 barrels, or 5.2% of the estimated oil-in-place, The
recovery by fluid expansion down to the saturation pressure would
only account for 0.6%.

The bottom hole pressure is declining rapidly as evidenced by the
11 psi per month decline at Sun E, Hutchinson Scallion 4-23-11-26.
The Unit Area average pressure is now in the arder of 200 psi.

Water flood calculations indicate a total ultimate primary plus
secondary recovery of 55,000,000 barrels from the Unit Area, or
28,L4% of the oilein=place,

Conelusions

1.

Ultimate recovery can be substantially increased by instituting
; water flood scheme in the proposed North Virden Scallion Unit
1 area,
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RESERVOIR STUDY
NORTH VIRDEN SCALLION FIELD, MANITOBA

This report is a reservoir study of the North Virden Scallion Field
but the major emphasis has been placed on the proposed Unit Area (see Figure 1).
The general consensus of opinion among most of the Operators in the North Virden
Scallion Field was that there would be little or no incentive for the western
flank Operators to join +the proposed Unit.

HISTORY

The discovery well, Calstan Scallion Prov. 3-11-11-26 located three
miles north of the Town of Virden was spudded on November 28, 1953. Oil
saturation was encountered in the Crinoidal Zone of the Lodgepole Formation
and further coring and testing indicated commercial production from the four
Oolitic Zones, Casing was set at the top of the First Oolite and the open
hole was acidized with 500 galions, Flowing and swabbing ylelded 1l3 barrels
at a final rate of 6 barrels/hour, The hole was reacidized with 500 gallons
and swabbing yielded 170 barrels in 26 1/2 hours, cutting O - 6% water. A’
third acid job with 4,500 gallons gave 357 barrels in 41 hours at a final
rate of 5 barrels/hour with a water cut of 8 - 16%, Tubing, pump and rods
were run and the well was put on production December 31, 1953. Initial
production was 75 BCPD cutting 20% water, Production had decreased to 20
BOFD with 7% water by April, 1956, when an unsuccessful Crinoidal rework
was attempted. Production had decreased to 11 BOPD, cutting L1% water by
April, 1961.

Subsequent offset and step-out drilling by The California Standard
Company and other companies continued rapidly through 1955 when at year end
113 wells were producing, At present there are 27L wells in the capable of
producing category, 248 of which recorded production during the month of
April, 1961,

In the proposed Unit Area there are 217 wells which will participate
in unit production, 202 of which are currently producing,

Drilling has essentially been completed in the North Virden Scallion
Field with the exception of the odd edge well,

GEQLOGY

Note: The following discussion and observations are based on a paper "Virden
Noselea and North Virden", prepared by C. A, Berg, formerly Development Geologist,
Virden District Office of The California Standard Company., The paper was given
at the Williston Basin Symposium, October 10 = 12, 1956, and the abstract

appears in the publication of the Williston Basin Geological Committee,

The North Virden Field lies on the north-east flank of the Williston
Basin, directly north of the Town of Virden., The field is basically a
stratigraphic trap in the Mississipplan, the limits being partially controlled
by a structural nosing,
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The reservoir rocks are part of the Lodgepole Formation of Lower
Mississippian age, and are underlain by Ordovician, Silurian and Devonian
sediments, The overlying deposits are Jurassic and Cretaseous sediments,
and glacial drift, The reservoir rocks are mainly clastic limestones, sub-
divided by thin interbeds of argillaceous limestone, The Lodgepole Formation
has been sub=divided into three members: +the Scallion Member, the Virden
Member and the Whitewater Lake Member in ascending order (see Figure 2),

All three are oil bearing in the Virden area, although the Whitewater Lake
Member is not oil bearing within the limits of the North Virden Scallion
Field.

The Scallion Member is predominantly a finely crystalline cherty
1limestone conformable with the underlying Bakken Formation, and is approxe
imately 200 feet thick within the field area, The upper productive portion
of the Scallion Member, commonly known as the "Cherty Zone" has been leached
over a portion of the field (see Figures 3 and 4} increasing the permeability
and porosity and destroying much of the structural and textural features of
the rock., The leaching by ground waters during an erosion periocd has taken
place regionally over much of the Lodgepole but the most noticeable effect
i8 in the Cherty Zone of the North Virden Scallion Field.

The Lower Virden Member consists mainly of oolitic limestones
interbedded with argillaceous limestone or calcareous shale, Hence ite
common name, the Oolitic Zone, These colite bands are cyclic in nature
and total four in the area, the Fourth, Third, Second and First Oclites in
ascending order, A Fifth Oolite or Fifth Fragmental has been described but
generally blends into the Cherty Zone and within this study has been included
as a part of the Cherty Zone, Overlying the "Oolites" are argillaceous
limestones and shales,

Above this lies the Upper Virden Member, a bioclastic limestone
mainly Crinoidal debris, sometimes crystailine, the "Crinoids" or "Crinocidal",

The overlying Whitewater Lake Member is not important within the
scope of this report and will not be elaborated on, It is generally
dolomitized within the field and the rocks up to the top of the Lodgepole
Formation are varlably argillaceous, dolomitic and anhydritic.

As mentioned before, the field is partially controlled by structure.
This is in the form of a true structural nosing, reflected somewhat by the
Lodgepole erosion surface (see Figure 5). Wells in which the Lodgepole
Formation is structurally high generally show the effect of post-Lodgepole
movement, This results in a fracture system, in some places being anhydrite
infilled, There is little evidence of any degree of movement along the
fracture planes. The breccia zones within the Scallion Member are thought
to be due to infilling of cracks extending to the erosion surface during
the Amaranth transgression and are not fault breceias, The structures are
thought to be low angle folds and the maximum dip of structure is only five
degrees,

COMPLETION TECHNIQUES

The original technique employed was to set T casing at the top
of the Oolite section, leaving the Oolites and Cherty Zone open. Total
depth was somewhere near the base of effective oll saturation in the Cherty
Zone,
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Later the trend was to case the wells through the entire pay section
and perforate the desired intervals. About half the wells in the proposed Unit
Area have been cased through and perforated, In some wells the entlire pay
section was not penetrated,

A mud acid wash followed by a regular acid squeeze was usually used
to stimulate the wells initially, although in some later wells the initial
stimulation was a hydraulic fracture, The wells were then swabbed for a
short evaluation and a bottom hole pump and rods were run in 2" tubing and
the well placed on production, A few wells flowed for a time after being
placed on production,

Over half of the wells in the North Virden Scallion Field have been
revorked at least once and approximately 60% have had some sort of frac treatw
ment, Selective stimulation of the separate porous sections has sometimes
proved difficult as the zones are quite close and communication immediately
behind the casing is common, Many wells which are supposedly completed in
one zone must be recovering oil from all the zones because the cumulative oil
production exceeds 100% recovery from that zone.

POROSITY AND PERMEABILITY PROFILES

During the course of the North Virden Scallion Reservoir Study a
number of porosity and permeability profiles were drawn from the available
core analyses, From these a north-south axial cross=section and a number
of east-west sections were drawn. The sections showed that although the
reservoir was layered within the different pay zones, bands of similar
permeability were not traceable throughout the length of the field. This
was especlally noticeable in the Cherty Zone, with the possible exception
of a rather thick and permeable lens near the top.

One profile, that of Calstan Seallion 12=16=11-26 which was cored
through the entire basal carbonate to the top of the Bakken Formation,
revealed a mmber of interesting items (see Figure 6). The Scallion Member
here, as in other wells in the field which penetrated its total extent, is
approximately 200 feet thick, The porosity was quite high (up to 35%) in
the leached zone near the top of the Cherty Zone, Although the porosity
did decrease with depth, the Cherty Zone remained continually porous all
the way, ranging from 8 - 15% porosity. The horizontal permeability profile
suggested a layered reservoir and aquifer, The maximum permeability of the
more permeable layers decreased with depth, and the separate layers became
as far spart as 20 feet, compared to one foot and less in the pay zone,

The Oolites showed moderately high permeability, up to 300 md.
where developed, FEach Oolite band was definitely separated from the next
by dense bands.

The Crinoidal was fairly continuous with low porosity (10 - 15%)
and very low permeability,«dround 5 pds For the latter two zones this
observation seems to be borne ouf in other wells,
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The main portion of the reservoir, the Cherty Zone, has sufficient
permeability and vertical connection from lens to lens to be reasonably
efficiently swept by any secondary recovery progranm.

ISOPACHS

The largest single variable factor is the "effective pay" thickness.
This variable was examined in as much detail as possible, especially in the
Cherty Zone. The best guide is core analysis and approximately one well out
of four has had the core analyzed. Unfortunately only half of these were
cored to the base of effective oil saturation. 4 permeability cute~off of 1
md. was used for all zones, It was decided to treat the reservoir as three
separate zones for oil=in-place estimates,

The Cherty Zone, the main oil accumulation, is productive over
most of the field, The base of effective oil saturation had to be
determined and contoured before effective pay could be estimated and an
isopach drawn (see Figure 3). Core analysis, logs and core descriptlions
were used to determine this base. The base of effective oil saturation
cannot be determined accurately since it varies with depth, as can be seen
on some Electrical Logs (see Figure 7).

The top of the Cherty Zone can be readily picked from cores, logs,
ete, With the Cherty Zone outlined, top and bottom, the problem of determine-
ing effective pay arose, Where the zone was completely penetrated a 1 md.
cut~off was used but as can be seen on Figure 8, the isopach of estimated
net effective pay, pay values were obtained in five different ways. They
are complete core analysis, core analysis extrapolated to the base of
effective oil saturation, Microlaterolog values, Microlaterolog values
extrapolated to the base of effective oil saturation and values obtained
by other available means such as core descriptions, other logs, etc. Where
estimates and extrapolations were necessary the reliability of such estimates
varies from less than satisfactory, in some areas where information was scant,
to satisfactory where good bases for correlation could be established. '

Using the pay values as above and average porosily from core analysis
a map of net porosity thickness was drawn (see Figure 9). This provides the
pore volume and is later used in calculating the oil=in~-place,

Much the same technique was used for the Crinoidal and Oolitic
Zones, The Oolitic Zone had more complete information as in most cases
the total section was analyzed., Thus it was not necessary to depend on
extrapolation to such a large degree to permit drawing isopachs of pay and
porosity thicknesses (see Figures 10 and 11), The procedure for the
Crinoidal Zone was similar, although the complete section was not always
analyzed (see Figures 12 and 13),
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The pay thicknesses and porosity thicknesses ayrived at in Figures

8 to 13 inclusive may be expected to deviate somewhat from estimates by others
due to the lack of control in some areas and the amount of estimating and
extrapolating necessary over the greater portion of the field.

SPECTAL IABORATCRY INVESTIGATIONS

A,

B,

YU
759

Water Flood Tests (C.R.C. Project 2l,029)

Water flooding tests were run on twelve core samples from California
Standard Scallion wells by The California Research Corporation, The
distribution of these samples according to zone and permeabilities was
as follows: Cherty Zone, seven samples, 3.7 to 98 md,, average 32 md.,
Oolitic Zone, three samples, 9.3 to 192 md., average 68 md,, Crinoidal
Zone, two samples, 3,2 to 16,1 md., average 9,6 md. The pertinent results
of the tests are shown below:

Cherty Oolitic Crinoidal
Zone Zone Zone
1, Average residual oil
saturations (infinite WOR) 3% L0% 25%
2, Initial oil saturation 76% 79% 67%
3. Average oil saturation
at breakthrough 1,8% 62% 422
L« Average oil recoveries
at breakthrough 36% 20% 38%

Relative permeability ratio versus saturation curves were given
for each sample. These are averaged for the Cherty Zone and shown in
Figure 1 (see Appendix II B), Also included in the report was a
water permeability at flood end versus air permeability curve (shown
in Figure 15),

Subsurface Fluid Analysis

Reservoir fluid studies have been carried out by Core Laboratories
Inc, on three North Virden Scallion field wells, Calstan Scallion
3w21-11-26, Calstan Scallion Prov,’L=11-11~26 and Calstan Scallion Prov.
10=16=11-26, The first two wells mentioned showed comparable resulis,
These tests were run July, 1956 and June, 1954 respectively. The third
well, 10-16, which was tested March, 1956, shows quite different
results. The average figures from the two compatible tests were used
and the resulits are as followss

1., The average saturation pressure of the original reservoir fluid was
145 psig at reservoir temperature, This indicates that the reservoir
fluid was in a highly under-saturated condition (see section on
bottom hole pressures).
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2, The fluid yielded 70 standard cubic feet of vapour per barrel of
residual liquid., The average initial formation wolume factor was
1.0L45 bbl,/bbl.

3, The average oil viscosity was 3,52 centipoise at saturation pressure,
amd 5,74 centipoise at atmospheric pressure,

BOTTM HOLE PRESSURES

The bottom hole pressure at Calstan Scallion Prov, 9-16-11-26 was
906 psig in April, 1955. This was the first accurate pressure taken in the
field, A survey in September, 1955, showed a decline to 859 psig. Sun E.
Hutchinson Scallion L=23«11-26 has been used as a pressure observation well
and provides the most continuous evidence of pressure decline, The pressure
has dropped from 895 psig in February, 1956, to 203 psig in May, 1961, for an
average decline of 11 psi per month,

Bottom hole pressures have been taken on wells in the North Virden
Seallion Field on eleven different occasions, varying from one to nine wells
per survey, The latest survey was taken in May, 1961, In May all wells
that were not producing and had the rods removed were surveyed, In addition
Calstan Scallion 2-21-11-26, which could make up lost production, was shut
in and three pressure readings were taken. The results of all available
surveys are shown in Table 1 and the May, 1961, survey results are shown
on Figure 16,

An isobaric map has not been drawn because of the lack of sufficient
control points. The long shut-in times required to obtein a complete builde=up
and the resulting lost production is the greatest drawback to running bottom
hole pressure surveys in this field. In general the pressure in the North
Virden Scallion field has declined to an average of approximately 200 peig.
Sonic measurements verify this advanced stage of pressure depletion since
most wells, excluding the western flank, are pumped off, The western portion
of the field, which is under a partial water drive, has an average pressure
in the order of 700 psigs

RESERVES AND PRIMARY PERFORMANCE

Original Oil-In~Place

An estimate of the original oil-in-place for the proposed Unit Area
was caloulated to be 19k,000,000 barrels by the volumetric method, Of this,
152,000,000 barrels was contained in the Cherty Zone, 28,000,000 barrele in
the Oolitic Zone and 1k,000,000 barrels in the Crinoidal Zone, The following
field average values were used:

Cherty Oolitic Crinoidal
Zone Zone Zone
1., Footage weighted average
porosity 1344 10.7 9.8
2, Effective pay thickness 25.6 6.8 9.5
3, Initial oil saturation 1% 1% 48%

o Formation volume factor 1.0i:5 bbl/bbl,
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In caleulating this total oil=inwplace, the Crinoidal only in the
southern portion of the field was considered. See details in Appendix 1A,
Figure 17 shows the completion zones for eachwell,

Primary Performance and Decline Curve Analysis

Decline curves have been plotted for all the wells within the
proposed Unit Area and for some of the wells outside the Unit Area. Analysis
of these curves, to arrive at an ultimate primary reserve figure, becomes
extremely difficult because some of the wells have shown 1little or no decline
to date, In addition & large mumber of wells have been reworked during the
past three years.

Several problems arise when reccveries are estimated for individual
wells and averaged to get a field recovery figure., The zones in which each :
well is completed must be taken into account., In some wells there can be
1ittle or no communication between zones because reworks in previously
unopened zones are very successful. In other wells there must be communication
behind the pipe because recoveries are so high, An example of this is Calstan
Soallion 12-15-11-25, which was completed in the Crinoidal Zone., Production
to April, 1961, indicates a recovery of approximately 60% of the oil=in=plage
in the Crincidal and the well is still produecing at full allowable. There
is no reason to expect recoveries of this magnitude from the Crinoidal reservoir.

The proposed Unit Area as a whole has definitely started to show 3
decline, The anomalies of the individual decline curves do not appear to
greatly affect the average curve, Projecting the average daily production
rate curve, in BOPD/well, indicates a recovery of approximately 13% or an
vltimate primary recovery of 25,000,000 barrels of oil.

Projection of the average daily production rate curve, in BOPD
from the Unit Area indicates a recovery of 27,000,000 barrels of oil or L%,
The effect of wells being removed from production will however tend to make -
the projected straight line become concave dowrwards with the ultimate '
projection closer to 25,000,000 barrels (see Figures 18 and 19 for proposed
Unit Area production curves).

Extrapolation of the water cut curves indicate an ultimate recovery
of apsgrozd.mately 25,000,000 barrels for the proposed Unit Area at a water cut
of 95%.

The water production for the North Virden Scallion Field is shown
on Figure 20, Most of the wells in the proposed Unit Area are producing
less than 1,000 barrels of water per month but in the west flank of the field
most wells produce in excess of 1,000 barrels of water per month, The
average water out in the Unit Area was 2% in April, 1961, whereas in the
west flank it was 83%.

The cumulative production from the Unit Area to April 30, 1961,
was 10,079,754 barrels, This represents 5.,2% of the estimated oil-in-place.
The recovery due to expansion of the oil with a pressure drop down to the
saturation pressure is less than one percent, This indicates some additional
source of energy (see Appendix 1B),.
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PREDICTION OF RECOVERY BY WATER FLOCDING

In the following method of predicting recovery by water flooding
the first assumption made was that the Unit Area would be flooded on an
inverted 9=-spot pattern,

Water flood recovery was predicted from a fgﬁbination of Welge's (1)
displacement efficiency concept, Dykstra and Parsons vertical sweep
efflciency or permeability variation efficiency, and the concept of areal
sWweep e{;}eiency in pattern flood as expl?ﬁged by Caudle, Erickson and
Slobod and Dyes, Caudle and Erickson + A brief discussion of the
ideas and limitations behind each method is presented here and detalled
calculations are shown in Appendix II,

Welge Method

The Welge Method is a method for computing the oll displaced from
a homogeneous reservoir rock by a fluid which can be considered incompressible )
and immiscible with the oil. §t is based on relationships derived by Leverett (5
and by Buckley and Leverett (6, The mathematical equations needed, the -
fractional flow and frontal advance rate formulae, are derived by applyling
Darcy's law to the flowing phases and by material balance considerations. A
treatment of this type will give, for any exploitation time considered, a
plot of oil saturation against distance in the reservoir, This procedure
provides an analytical method of calculation of saturation, hence oil recovery,
requiring no integration of the area under the plot, A knowledge of the
relative permeabilities is required only over a limited intermediate range
of saturations, As stated before, one of the limitations is that the driving
fluid is considered incompressible and immiscible with the oil, This is no%
a critical assumption. The reservoir is considered to be a linear section
in Welge!s Method, In our calculations the section is considered to be linear
with a length squal to the distance between injection and producing well, a
depth equal to the pay thickness, and breadth to give the required volume -
the same as the volume of oll-in~-place, This gives a reasonable approximation,

Other reasonable assumptions which are inherent in the relationships
are: viscous flow, continuous distribution of both phases, effective
permeabilities are functions of saturations only, and two flulds flowing,

Limiting assumptions are steady state flow, and homogeneous rock
section,

From the calculations displacement efficiencies are found for
various water saturations, Water-cil ratios are caloulated from the
mobility ratios (hence oil fractions flowing) at the same water saturations,
Displacement efficiencies are found as a function of water-oill ratics.
Detailed calculations are shown in Appendix II B,
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l_Jxkst.ra and Parsons Method

This method of caloulation of water flood recovery predicte the

vertical sweep efficiency considering permeability varlations in the reservoir
rock, It assumes statistical distribution of permeability throughout the
section, That is, the logarithim of the permeabilities will show a linear
relationship with the percentage on a probability scale. It is assumed that
there is no cross-flow between layers, Also, relative water pemeabilities
behind the interface are considered equal for all strips and, similarly,
relative oll permeabilities ahead of the interface are equal for all strips.
This is not strictly true in all cases, but theoretically relative permeabilities
are functions of saturation for a particular reservoir rock., From the calculated
permeabiiity variation and mobility ratio, coverage or vertical sweep efficiencies
are found for various water-oll ratios as shown in Appendix II C,

Areal Sweep Efficiency

Due to the configuration of flood patterns there will be portions of
the oil zone unswept at any particular time in the life of the flood, This
efficiency will increase with time and thus with increaﬁ?g water=oil ratio,
From a method discussed by Caudle, Erickson and Slobod and Dyes, Caudle
ard Erickson (b} ang results of X~ray shadowgraph studies on models, areal
efficiencies can be calculated. Once again conditions have been ldealijed
where reservoir thickness and permeability are uniform and reservoir boundaries
are considered as impermeable barriers, From the mobility ratio,areal sweep
efficiencies can be found for various producing ratios, thus for various water-
oil ratios, For detailed calculations see Appendix II D,

Water Flood Recovery Efficlency

The various efficlencies are found as functions of water cut, oil
cut or water-oil ratio. The recovery efficiency of the flood iss

R = (Displacement efficiency) x (Coverage) x (Areal sweep efficienqy)

If all three vary similarly with W,0.R., i,e. all increase with
increasing W.O.R., then the effective recovery efficiency of the flood is a
combination of the three and can be applied to the oil=in=-place to give an
expected recovery, This is what was done here, and detailed calculations are
shown in Appendix II E, the end product being an oil cut versus recovery
curve for a 9=spot pattern as hypothesized for the North Virden Scallion
Unit Ares water flood,

The results of the flood calculations are shown on Figure 21. At
water breakthrough 14% of the oil~in-place at the beginning of flocd has
been recovered, Assuming water flooding commences January 1, 1962, the total
ultimate oil recovery is estimated at 55,000,000 barrels, This is made up
of 10,800,000 barrels estimated cumulative production to Jamuary 1, 1962,
plus ﬁh,200,000 barrels under flooding,
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APPENDIX I
RESERVES AND PRIMARY PERFCRMANCE

A, Original Stock Tank Oil-In-Place
The original stock tank oilein-place was calculated from the

equation:
N = 7,758 @ Ah Soy _1_
where N = gtock tank oil=-in-place, barrels
g = average footage weighted porosity, fractional
A = gurface area, acres
h = effective pay thicimess, feet
Soy = initial oil saturation, fractional
= formation volume factor, res.bbls,/S.T. bbl,

8

1). Porosity, Area and Thickness

The isopach maps previously mentioned were planimetered to
give the average pay thickness and the porosity foot map was
planimetered to give average porosity feet for the proposed Unit
Area, The average porosity can then be found by dividing the
average porosity feet by the average pay thickness, The resulis
are as follows:

Average Pay Average
Zone Thickness Porosity
Crinoidal #* 9454 9,77
Oolitic 6.78 10,7k
Cherty 25.57 13,38

#* As previously mentioned the Crinocidal Zone is thought
to be effective only in the southern and western portion of the
field (see Figures 12 and 13),

The term "@ Ah" can thus be obtained from planimetering the
porosity thickness map for each zone, Following are the results
along with the average factors found in this operation.

Average Average g An
Porosity Subsurface Thickness Porosity
Zone Fractional Area Acres Feot Acre Feet
Crinoidal 0.0977 L,132,4 954 3,852
Oolitic 0.1075 7529206 6,78 5,315
Cherty 0,1339 8,k1k,1 25,57 28,808
Total h1089 37,975
T ‘SRS



2). 01l Saturation

The average initial oil saturation (Soj) for each zone was
calculated as followss

a). Cherty Zone

The basis of connate water determination (and thus oil
saturation) was the analysis of the core from Calstan Scalliop
9-23-11-26, The coring fluid was crude oil, Disregarding
shaly and fractured samples the laboratory water saturations
(assumed to be true water saturations) were plotted against
the corresponding air permeabilities for each sample, The
logarithim of the permeability shows a stralght-line relation=
ship to water saturation, Therefore, putting a hest fit
straight 1line on the plot on semilog paper gives a permeabllity
versus water saturation plot (see Figure 22),

The average air permeability of the Cherty Zone was found
in the following manner: '

Taking all anslyzed samples 1,0 md, (maximum horizontal
air permeability) and over in the field and grouping them in
permeability ranges, a permeability distribution plot is
obtained, The summation of footages in each permeability
range are used to affix a percentage of the total footage
to each group. Plotting the logarithim of permeability
against distribution (plotted as "percent greater than") on
probability paper will give a straight line as discussed
previcusly under the Dykstra Parsons method of predicting
water flood recovery, This will be true if enough samples
are taken and if the reservoir does not have two or more
distinct lithologic components, Eliminating fractured
samples means the curve shows the relationship for matrix
permeability and does not take into account local areas of
fracturing.

The median air permeability on this plot is defined as
the "S0% point", Here one-half the rock has permeability
greater than this 50% value and half therefore has a value
less than this value, This point represents then a reasonable
average of effective reservoir permeability, The curve for
the North Virden Scallion Cherty Zone is shown in Figure 23,

The percentage scale (or probability scale) is linear
in aspect, as is shown by the fact that two percentages
rumerically equally separated from the 50% point (for
example 20% and 80%) are plotted equidistant on either side
of that midpoint on a graph. Thus, taking a permeability
corresponding to each equal increment of percentage and
arithmetically averaging the saturations corresponding to
each of these permeabilities (from a permeability versus
saturation curve) would give the same result,
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The median air pemmeability in Figure 23 ia 10.5 md. and
this corresponds to a water saturation of O.4l or-an initisl
0il saturation of 0.59 or 59%.

The above method of determining connate water saturation
and thus initial oil saturation was developed primarily for
sand reservoirs, There has been some thought of late that
there is usually a good correlation between porosity and water
saturation in carbonate reservoirs. '

From the oil base core for Calstan Scallion $-23-11-26 the
log of porosity was plotted against water saturation, The best
fit curve was established by the method of least squares. At
the unit average porosity of 13,4% the water saturation is 29%
which correspords to an initial oil saturation of 71% (see
Figure 2L).

California Research Corporation in conjunction with Project
24,029 conducted oil-water capillary pressure tests on five
plugs from the Cherty Zone, At a capillary pressure of 20 psi
the average water saturation was 21%.

One plug from Calstan Scallion 7-11-11-26, which was
analyzed for connate water by the restored state method,
indicated a water saturation of 23%,

A mercury injection capillary pressure test run on Sun
G. Clarke 2-20-11-26 indicated a water saturation of 17% on
the only Cherty Zone sample that had a pemeability greater
tvhan 1.0 md¢

The connate water saturations above range from & low of
17% to a high of 41%, The arithmetic average is 26.5%., It
was felt the greater emphasis should be placed on the water
saturation arrived at using the data from 9-23-11-26, which
was cored using an oil-base mud, Therefore, it was assumed
that the average water saturation for the field was 29% and
thus the initial oil saturation was 71% in the Cherty Zone,

b)e Oolitic Zone

The distribution plot of Oolite samples, constructed as
desoribed above, 18 shown in Figure 25. As can be seen from
Figure 26, which is a plot of the Oolite samples from 9=23-
11-26, with respect to permeability and water saturation
there appears to be little relationship between the two,

The arithmetic average water saturation is L9%.

Water saturation was plotted versus porosity and the
method of least squares applied to all the points to get a
best fit curve (see Figure 27), At the weighted average
porosity for the Unit Area of 10,7% the water saturation
would be 29%. As can be seen from the curve the Oolitic
Zone in 9-23-11-26 is not really representative of the
Oolites over the Unit Area as few samples are near the
field average,
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One sample from the California Research Corporation Project
2h,029 was in the Oolitic Zone and at a capillary pressure of
20 psi, oil to water, the water saturation was 30%.

Six samples from Calstan Secallion Prov, 7-11-11=26 were
checked by the restored state method and indicated an average
water saturation of 25%,

The best correlation of all the above mentioned methods
was that between porosity and water saturation, For this
reason it was decided to assign the Oolitic Zone 29% water
saturation and thus 71% initial oil saturation,

¢). Crinoidal

The Crinoidal Zone was not well developed in Calstan
Scallion 9=23-11=26 and therefore not cored and analyzed
for water saturations, The Crinoidal has been cored in oil
in the South Virden Field, however, and it is thought to be
14 thologically similar, Samples taken from oil base cores at
Calstan South Virden Prov. 15-11-10-26 and Calstan South
Virden CPR 12~1-10~26 in the Crinoidal member show an
interesting relationship. Most of the polnts fall near the
best=-fit line constructed for North Virden Scallion Cherty
Zone on a log permeability versus water saturation plot.
Although much less permesble on the average the Crinoidal
must be lithologically similar to the Cherty Zone, at least
in regard to water saturation varying with permeabillty
(see Figure 22). The median alr permeability of the Crinoidal
is 3,0 md. as shown on the distribution plot, Figure 28, Usipg
this median value ard the Cherty Zone saturation plot the water
saturation is 0,52, and oil saturation of 0,48 or LB%.

The plot of porosity versus water saturation showed that
with increasing porosity the water saturation also increased.
It was therefore assumed that there was no relationship
between porosity and water saturation. For this reason and
because there was no other rellable data available 1t was
assumed that the water saturation in the Crinoidal Zone was
529 and therefore the initial oil saturation was L8%,

3). Formation Volume Factor

@ , the formation volume factor was calculated by averaging
the results of subsurface fluid analyses of samples from Calstan
Scallion Prov, 4=11-11-26, and Calstan Scallion 3-21~11=26. The
results are as follows:

Seallion Well Nog @ bbl,/bbl,
h'll 1.0‘47
321 1,00

Average 1.045 bbl,/bbl,



‘The original oil-in=place calculations for each of the three
zones are as follows:

Cherty Zone
N= (7,758) (28,808) (0.71) (1/1,045)
= 152,000,000 barrels/unit area
or, using average figures
N= (7,758) (0.1339) (L0) (0.71) (1/1.045)
= 28,200 bbl./ft./LO acre lease
or N = (7,758) (0,1338) (0.71) (1/1.0L5)
= 705 bbl,/acre-foot
Oolitic Zone
N = (7,758) (5,315) (0.71) (1/1.0L5)
= 28,000,000 bbls,/unit area
or N = (7,758) (0,1075) (LO) (0.71) (1/1.045)
= 22,700 bbl,/ft./L0 acre lease
or N = (7,758) (0,1074) (0.71) (1/1.045)
= 568 bbls,/acre~foot

Crinoldal Zone
N = (7,758) (3,852) (0,48) (1/1.045)
© 14,000,000 bbls,/unit area

or N= (7,758) (0.0977) (LO) (0.48) (1/1.0L5)
= 13,900 bbls./ft./40 acre lease
or N = (7,758) (0,0977) (0.L8) (1/1.0L5)

348 bbls./acre=-foot

A summary of the oil-in-place and their relative amounts are

as follows:
Percent
Oil-In-Flace of Total
Cherty Zone 152,000,000 79%
Oolitic Zone 268,000,000 4%
Crinoidal Zone 11, 000,000 1%

Total 15),000,000 100%
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The primary reserves of the proposed North Virden Scallion
Unit Area have been estimated, as previously explained, at 25,000,000
barrels, This represents a recovery factor of:

RF = 25:000:000 = 12,9%
or, on an average well basis (producing from all zones)
LN = 0,129 [gza,zoo) (25.57) + (22,700) (6.78) + (13,900) (9.5hi]
= (0,129) (1,008,000)

~ 130,000 barrels

These figures are from the above oil-in-place calculations
and refer to a well draining all zones, and with average thicknesses,

The recovery due to oil expansion during a pressure drop
from 900 psi (original bottom hole pressure} to 145 psi (saturation
pressure) is:

oN= @8~ B4
_.Nué_i_@_

where 6 8 = formation volume factor at saturation pressure

@1 = original formation volume factor

therefore AN = 1,051 = 1.0L5 = 0.6%
a-uw .
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APPENDIX II
INJECTIVITY AND FLOOD PREDICTION

Injectivity Caloulations
The water injectivity rates were calculated from the

formulas
Q=
where Q=
K" -
h=
AP =
ﬂ =
d s
r, =

0,003841 K AP

M (In d_ = 0.6150)
'y )

injection rate, bbl,/day

reservoir permeability to water, millidarcies

vertical section, feet

pressure differential (P surface + P well bore = P reservolir)
viscosity of injection water at reservelr conditions,
centipolise ’

distance from injection well to producing well in flood
pattern, feet

effective well bore radius, feet

This is derived from Darcy!s flow formula and is applied to an
average North Virden Scallion well assuming the following:

Pyb
Finy
Pres
AP =

M=
dm=
Iy =

Therefore,

Q=

Applying this
Cherty Zone
Q '~

0.433 psi/ft. x 2,100 £, = 900 psi

1,100 psi (not to exceed over burden pressure)

500 psi (average over flood life)

1,100 + 900 « 500 = 1,500 psi

0,86L c¢p at reservoir temperature

1,320 feet, between injection and nearest producer
25 feet (radius of fracturing assumed)

(0,003541) (1,500) (K;h)

1,8 BWPD/ind, £%,

to average permeabilities and pay sectionsi

1.8) Kh

(1.8L) (2.55) (25.6)
120 BWFD
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Oolitic Zone
Q= (1,84) (27) (6.8)
= 3LO BWFD

Crinoidal Zone
Q = (1.8L) (0.34) (9.5)
= 6 BWFD

Sample calculations for total injectivity in all zones for
specific wells are as follows:

Calstan Scallion 2=15-11=26

Q = 1.84 (7.43) (26.k)
= 355 BWFD

Calstan Scallion 12221126

Q= L.84 (7.3) (63.2)
= B850 BWED

The above injectivity calculations provide order of magnitude
estimates of the North Virden Scallion Unit Area injectivity and demonstrate
satisfactory injectivity for flooding, The estimates are considered to be
conservative for two reasonsi

1. A Sespot pattern steady state formula was used and the planned
injection well density for the Unit Area is much less,

2., The formula, as above, was applied to all wells regardless of
the stimulation method and is considered to be inappropriate for
fraotured wells,

Prediction of Water Flood Recovery by the Welge Method

As explained in the report the Welge Method ie an analytical
method of calculating saturation as a function of permeability ratios,
giving fractions of each component flowing, From average saturations
over a period, residual saturations are calculated and then displacement
efficiencies which are expressed as a function of water/oil ratios, The
steps are shown below, The basic relationship used is the fractional
flow formula:

f = h 1)
° ¥ % ¢

vhere: f, = fraction of oil flowing in reservolr

h = ko/ky = relative permeability ratio, oil to water
c -/qo//qw » ratio of visoosity of reservoir oil to
viscosity of reservoir water



This neglects capillary pressure gradient, the term usually

being negligible and gravitational forces which are negligible in a flat
lying reservoir such as North Virden,

1.

2.

3.

L.

Se

From laboratory tests by California Research Corporation (Project
2, 029) ky/ko v8 Sy curves are found for the varlous core plugs
teated, These curves are averaged as shown in Table II and one
average ky/ko curve is drawn for the Cherty Zone (Figure 1L).
Because some of the ky/ko curves do not exterd to the lower value
range the average l;g/ko curve was adjusted to compensate for this

deficiency. From this curve values of ky/ko for any value of Sy
may be found,

Chosen values of Sy are placed in column (1) (see Table III) and
their corresponding values of ky/ko from Figure 12 in column {2).

From equation (1), on substituting:
£, = 1 (2)
+ )
TR
The value of 40 is calculated to bes
W

A
- » 8 = h.él
43" S

Where . o is the average oil viscosity from the P.V.T. analyses
discugsed in the report and corrected to a reservoir temperature
of 80° F, The viscosity of fresh water at this temperature is
0086}4 CePe

The values of 4 o kw can then be calculated from this value and
AW

column (2) and are listed in column (3).

The fraction of oil flowing f, is calculated from equation (2) using

the values from column (3) for each saturation, The results are

listed in column (L) of Table III,

A graph of f, versus S, is plotted in Figure 29. The lower extent

of the curve is taken to be where Sy = 0,29, the initial water

saturation of the Cherty Zone,

From the relationship:

1 = d4df
-

where Qi = the number of pore volumes injected 1 c¢an be calculated
from the f, versus Sy ourve, oy



Ca

6.

Te

8.

Pe
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Since f, = 1 = £, the £, scale can be substituted for f, in reverse
order, ‘(see Figure 29).

Then for each value of Sy, Ql = the slope of the fy; vs. Sy curve at
i
that value of Sw. The values of 1 are calculated and shown in
i
oolumn (5) of the Table,

Since Qj f, is the number of pore volumes of oil flowing at a given

time, and this is equal o the change in saturation Say - Sy this
term can be calculated for any given saturation Sy and shown in
column (6).

Column {7), Sgy 18 column (6) Q3 £, (or Say - Sy) plus column (1) Sy.

The residual oil saturation Sop in column (8) is 1 = Sgy for each
partiocular Sy. .

The efficiency of displacement of oil 1a the ratio:

Soi - Say
g01

this can be caloulated for each value of Sy and is shown in column (9).

The reservoir water/oil ratio is shown in column (10) and is caloulated
from column (L) using the relationship:

Res, WOR = 1 = £,
It:)

Where f, is the fraction of oil flowing at any particular saturation
Sy which now has a displacement efficiency E4q corresponding to it.
A curve of Ey versus WOR is then drawn and shown in Figure 30.

The kastra-—Paraons Prediction of Recovery

The prediction of flood recovery by the Dykstra-Parsons Method

as previously mentioned expresses the efficiency of flooding as coverage
C or E;, vertical sweep efficiency from the statistical permeability
variation V,

From graphs prepared by Dykstra and Parsons (2) and shown in

Figures 31, 32, 33 and 3L, the coverage C (or E;) can be found for the
various water/oil ratios knowing the permeability variation V and the
mobility ratio ¢ .

From Figure 23 the permeability variation in the Cherty Zone

is shown to be:

V = 10,5 ~ 2,55 = 0,76



The mobility ratio "5 48 defined as:

= kv oo
Ko AW
where k., = relative permeability to water at end of flood
kpo = relative permeability to oil at initial water
pw = viscosity of injected water, at reservoir conditions
Mo = viscosity of oll, at reservoir conditions

From data in California Research Carporation's Report (Project
2L,029) on water flood tests, & graph of oil permeability to alr perm~
eability was constructed (see Figure 35), At the median air permeability
of 10,5 md, the permeability to oil is 4.5 md,

From a similar graph constructed in this same California Research
Corporation Report, the water permeability is 0,75 md, at 10,5 md. air
permeability (see Figure 15),

The oil and water viscosities which have been discussed previogusly
are as follows:

Ao = 3,98 cope at 80° F, and 600 psi
‘arw = 0,86l cap. at 80° F, and 600 psi

Therefore, the mobility ratio, ¥ , is calculated as follows:

F = 0.7 3098 = 0,77

From the graphs the following results are obtained:

WOR bbl,/bbl, Coverage, C (or E;)
1 0.3L
5 0463
25 0.835
100 0,92

These results are shown graphically in Figure 36.
Areal Sweep Efficiency of Water Flooding

The idea that areal efficiency will increase with time in a flood,
the pattern becoming more completely filled qut, is widely accepted. This
is disous?ﬂc} by Caudle, Erickson and Sloboed (3) and Dyes, Caudle and
Erickson and from f[-ray shadowgraph studies on models experimental
values of this efficiency have been obtained for various positions of a
well in a flood pattern.

The efficiency is expressed in graph form for various mobility
ratios M and for various water cuts, It will be noted that the mobility
ratio M is defined as:

M = ko
R G
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which is the reciprocal of the ratio ¥ , previously expressed in the
Dykstra-Parsons Method, Therefore,

M= 1 = 1 = 1,30

¥ O

The results show the following for a direct offset well in a
9=spot pattern, with M = 1,303

Vs (water cut) WOR (bbl,/bbl,) En (aresl sweep eff,)
0 0 0.58
0.5 1.0 0.73
0.6 1.5 0.79
0,7 2433 0,85
0.8 h.O 0093
0.85 5.67 0.95
0.9 9.0 0.97

These figures are shown in graph form in Figure 37 as WOR vs Ey (areal
sweep efficiency).

Water Flood Recovery Efficiency

It may be noted that the first two efficiencies Eg and Ey are
calculated for the Cherty Zone only. There is not enough information
available to evaluate the other two zones by the Welge Method., The
permeability variation in the Crinoidal is close to that in the Cherty
Zone, and although the variation V in the Oolites is larger the one set
of figures is used rather than averaging the iwo sets of results, The
oil-in=place in the other zones (approximately 20% of total) is comparate
ively emall in respect to the Cherty Zone and therefore any error in one
or more of the efficiencies would not greatly influence the overall
result of predictions. Therefore one set of flooding efficiencles are
applied to the total oil-in~-place and it is thought that any error
incurred in doing so would be within the accuracy of the prediction
methods,.

The three flooding efficiencies Ey, Ev and Eg are expressed
as functions of WOR and are combined in Table IV. The point of water
breakthrough is usually taken as where the fy versus Sy curve departs
from being a straight line (see Figure 29), However, in this case the
curve has a changing slope at all saturations above the original Sy
(0,29) which naturally is the lower limit., Therefore the calculated
reservoir WOR at this point gives the point of breakthrough in Table IV.
The producing WOR is given by & x WOR peg, in this Table, The recovery
R is Eq x By ¥ Ey, the product of the three fractional recoveries, The
stock tank oil cut is found from the producing WOR and thus becomes:

S.Te 0l1 Cut = 1
T + f9 wdﬁ‘hes°
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A graph of percent recovery R versus stock tank oil cut is shown in
Figure 21, A recovery of W% is indicated to breakthrough, at which
point the oil cut drops to 34%.

Assuming water flooding starting January 1, 1962, the
remaining oil=in-place is estimated at 181,200,000 barrels, The
recovery to breakthrough is therefore predicted at 25,400,000
barrels or % of this oil-in-place., The total ultimate recovery
is estimated at 55,000,000 barrels or 28.4% of the oil-in-place,
This assumes that the field can be produced to a 5.4l water/oil
ratio and that the maximum fluid production would not exceed 10,000
barrels per day. The economic limit of the Unit was assumed to be
7 BOPD/well. The predicted total recovery would be made up of
10,800,000 barrels primary oil production to January 1, 1962 and
hl,200,000 barrels of secondary oil production,
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FIGURE &
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FIGURE 15
NORTH VIRDEN SCALLION
BRINE AND FRESH WATER PERMEABILITIES
AT END OF FLOOD vs. AIR PERMEABILITY
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NORTH VIRDEN SCALLION-UNIT AREA

FIGURE

TOTAL PRODUCTION RATE vs. CUMULATIVE
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PERCENTAGE GREATER THAN
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DYKSTRA AND PARSON'S WATER FLOOD CALCULATIONS

FIG. 31
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PERMEABILITY VARIATION VS COVERAGE
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DYKSTRA AND PARSON'S WATER FLOOD CALCULATIONS

FIG. 32
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OYKSTRA AND PARSONS’ WATER FLOOD CALCULATIONS

FIG.33

PERMEABILITY VARIATION VS. COVERAGE
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FIG. 34

'S WATER FLOOD CALCULATIONS

PERMEASBILITY VARIATION VS, COVERAGE
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FIGURE 35
NORTH VIRDEN SCALLION
OtlL PERMEABILITY vs. AIR PERMEABILITY
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TABLE I1
NORTH VIRDEN SCALLION FIELD

AVERAGING Ky/Ko vs Sy CURVE
CHERTY ZONE

Water Saturation, Sy

Total Average
Ki/Ko  #L3 #u7 #51 #28 #18 #12 #52 Sy Sw
100 57.0 60,3 62,0 6L.0 65.L 66,5 68,6  1ih3.8 634
90 56,8 60,2 61,9 63.8 65.3 66,3 68,5 12,8 63.3
80 56.7  60.1 61,8 63.5 65.2 66,2 68,  hhl.9 63.1
70 5.5 60,0 61,5 63,2 65.1 66,1 68,3  Lho,7 63.0
60 56,2 59.9 61,2 63,0 65,0 66.0 68,2 439.5 62,8
50 56,0 59,7 61,0 62,7 6l.9 65,8 68,1  L38,2 62,6
Lo 55.8 59,3 60,8 62,1 6,8 65.5 68,0  L36.3 6243
30 5542 59.0 60,2 61,7 6.3 65.0 67.9  L33.3 61,9
20 5he5 58,0 5903 60.5 63,9 6.3 67.5  L28,0 61,1
10 53,1 56,2 57.3 58,2 62,7 62,8 66,8  L17.1 5946
9 53.0 56,0 57.0 58.0 62,5 62,5 66.7  hLl15.7 59.4
B 5208 5507 5607 570’4 62.2 6202 - 3’47.0 57.8
7 5203 5501 5601 57-0 6200 6109 - 3’-313-011- 570’4
6 5200 5’40? 5505 56 2 61'? 6105 - 3h106 5609
5 S1.7  53.9 5h.8 553 61,2 60,9 - 337.8 5643
h 51,0 52.9 53.8 ch.2 60,5 60,0 - 332.h 554
3 5002 Sloh 52 02 52 a8 5908 5809 - 32602 94-’4
2 h9.1 h9.2 5000 5005 5802 56-9 - 31309 52l3
1 Ub.9  LheB 45,2 L5.5 55.0 5242 - 289.6 L83
0.9 L6l U3.9 hhe3 Lle5 5lte5 £l.5 - 285,1 UTe5
0.8 46,0  h2.9 43.5 L3.5 5h,0 50.4 - 280.3 L6.7
0.7 - 41.8 42.2 42,42 - 4942 - 175.4 439
0.6 - 40.6 41,0 410 - 48.0 - 170,6 L2.7
0-5 - 38n9 39-1 39-1 - )46.1 - 163o2 hoos
0.h5 - 3800 3800 3800 - hSal - 15901 39-8
Ooho - 36-9 3609 3609 - LlLlel - 15’408 38n7
0.35 - 3507 3507 35-3 - 1-1300 - u-l907 37-14-
0.30 - 3’4.1 3’4.1 3308 - }4107 - :u-l3 7 35!9
0025 - 3208 3208 3200 - Ll-ooo - 137 6 3’40’4
0,20 = 31,0 31.0 30,0 - 38.1 - 130,1 3245
0,15 = 28,8 28,8 27.5 - 36,0 - 121.1 30.3
0.10 - 2600 26.0 211.8 Ll 33.0 -~ 109.8 27.5
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TABLE IV

NORTH VIRDEN SCALLION FIEID
COMBINING Eq, Ey AND Eq TO PREDICT FLOCD BEHAVIOR

Stock Tank Stock Tank

Rg;g;voir B B, B Recgvery (F?ngﬁOR) (g}% EgﬁbR)
0,88 0,352  0.319 0,713 ‘l 0.080 0,92 0.521
0.90 0.352 04322 0,716 0.081 0,95 0.513
1.0 0,356  0.340 0,730 0,088 1.05 0.488
1.5 0.369  0.418 0,788 0.122 1,58 0,388
1.7 0,373  O.LhO  0.807 0,132 1.79 04358
1.85 0,377  0O.455  0.818 0,140 1,94 0.3L0
2,0 0,378  0.i70  0.829 0,147 2,10 0.323
2,5 0.386  0.510 0,861 0.169 2.63 0.275
3.0 0,392  0.540 0,886 0.188 3.15 0.241
14,0 0,402 0,590  0.925 00219 11420 0.192
5.0 0,409 0,628  0.543 0,242 5.25 0,160
5.1 010 0,630 0,9k 0.2Lk 5.40 0.150
6.0 0.415 0,654 0,952 0,258 6.30 0.137
7.0 0,421 0,676 0,960 0,273 7435 0,120
840 0.425  0.695 0,966 0,285 8.40 0,106
9,0 0,429 0,710 0,970 0.295 945 0,096

10,0 0.432 0,724  0.97L 0.305 10,50 0,087
15,0 O.l46 0,778 0,986 04342 15.75 0.060

20,0 0.456 0.805 0,991 0.36L 21,00 0.0i45



