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within the channel-fill facies approximates the location
of the channel thalweg at the time of channel abandon-
ment. The local thick areas are expected on the inside
bend of the thalweg trace. The splay facies geometry is
expected to be a low-profile conical segment. Where
several splays issuing from different crevasses have
merged on the floodplain, the geometry is likely to be
more complex. Careful, detailed correlation might be
able to define the individual splay event deposits. In
addition, the distal margins of a splay can be lobate.
The levee facies has an expected geometry of a wedge-
shaped prism that parallels the course of the channel
belt.

Figures 3 and 4 show the combined facies and net-
sand isopach map for each discrete genetic interval
recognized for the Bartlesville and Skinner intervals.
Although the channel-fill facies is not present in any
wells for some discrete genetic intervals, the expected
lateral association of facies predicts its presence. For
the Bartlesville DGI 1 and Skinner DGI 1, no wells
encountered channel-fill facies; however, the occur-
rence of channel-fill facies is predicted by the presence
of levee facies in some wells (Figs. 3A, 4A). Similarly,
the extension of channel-fill facies from the known oc-
currence of the facies is predicted by the occurrence of
levee facies in Skinner DGI 3 and 5 (Fig. 4C,E). The
prediction of channel-fill facies in the southeastern
area for Bartlesville DGI 1 (Fig. 3A) is based on analy-
sis of the borehole image. This shows an upward rota-
tion of dip azimuth indicating the source of the splay
(Fig. BA).

Analysis of the Amoco DM21A borehole image helps
to define the expected geometry of the lateral-accre-
tion—-bar deposit (middle channel-fill subfacies) that
dominates Bartlesville DGI 2 (Fig. 5B). The well is lo-
cated on the downstream side of the bar, as indicated
by the opening obtuse dip azimuth from the lower
channel-fill subfacies upward through most of the
middle channel-fill subfacies (Fig. 5). The azimuth vec-
tor approach of Grace and Newberry (1990) yields the
same result, and plotting the dip azimuth vector of the
lower channel-fill subfacies against the tail of the dip
azimuth of the middle channel-fill subfacies produces
an acute angle for a downstream location. In addition,
the dip azimuth vector plot suggests that the thalweg
evolved by lateral shifting. Therefore, the geometry
should be a pod elongated in a northwest direction, as
it is mapped (Fig. 3B).

SUMMARY

The Bartlesville zone and middle and upper Skinner
zone were studied using facies architectural approach.
Discrete genetic intervals (DGIs) are the elements
mapped in the subsurface using core-calibrated well
logs and a borehole image. Two DGIs are recognized
in the Bartlesville and five in the Skinner. Facies
typical of a meandering fluvial system with tidal influ-
ence dominate the section. Minor carbonate facies,
which represent minor marine inundations, are less
important.

The approach used in this study should be of value

D. R. Kerr and A. A. Aviantara

to those seeking to more efficiently exploit petroleuni
resources from the Bartlesville and Skinner, as well as
similar Cherokee Group reservoirs.
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-ABSTRACT.—A detailed geological model was constructed using well-log data for the
fluvial, oil-producing Pennsylvanian Bartlesville Sand located in the NW¥% sec. 36 and
the NEV4 sec. 35, T. 27 N., R. 16 E. of the Delaware—Childers Field, Nowata County,
Oklahoma. The high density of wells in the study area (2.5-acre spacing) made it pos-
sible to construct a geological model for the sand that is believed to be sufficiently
accurate to capture its vertical and lateral heterogeneity and to serve as input for
reservoir simulation.

The Bartlesville Sand is shallow in the area of study. Its measured depth is about
600 ft, and it has average gross- and net-sand thicknesses of 44 ft and 35 ft, respec-
tively. The southeast-trending Bartlesville channel sand gently dips to the northwest.
The Bartlesville sand has good porosity and permeability with average values of 20%
and 90 millidarcies (md), respectively.

The importance of a detailed geological model for enhanced oil recovery in the
Bartlesville is because of the inherent lateral and vertical heterogeneity of the reser-
voir. Many secondary-recovery programs have been tested and some used in the area
of study since the field’s discovery in 1906. In 1988 through 1990, all of the old wells
that could be found were plugged, and new wells were drilled on 2.5-acre spacing. For
ease of completion, injection wells were completed with a 1-ft slot cut into the casing
at the bottom of the pay zone and producers had a similar 1-ft slot cut at the top of the
pay zone. Most wells were then given large sand-fracture treatments. The plan was for
water to be injected into the horizontal fractures at the bottom of formation and then
“pancake” flood upward through the sand to the producers. Because it was assumed
that the sand was homogenous, both laterally and vertically, this plan was unsuccess-
ful.

A detailed stratigraphic correlation from well-log data shows that the Bartlesville
channel sand consists of four main units. In some places, shale interbeds separate
these sand units, whereas, in other locations, they form a stacked package of continu-
ous sand. The two middle sand units (S2 and S3) have good lateral continuity in the
area of study. The top and bottom units (S1 and S4) have limited lateral distribution
and grade rapidly into shale. It was the variability of these sand units that caused the
failure of the “pancake”-flooding process.

The results of this study have identified previously unrecognized drilling opportu-
nities. Of note is the F. R. Grimmett-739, which was selected based on an expected
thickness of 38 net ft of sand and which proved to contain 36 ft of sand. This geologi-
cal model is now being used to study the use of surfactants in a tertiary-recovery
project.

Eissa, M. A.; Castagna, J. P.; and Knapp, R. M., 2002, Accurate geological model for enhanced oil recovery in fluvial
Bartlesville channel sand, Delaware—Childers Field, Nowata County, Oklahoma, in Boyd, D. T. (ed.), Finding and pro-
ducing Cherokee reservoirs in the southern Midcontinent, 2002 symposium: Oklahoma Geological Survey Circular 108,
p. 175-192.
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INTRODUCTION

An accurate geological model is a first step in apply-
ing successful enhanced oil-recovery methods, espe-
cially in heterogeneous reservoirs like the Bartlesville
Sand. There have been several episodes of secondary/
enhanced—oil-recovery operations in Delaware-
Childers Field. In terms of recovery volumes, Johnston
and Riggs (1946) stated that the application of modern
secondary-recovery methods has made possible the re-
covery of more than 13 million barrels of crude from the
eastern part of the field alone. However, because none
of the previous work was performed with the aid of a
detailed geological model, it was decided that another
generation of enhanced recovery work was in order. A
pilot area in an eastern portion of the field was chosen
as the area to test this work.

AREA OF STUDY

The Delaware—Childers Field is located in Nowata
County on the Cherokee Platform in northeastern
Oklahoma. The pilot area itselfis situated in NW; sec.
36 and NEv4 sec. 35, T. 27 N, R. 16 E. (Fig. 1). This
area of study is part of a regional southeast-trending
Bartlesville channel system in which the 2.5-acre well
spacing made it possible to construct a very detailed
geological model (Fig. 2). Thirty-seven wells were used
in mapping the study area, and these led to the drilling
of one additional well.

PURPOSE OF STUDY

The Bartlesville reservoir has produced oil in Dela-
ware—Childers Field since its discovery in 1906. Recent
core measurements indicate that the sand currently
contains about 36% of residual heavy oil with API grav-
ity ranging between 34° and 37°. This high percentage
of residual oil, combined with the shallowness of the
reservoir, makes this area attractive for additional en-
hanced oil-recovery work. Many secondary/enhanced-
recovery projects have been implemented since the
field’s discovery. However, by the 1988 through 1990
timeframe, no active wells were left. This led to a re-
newed development program in which the area was
drilled on 2.5-acre spacing. During this program, injec-
tion wells were completed with a 1-ft slot cut into the
casing at the bottom of the pay zone, and producers had
similar slot cut into the casing at the top of the pay
zone. Most of the wells were then given a large sand-
fracture treatment. This was done to enable water to
enter the artificial horizontal fractures at the bottom of
formation and then “pancake” flood upward through
the sand to the producers. The assumption was that
the sand was homogenous both laterally and vertically
was false, leading to the failure of this project. The
purpose of this study was to determine if it would be
possible to achieve an economically successful project
using surfactants when both the detailed structure and
reservoir heterogeneities were factored into the geo-
logic model.

M. A. Eissa and others

STRATIGRAPHY

The Middle Pennsylvanian (Desmoinesian) Bartles-
ville Sand is an informal subsurface subdivision of the
Cherokee Group, occurring below the Inola Limestone
and above the Brown Limestone (Fig. 3). Named for the
city of Bartlesville, Oklahoma, it has also been called
the Glenn Sand (for the Ada Glenn farm at Glennpool
Field) and the Salt Sand in the Okmulgee area (Jordan,
1957). The Bartlesville Sand is also correlative with the
outcropping Bluejacket Sandstone (Boggy Formation,
Krebs Group), named by Ohern (1914) for the town of
Bluejacket in Craig County, Oklahoma (Northcutt and
others, 1997). Figure 3 is a stratigraphic-nomenclature/
type-log chart for the study area showing all of the rock
units discussed and their typical log character.

REGIONAL GEOLOGY

The area of study is located on the Cherokee Plat-
form, which is bounded by the Ozark Uplift to the east,
Nemaha Uplift to the west, and Arkoma Basin to the
south (Fig. 1). Early Pennsylvanian uplift and erosion
removed much of the Mississippian strata in central
and northeastern Oklahoma, exposing these and older
rocks on the emergent Ozark Uplift. A large, north-
trending, faulted arch extended from central Oklahoma
into Kansas. This incipient Nemaha Uplift (or fault
zone) separated the Anadarko Basin to the west from
the Cherokee Platform to the east. During the Early
Pennsylvanian, Atoka and Morrow sediments, which
are now largely absent on the Cherokee Platform, were
deposited in the Arkoma Basin located to the southeast
(Johnson, 1971).

At the beginning of the Desmoinesian in the Arkoma
Basin, sands of the Hartshorne Formation prograded
from Arkansas westward into Oklahoma, forming a
deltaic system along the axis of the basin (House-
knecht, 1984). Following Hartshorne deposition, the
McAlester Formation was deposited as a series of del-
taic sequences prograding southward across the Chero-
kee Platform into the Arkoma Basin.

The Brown Limestone of the Savanna Formation
was deposited as a series of transgressive marine
shales and thin limestones that lap onto the McAlester
Formation and older underlying strata on the platform.
It was on this surface that the Bartlesville equiva-
lents—including the Bluejacket Sandstone—of
the Boggy Formation were deposited. Bartlesville
deposition and production are situated primarily
on the Cherokee Platform (Northcutt and others,
1997).

GEOLOGICAL MODEL

Bartlesville Sand Log Character

The Bartlesville Sand typically shows a low gamma-
ray reading ranging from 35° to 60° API. It also exhib-
its neutron and density porosity values that average
approximately 20%. The Bartlesville Sand, where oil



Geological Model for Enhanced Oil Recovery, Bartlesville Sand, Delaware-Childers Field 177

TECTONIC PROVINCES OF OKLAHOMA

50 Miles
80 Km

MARIETTA BASIN

ARDMORE BASIN

10 74
. N - ] | 1\'6\& )
iIS S PracTaes

6589001 ~
~
14 S

~
1 3 TRACT 26-82
~
N~ 801
658100
N

12 CATES-JOHNSH

St
TRACT 35

~
11 |
657300 L s 73

10 <

TRAC, 35+
~ U707

9 . A
2 A’ﬁmon/

6565004/ ~

~

3/ 4
Producing well »

Injection Well o

655700 Casing only well o I
2714500 2715300 76100 9 2716000

[ 1000 feet |

Figure 1. Map of tectonic provinces of Oklahoma, showing study area, location of wells, and lines of cross sections. Cross
sections 13 and 4 (bolder lines) are shown in detail in Figures 6 and 7, respectively.



178 M. A. Eissa and others

e L

R16E

X1y [TRACT 38-5 ° facTios N
aaa000 LTS s ’A\
4] e
AT 50 W e

1000 feet
| ‘ \

6581001+

6573004+

6565004

3 ¢ (3
C F’luduulﬂ;ﬂ;}]l// &«0\ ® /‘R ~

Injectisn el /]
g55700 ) Casia oy wer 5 | .
2714500 2715300 2716100 2716900

Figure 2. Maps of Delaware—Childers Field. (A) Regional development map showing location of oil-producing wells from
Bartlesville Sand. (B) Map showing regional gross thickness of Bartlesville Sand, highlighting channel orientation. (C) Detailed
gross-sand thickness map for the Bartlesville channel in feet (contour interval 1 ft) in study area.



Geological Model for Enhanced Oil Recovery, Bartlesville Sand, Delaware-Childers Field 179

= = —_ __NPHl
Z 10 0 CTTTTTTTTT o0
= <3< '
wn | & - = ,q< ________________________
215229 <§§m 0.7 673
A= L 7 Feet 0.3 —-0.1
xn|l© “| 0B85 % o7 300 —
@ AR MD
A 150 N7 0z
& £ _ |WER-PITTSBURG ) 4
R \lC= v J
SZlat SHALE = - - =
- —— s <
(Y padi 1
2 - ¥ <
'Y “.--
"‘ﬁ‘% ";-'
(11 ] __\’ ,'.o ¥
= ~— 550 =3
S noo < ';:_ l!(
2= = o
0 <<< = “‘:A P
Qlnwwnw . Sy
= A nl .I:‘.‘
< (@] ey L amn
Z 77 x|~ 7 }
¥¥o o N\ - 7= f‘
< Z Z Izm } o"' ‘)
- o O < — : 2
Z <« ot | ""m_. L - ;- Y
= Lloxc|O e Sertrrh
< w 195 B~ < WD« # | e —
P lm| RS |k Eow 2— 600 = :
- z| = E INOLA LM A
Pl | R | M [EomoAGKET ConL f - -
2 o M O H &_ ~'~ l""\__
z | = = 2] =
Z G = o - m——
: iR
@ [an] = -
a | < w3 E :
= e
n 7
© 12 |Za |Plis S3
o < _IZQ $
b |z« |E R o550
=] - ;"’< };
Y lu_ o |RS4TY S4
=2 :zr— jas > B
: C::J_I f
<<
=] o Qo
-1 |« [7,] -
o [B yal } BS4
2 _ [oon. | Brown > S —
SZ | | - 3 —>
m N y A

Figure 3. Type log showing stratigraphic column, subdivisions, and well-log characteristics of Bartlesville Sand in the Cates
Johnson 802 well.



180

saturated, has a deep resistivity reading that ranges
from 30 to 100 ohm-m.

Bartlesville Sand Core Analysis

Core-analysis reports were available for most of the
cored wells in the study area. Figure 4 shows a typical
core photograph for the Bartlesville Sand in the Cates
Johnson 802 well with the contacts for all of the sub-
units of the sand that will be discussed here. The dark-
brown color of the sand is probably due to residual-oil
staining, which is supported by the lighter color in the
lower part of the core where the oil/water-transition
zone occurs. Although visible in the core, thin-shale or
impermeable-sand streaks cannot be resolved on-well
logs. The four subdivisions of the Bartlesville Sand uti-
lized here are not as easy to recognize in core as they
are on well logs. Examination of the core itself was not
carried out.

Porosity, permeability, water saturation, and capil-
lary pressure were measured for the F. R. Grimmett
739 well at the University of Oklahoma Core Charac-
terization Center in Tulsa (Table 1). Figure 5A is a
graphic display of the permeability, water-saturation,
and porosity measurements, whereas Figure 5B shows
capillary pressure versus mercury saturation for se-
lected core plugs. These measurements show that the
Bartlesville Sand in this well has an average water
saturation of about 64% (residual-oil saturation of
36%), permeability of about 90 millidarcies (md), and
porosity of about 20%.

Stratigraphic Correlation

Well data from the 38 wells in Table 2 were used to
build the geological model. The lower Weir-Pittsburg
shale marker, about 100 ft above the Bartlesville Sand,
was used as a stratigraphic datum for well-log correla-
tion. Seventeen stratigraphic cross sections were con-
structed, nine of which are directed northeast—south-
west and eight directed northwest—southeast (Fig. 1).
Based on log character, the Bartlesville Sand was di-
vided into four sand units: S1, S2, S3, and S4, from top
to bottom. These are stacked as continuous sand in
some places and are separated by shale streaks in oth-
ers. The two middle sand units (S2 and S3) have good
lateral continuity. The top sand unit (S1) and the bot-
tom sand unit (S4) have limited lateral distribution and
change rapidly laterally to shale. These sand units are
not homogenous vertically or horizontally.

Two stratigraphic cross sections have been selected
as figures in this paper. Figure 6 is a northwest—south-
east stratigraphic cross section parallel to the transport
direction of the Bartlesville channel sand. The four
sand units are quite continuous in this cross section,
with only S1 shaling out to the southeast. Figure 7 is
a northeast—southwest stratigraphic cross section
perpendicular to the channel. It shows that the
upper three units (51, 82, and S3) are absent in the Ida
Mae Brown 809 well, which is close to the channel
edge.

M. A. Eissa and others

STRUCTURE

Structure maps were constructed on top of all
four sand units (Fig. 8A-D), with each exhibiting
similar structural features. All depths are above sea
level. These maps show gentle northwest dip with a
structural high located in the area of the B. H. Robert-
son 672 well. At this micro-structural scale, two

small ridges parallel the channel with an-intervening
saddle.

Reservoir Distribution

Gross- and net-sand thickness maps also were con-
structed for individual sand members and for the com-
plete sand package. The gamma-ray log was used as a
shale indicator, with a cutoff halfway between the clean
sand and shale baselines.

Gross Thickness

The S1 unit shows an increase in gross thickness to
the southwest, with an elongated sand “thick” coinci-
dent with the established structural low. This unit’s
gross thickness ranges from 8 to 17 ft (Fig. 9A).

The S2 unit shows an increase in gross thickness to
the north and northeast, with a thick lenticular sand
body developed around the Ida Mae Brown 777, B. H.
Robertson 808, and Ida Mae Brown 809 wells (Fig. 9B).
Like Unit 1, the area of thickest sand in S2 is in the
structural low. This unit has a maximum gross thick-
ness of 17 ft in the B. H. Robertson 808 well and a mini-
mum of 6 ft in the area of the southeastern structural
high.

The gross-sand map for the S3 unit shows several
elongated sand “thicks,” with the thickest (16 ft)
located in the B. H. Robertson 808 well. A parallel
“thin” is present in the southwestern portion of the
study area, with minimum thickness of 6 ft in the F. R.
Grimmett 736 well (Fig. 9C).

‘'The S4 gross-sand map shows a number of discon-
nected sand “thicks” in the study area. These range in
thickness from 5 to 17 ft (Fig. 9D).

Net-Sand Thickness

The net-sand thickness map for S1 shows lenses of
thick sand in the southwestern and northwestern cor-
ners of the area of study (Fig. 10A). The edge of the
Bartlesville channel sand can be seen to the northeast
where the net sand is zero. Net-sand thickness for this
unit ranges from O to 16 ft.

Figure 10B shows the net-sand thickness map
for unit S2. There, a thick, elongated sand body is
present to the northeast, around the B. H. Robertson
808 well, near the edge of the channel. Net-sand thick-
ness ranges from 0 to 17 ft.

Figure 10C exhibits the net-sand thickness for unit
S3. It also shows a thick, elongated sand body to the
northeast around the B. H. Robertson 808 well. Its
thickness ranges from 0 to 16 ft.

The net-sand—thickness map for unit S4 shows elon-
gated sands bodies thickening to the northeast, north-
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Figure 4. Photograph of core of Bartiesville Sand from Cates Johnson 802 well, from depth 630 ft (4 ft below top of unit S1)
to 675 ft (base of unit S4), showing different sand units. Depth is marked every 1 ft.
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TABLE 1.—Core Analysis for the

F. R. Grimmett 739 Well

Depth Porosity Permeability Water saturation
) (%) (md) (Sw)
613.0 18.06 18.840 66.72

614.0 15.12 3.496

615.0 9.08 0.029 100.00
616.0 9.38 0.041

617.2 7.72 0.022 100.00
618.0 8.83 0.030

619.0 9.17 0.028 100.00
619.4 7.82 0.014 100.00
620.0 6.85 0.005

621.0 7.42 0.014 100.00
622.0 5.59 0.002

623.0 9.27 0.024 71.68
623.2 11.38 0.380 37.47
624.0 3.04 0.000

625.0 6.73 0.011 100.00
626.0 18.33 39.984

627.0 20.37 156.289 65.49
628.0 20.37 86.764

629.0 20.43 226.606 85.19
630.0 12.62 1.203

631.0 20.06 146.526 73.96
632.0 19.49 114.327

633.0 19.27 174.070 71.93
634.0 19.88 174.180

635.0 20.33 150.410 78.72
635.5 17.90 26.020 50.61
636.0 19.24 53.349

637.0 16.87 26.596 61.24
638.0 19.03 16.506

639.0 20.50 102.473 59.69
640.0 11.96 2.434

641.0 18.96 43.050 67.41
642.0 19.29 51.931

643.0 20.26 93.420 72.89
644.0 16.76 41.862

645.0 19.92 75.19 62.04
646.0 18.15 47.50

647.0 19.95 91.65 61.49
648.0 19.43 74.64

649.0 19.55 84.12 69.33
650.0 21.94 170.87

651.0 20.28 90.81 63.36
652.0 21.37 116.32

653.0 17.83 156.32 60.74
654.0 21.03 113.26

655.0 22.19 211.99 66.08
656.0 20.40 197.50

657.0 18.59 60.59 77.20
658.0 21.33 146.58

659.0 12.89 6.24 78.49
660.0 21.55 107.04

661.0 19.81 262.85 47.85
662.0 8.49 0.99

west, and southeast. Net thickness ranges from 5 to 17
ft (Fig. 10D).

Net-to-Gross Maps

Net-to-gross maps for each sand unit and for the
complete sand package also were constructed (Fig. 11).
The net-to-gross thickness for unit S1 decreases to the
north and becomes zero at the north edge of the Bar-
tlesville channel. In S2, most of the wells have net-to-
gross value of 1, showing its low shale content and good
horizontal and vertical continuity. Net-to-gross values
for unit S3 decrease to the northeast but show good
vertical and horizontal continuity in the southwest. S4
values are also quite high, ranging from 0.55 to 1.

Composite-Sand Package

The structure map at the base of the Bartlesville
sand package shows gentle dip to the northwest with
two small-scale anticlines trending in the same direc-
tion (Fig. 12A). The areas of thickest net sand (>40 ft)
show a possible connection with structural lows.

Figure 12B shows the total-gross thickness of the
Bartlesville sand package from the top of S1 to the base
of S4, which varies from 36 ft to 55 ft. The correspond-
ing net-sand thickness for the composite Bartlesville
sand is shown in Figure 12C, and it shows elongate
sand “thicks.” One of these sand “thicks” is present
around the B. H. Robertson 808 well and another
around the F. R. Grimmett 737, 736, 703, and 704
wells. Based on this map, a well was proposed north-
east of this area of thick sand, at a location on the 38-ft
contour line. The F. R. Grimmett 739 well was drilled
on May 2, 2001, and encountered 36 ft of net sand.

Figure 12D maps the net-to-gross ratio for the sand
package. It shows a similar distribution as that seen in
the net-sand map, with a decrease in the ratio to the
north, in the direction of the channel margin.

ESTIMATE OF POSSIBLE TERTIARY
OIL RECOVERY

An estimate of possible tertiary oil recovery can be
derived using the parameters shown in Table 3. These
estimates suggest that a surfactant-based, tertiary-oil—-
recovery pilot project can recover from 20% to as much
as 80% of the residual-oil saturation in this pilot area.
The higher recovery values can be obtained using a
higher concentration of surfactant. If the efficiency of
the tertiary recovery process is at least 25%, then about
4,750 stock-tank barrels per acre (stb/ac) is an attain-
able target for this field. Because the field is on a 2.5-
acre spacing, per well recoveries would be 11,875 stb. If
this process could be expanded to all 38 wells, it could
mean that the entire tertiary recovery target could be
about 450,000 stb.

CONCLUSIONS

Seven significant conclusions have been reached as a
result of this study. (1) An accurate geological model is
critical for enhanced oil recovery projects. (2) The
heterogeneity of the fluvial Bartlesville Sand was
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Figure 5. Core-derived petrophysical measurements in the Bartlesville Sand from the F. R. Grimmett 739 well. (A) Permeability

and water saturation in track 1 and porosity in track 2 versus de
plugs at depths of 628, 636, 648, and 656 fi.

addressed by dividing it into four separate sand units.
(3) The S2 and S3 units show better lateral continuity
than the S1 and S4. (4) Bartlesville Sand deposition
may be influenced by structure. (5) The Bartlesville
Sand has good porosity and permeability. (6) The

pth in feet. (B) Capillary pressure versus saturation for core

geological model shown herein led to an accurate
prediction of the F. R. Grimmett 739 well sand thick-
ness. (7) By using an accurate geological model,
450,000 stb could be recovered easily from the area of
study.
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Figure 11. Net-to gross-sand maps for four Bartlesville subunits. (A) S1, with contour interval 0.1; (B) 2, with contour inter-
val 0.1; (C) $3, with contour interval 0.1; (D) S4, with contour interval 0.04.
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Figure 12. Consolidated Bartlesville Sand maps. (A) Subsurface structure-contour map to base of Bartlesville channel sand,
with contour interval 2 ft (shaded areas represent net-sand thickness of 40-50 ft). (B) Map of gross thickness for sands S1 to
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TABLE 3.—Parameters Used to Estimate Tertiary Oil Recovery for Delaware—Childers Field

Parameter Value or Calculation Symbol
Average net-sand thickness =35 ft h
Average porosity =20% o
Average residual-oil saturation =36 % Sy
Estimated oil formation volume factor = 1.05 (rb/stb) B

Oil remaining / acre
Qil remaining / acre

Oil remaining / acre

= 7758 x h x § x Sy, / B, [stb/ac]
= 7758 (rb/ac-ft) x 35 (ft) x 0.20 x (0.36/1.05)1
= 18.6 x 108 (stb/ac) ~ 19 x 108 (stb/ac)

ac = acre; ac-ft = acre-feet; stb = stock-tank barrels; rb = reservoir barrels

1 ratio based on rb/stb
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Development of Microbially Enhanced Oil-Recovery Process:

Delaware-Childers Field, Nowata County, Oklahoma

Saikrishna Maudgalya, Roy M. Knapp, Michael J. Mclnerney,
David P. Nagle, and Martha M. Folmsbee

University of Oklahoma
Norman, Oklahoma

ABSTRACT.—The Delaware—Childers Field, T. 26 and 27 N., R. 14 and 17 E., is located
in Nowata County in northeastern Oklahoma. Oil is produced mainly from a zone
located in a channel deposit in the Bartlesville Sandstone with some production from
stray sands above this deposit. This field is operated by the Arrow Oil Company and
is currently under an active water flood with injectors and producers arranged in a
line-drive pattern. The current water cut is approximately 97%. However, a recent core
obtained from the central part of the field had an average residual-oil saturation of
36% after 60 years of water flooding. Thus, the field is an attractive target for tertiary
oil recovery. One option is a chemical surfactant-based recovery process. An alterna-
tive is a microbial process to generate a bio-surfactant in the reservoir. Microbially
enhanced oil recovery (MEOR) is an economically viable alternative to injecting chemi-
cal surfactants into reservoirs. In MEOR, nutrients are injected into the reservoir,
where they are metabolized by microbes and form bio-surfactants and other products
that are useful in mobilizing oil.

Laboratory flooding experiments with sand packs at residual-oil saturation showed
that a bio-surfactant generated by the microbe, Bacillus mojavensis JF-2, was able to
recover residual oil. Sand packs saturated with 34-37° API crude oil were water
flooded to residual oil saturation. The packs were then flooded with surfactant solution
made of Bacillus mojavensis JF-2 bio-surfactant, a co-surfactant, 2,3-butanediol, and
partially hydrolyzed polyacrylamide (PHPA) polymer as a viscosifying agent. Recov-
eries from these sand packs ranged from 20% to 80% of residual oil. Deletion of one of
the above ingredients resulted in much lower residual-oil recoveries, ranging from 0%
to 156%. These data show that the combination of bio-surfactant, co-surfactant, and
polymer is needed for significant recovery of residual oil. The absence of one of these
key ingredients may explain why residual oil recoveries by MEOR have been unpre-
dictable and low in the past. Calculations indicate that MEOR would be relatively in-
expensive to implement in the field. This suggests that MEOR provides a cheap and
efficient alternative to expensive chemicals and may result in a successful tertiary-
recovery project in the Delaware—Childers Field.

FIELD LOCATION AND GEOLOGY

Delaware—Childers Field is in Nowata County in
northeastern Oklahoma (Fig. 1). This field is on the
Cherokee Platform with a pay zone in the Bartlesville
Sandstone (Fig. 2). This study concentrates on a
method of oil recovery from the eastern part of this
field, which is located in T. 26 and 27 N., R. 16 and 17
E. (Fig. 3). The field, discovered in 1906, produced un-
der solution-gas drive until 1911 when secondary-re-
covery techniques started. Since the 1960s the field has
been under an active water flood and currently pro-
duces oil at an average 95-98% water cut.

The pay zone is at a depth of approximately 630650
ft with the thickness varying from 30 to 60 ft. Shale
streaks divide this pay into thinner zones. The horizon-
tal permeability is between 90 and 110 millidarcies and
the porosity in the oil producing sand varies from 19%
to 26%. A core recently extracted from the central part
of the area of interest had a residual-oil saturation of
36%. Despite the water flood, the presence of such high
residual-oil saturations and high permeabilities makes
this field a good target for tertiary oil recovery. One of
the possible methods of oil recovery being investigated
is surfactant-based recovery where chemicals that
lower the interfacial tension between oil and water to

Maudgalya, Saikrishna; Knapp, R. M.; McInerney, M. J.; Nagle, D. P.; and Folmsbee, M. M., 2002, Development of
microbially enhanced oil-recovery process: Delaware—Childers Field, Nowata County, Oklahoma, in Boyd, D. T. (ed.),
Finding and producing Cherokee reservoirs in the southern Midcontinent, 2002 symposium: Oklahoma Geological

Survey Circular 108, p. 193—200.
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mobilize oil are flooded through the
reservoir. An alternative to a recov-
ery method based on chemical sur-
factants is bio-surfactant-based,

microbial-enhanced oil recovery
(MEOR).

MICROBIAL-ENHANCED OIL
RECOVERY

In MEOR, microbial metabolic
products are used to recover oil
from reservoirs. Byproducts useful
for oil recovery include bio-surfac-
tants, alcohols, acids, gases, and
biopolymers. However, MEOR has
not developed into a commercial
field technology because of a lack of
understanding of microbial process
involved in oil recovery. Studies
show that Bacillus mojavensis JF-2
(Collins, 1961; Javaheri and others,
1985; Han and others, 2001) gener-
ates a bio-surfactant in the absence
of oxygen that reduces the interfa-
cial tension between water and hy-
drocarbons by two to three orders of
magnitude under saline conditions
(McInerney and others, 1990), mak-
ing it useful for oil recovery.

EXPERIMENTAL PROCEDURE

Three separate sand-pack flood-
ing experiments were conducted to
investigate the ability of Bacillus
mojavensis JF-2 bio-surfactant to
recover water-flood residual oil.
Sand packs were prepared by uni-
formly packing 20/40-mesh sand
into polycarbonate cores. Air was
removed from them by applying a
vacuum. Deareated 2.5% NaCl
brine was flooded first through the
packs to saturate them with brine.
The brine was reduced to residual-
water saturation by flooding the
packs with 34-37° API crude oil.
These oil-saturated packs were
then water flooded to residual-oil
saturation with 2.5% NaCl brine.
Volumes of displaced brine and oil
were measured after each stage to
calculate residual phase satura-
tions. The packs were then flooded
with a surfactant solution of Bacil-

lus mojavensis JF-2 bio-surfactant, partially hydro-
lyzed polyacrylamide (PHPA) polymer, and 2,3-butane-
diol that was called co-surfactant. PHPA polymer was
added to increase the surfactant-solution viscosity and
10.0 millimoles (mM) 2,3-butanediol was added to rep-
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Figure 1. Generalized map of Oklahoma, showing structural provinces and loca-
tion of study area, the Delaware—Childers Field, Nowata County, Oklahoma.

licate the bio-product composition found in nature.

PHPA polymer for

for 24 hours to allo
lyze.

Surfactant and polymer solutions with 1,000 ppm
of PHPA were prepared by dissolving 0.1 gm of

every 100.0 cc of surfactant solu-

tion or water. The solutions were left undisturbed

w the polymer molecules to hydro-
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Figure 2. Stratigraphic nomenclature for the Krebs,
Cabaniss, and lower part of Marmaton Groups (Des-
moinesian Series), showing the formal surface names and
the commonly accepted subsurface names used in north-
eastern Oklahoma. Modified from Scruton (1950), Oakes,
(1958), Jordan (1957), Cole (1967, 1970), Berg (1966, 1969),
Branson (1968), Chandler (1977), Bennison (1979), Bissell
(1984), Lojek (1984), Tulsa Geological Society (1984—1989),
and Hemish (1989, 1993, 1997).

Experiment 1

In the first experiment, residual-oil recovery was
tested using Bacillus mojavensis JF-2 bio-surfactant,
2,3-butaediol, and partially hydrolyzed polyacrylamide
polymer. Viscous-preflush and gravity effects also were
investigated.

Procedure

Bacillus mojavensis JF-2 (Javaheri and others,
1985) was grown aerobically. The cells were removed
by centrifugation at 10,000 g for 10.0 minutes at 4°C

195

and the concentration of bio-surfactant in the superna-
tant was 910 ppm as determined by high-pressure lig-
uid chromatography. The alcohol, 2,3-butanediol, 10.0
mM was added to this bio-surfactant solution. PHPA,
at a concentration of 1,000 ppm, was mixed with this
surfactant solution. Eight sand packs, numbered 1.1 to
1.8 at water-flood residual-oil saturation were used in
this experiment. Residual oil volumes and saturations
are tabulated in Table 1. The oil was a 34° API oil with
a viscosity of 10.0 cp. The pore volume of all sand packs
was approximately 100.0 cc. To flood a pore volume of
surfactant through each pack, 100.0 cc of surfactant
solution was used.

Packs 1.1 and 1.2 were flooded vertically. Five cc of
the 1,000 ppm PHPA solution first was injected as pre-
flush ahead of the surfactant solution and 25.0 cc of
PHPA solution as mobility buffer was injected behind
the surfactant solution. The flooding was continued
with 2.5% NaCl brine until no more oil was recovered.
A total of 200.0 cc of fluids was flooded through every
pack. Packs 1.3 and 1.4 were injected using a protocol
similar to Packs 1.1 and 1.2, except that no preflush
was used before the surfactant. Packs 1.5 and 1.6 were
injected with a protocol identical to Packs 1.1 and 1.2,
except that these packs were flooded horizontally. Pack
1.7 and 1.8 were the controls for the experiment.
In these two packs, instead of flooding the packs with
surfactant, 100.0 cc of a mixture of PHPA and 10.0 mM
of 2,3-butanediol dissolved in uninoculated medium
was injected. This was done to study whether 2,3-
butanediol by itself could mobilize oil. The pressure
across each pack was kept constant at 8.0 psig during
the surfactant flood. The effluent from the packs was
collected in 50.0 cc samples.

Discussion

Observations and results are presented in Table 1.
Packs 1.1 and 1.2 that received a preflush and were
flooded vertically had the highest recovery of nearly
80.0% residual oil. Nearly 70% of residual oil was re-
covered from Packs 1.3 and 1.4 that did not receive a
preflush. About 63% of residual oil was recovered from
Packs 1.5 and 1.6 that were flooded horizontally and
only 1% of residual oil was recovered from the control
packs 1.7 and 1.8.

Oil produced with the first 50.0-cc sample of effluent
was excluded from the recovery calculations because
this was oil trapped in the pack head space at the end
of water flooding and was produced at the instant the
preflush of solution flooding began. A higher recovery of
oil from Packs 1.1 and 1.2 compared with recovery from
Packs 1.3 and 1.4 suggested that the viscous preflush
improved oil recovery. In Figure 4, oil production ver-
sus the cumulative volume flooded showed an improve-
ment in oil recovery when a preflush was used. In the
figure, a peak in oil production followed by a decline
was the point at which the mobilized oil bank was pro-
duced. The figure showed smaller peaks for Packs 1.3
and 1.4 contrasted to the peaks for Packs 1.1 and 1.2.
This suggested that the preflush in Packs 1.1 and 1.2
helped mobilize more oil. Because the sand packs had



196

Saijkrishna Maudgalya and others

R16E

RI16E
Y - , ,l T Py
= CJR17E
= -
e T 27
N
S|t
26
N

Figure 3. (A) Regional map showing distribution of oil-produc-
ing wells in Delaware—Childers Field, Nowata County, Okla-
homa. (B) Isopachous map of gross thickness of Bartlesville
Sandstone in Bartlesville channel. (C) Isopachous map of
gross thickness of Bartlesville Sandstone (in ft) in the area of
study (see Fig. 1).

an approximate pore volume of 100.0 cc, a complete
pore volume of surfactant solution was flooded through
when 200.0 cc of fluid was produced. This was why oil
production continued up to 200.0 cc of fluid production
(Fig. 4).

A 12.5% decrease in oil recovery from packs 1.5 and
1.6 compared with the recovery from Packs 1.1 and 1.2
confirmed that surfactant flooding against gravity im-
proved oil recovery. Gravity maintained a stable flood
front and improved the surfactant sweep efficiency.
The production of oil in packs 1.5 and 1.6 through the
200.0 cc mark is a combination of flooding a pore vol-
ume of surfactant solution and the rarefaction curve.
The negligible recoveries from the control packs, 1.7
and 1.8 confirmed that 2,3-butanediol and polymer
alone do not recover residual oil.
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Experiment 2

Experiment 2 was designed to analyze the relation
between oil recovery and volume of Bacillus mojavensis
JF-2 surfactant solution flooded through the sand
packs.

Procedure

In this experiment, the bio-surfactant concentration
was 283 ppm, and the polymer and 2,3-butanediol con-
centrations were the same as Experiment 1. Eight sand
packs, numbered 2.1 to 2.8 were water flooded to re-
sidual oil saturation using 2.5% NaCl brine. Residual
oils saturations are shown in Table 2. The oil was 34.5°
API oil with a viscosity of 11.5 cp. Two packs each were
flooded with 100.0, 80.0, 60.0, and 40.0 cc of surfactant
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solution, respectively. All packs were flooded

vertically and were first injected with 5.00 cc of TABLE 1.—Summary of Results from Experiment 1

a 1,000 ppm PHPA solution as preflush, fol-

Volume Volume

lowed by surfactant-solution injection and 50.0 Direction Sorwt pre-flush surfactant Recovery
cc of PHPA concentration graded-mobility Pack of flooding (%) (cc) (cc) (%)
buffer. The buffer consisted of 25.0 cc of 1000 ]

ppm PHPA solution followed by 25.0 cc of a 700  1-1 Vertical 20.6 5 100+PO+CS  77.5
ppm PHPA solution. Injection continued with 1.2 Vertical 19.2 5 100+PO+CS 85.6
2.5% NaCl brine. A larger volume mobility- 1.3 Vertical 21.0 0 100+PO+CS 67.9
buffer solution was used to prevent viscous fin- 44 Vertical 19.8 0 100+PO+CS 73.0
gering of chase water thrqugh the buffer gnd 15  Horizontal 25 4 5 100+PO+CS 64.1
into .the surfactant solution. Concentration 16 Horizontal 219 5 100+PO+CS 635
grading was performed to reduce the consump- )

tion of the polymer PHPA. The total volume of 17 Vertical 26.7 0 PO+CS 1.2
injected fluids was 200.0 cc. Oil productionis 1.8 Vertical 21.7 Y PO+CS 1.1

plotted against cumulative volume flooded in
Figure 5.

Sorw: residual-oil saturation in packs after water flooding.
PO: 1,000 ppm PHPA dissolved in 100.0 cc of bio-surfactant solution.

) ] CS: 2,3-butanediol, 10.0 mM dissolved in 100.0 cc of bio-surfactant solution.
Discussion Concentration of bio-surfactant: 910 ppm.

Table 2 summarizes the experiment and its

NaCl concentration in brine: 2.5% by wt.

results. Oil produced with the first 50.0 cc of ef- Polﬁr:i\r?; .solutlon: 1,000 ppm Partially Hydrolyzed Polyacrylamide in 2.5% NaCl

fluent was excluded from the recovery calcula-

tions. Distinct oil banks formed in all packs.

Packs 2.1 and 2.2 were flooded with 100.0 cc of

surfactant solution and had the highest recovery of
nearly 50% additional oil. Packs 2.7 and 2.8 were
flooded with 40.0 cc of surfactant solution and recov-
ered 30% of additional residual oil. Because every sand
pack had a pore volume of approximately 100.0 cc, oil
recovery from Packs 2.7 and 2.8 was significant be-

cause nearly 30% of additional residual oil was recov-

ered using less than half a pore volume of surfactant
solution.

Figure 5 shows a peak in oil production followed by
a decline for Packs 2.5 and 2.6 that were flooded with
60.0 cc of surfactant solution and Packs 2.7 and 2.8
that were flooded with 40.0 cc of surfactant solution.
This peak in production occurred when the mobilized
oil bank was produced. Behind the oil surfactant solu-

tion was displaced from the packs by the mobility
buffer solution. No additional oil could be mobilized af-
ter the surfactant was removed and oil production
declined.

Figure 5 also shows that Packs 2.1 t0.2.4 had an
anomalous oil-recovery profile. The figure does not
show a peak in oil production followed by a slow decline
in production for these four packs. Because of a large
time gap between the water flooding of these packs and
surfactant flooding, oil and water segregated inside the
packs creating a bank of mobile oil at the pack’s outlet.
This oil was produced at the instant the preflush was
injected. Oil that should have been produced as mobi-
lized oil in a bank and that would have shown as a peak
on the production plot was produced prematurely;

9
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Figure 4. Plot of oil production versus cumulative volume flooded through each pack in Experiment 1. Abbreviations: (P)=
packs flooded with a preflush of polymer ahead of the surfactant solution; (H) = packs flooded horizontally (to check effect of

gravity).
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hence, there were no observed peaks in oil pro-
duction. This may have also resulted in lower oil

TABLE 2.—Summary of Results from Experiment 2

recoveries from Packs 2.3 and 2.4 as compared

to recoveries from Packs 2.5 and 2.6 that were Sl\,,,?flal:;:ﬁ,t pxgtl.l;m:h ngt'_‘imih
flooded with a smaller volume of surfactant so- SoRwt (cc) (cc) (cc) Recovery
lution. Segregation of oil and water was cor-  Pack (%) 283ppm 1,000 ppm 700 ppm (%)
rected in Packs 2.5 to 2.8.
2.1 156.8 100+PO+CS 25.0 25.0 52.7
Experiment 3 2.2 16.7 100+PO+CS  25.0 25.0 48.1
This experiment was designed to confirm 2.3 194 80+PO+CS 25.0 25.0 331
that the Bacillus mojavensis JF-2 bio-surfactant 24 22.8 80+PO+CS 250 25.0 327
requires the 2,3-butanediol and PHPA to re- 25 20.8 60+PO+CS 25.0 25.0 36.1
cover oil efficiently. 2.6 20.7 60+PO+CS  25.0 25.0 40.6
2.7 26.5 40+PO+CS 25.0 25.0 30.4
Procedure 28 226  40+PO+CS 250 25.0 30.1

Eight sand packs, numbered 3.1 to 3.8 at

water-flood residual-oil saturation were used in
this experiment. The oil was 34.5° API oil with a
viscosity of 11.5 cp. Packs 3.1 and 3.2 were first
injected with 5.0 cc of 1,000 ppm PHPA solution

See Table 1 for explanation of Sggw, PO, and CS.

Concentration of bio-surfactant: 283 ppm.

NaCl concentration in brine: 2.5% by wt.

Polymer solution: 1,000 ppm Partially Hydrolyzed Polyacrylamide in deminer-
alized water.

as viscous preflush. This was followed by 100.0
ce solution of 10.0 mM 2,3-butanediol and 1000
ppm dissolved in uninoculated medium and 50.0 cc ofa
concentration-graded mobility-buffer solution as used
in Experiment 2. Flooding was continued with 2.5%
NaCl brine until 200.0 cc of fluid was flooded through
each pack. In packs 3.3 and 3.4, the flooding protocol
was similar as the first two packs, except that a 100.0
cc solution of 10.0 mM 2,3-butanediol dissolved in bio-
surfactant solution was injected behind the preflush
followed by the mobility-buffer solution. In Packs 3.5
and 3.6, a 100.0.cc solution of 1,000 ppm PHPA dis-
solved in bio-surfactant solution was used, and, in
packs 3.7 and 3.8, a 100.0 cc solution of bio-surfactant
solution with 10.0 mM of 2,3-butanediol and 1000 ppm
PHPA was injected behind the preflush. All the packs
were flooded vertically from the bottom up. The bio-
surfactant concentration was 43 ppm. Cumulative-per-
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centage oil recovery was plotted against cumulative-
volume flooded for each pack in Figure 6.

Discussion

Table 3 shows the experimental summary and re-
sults. About 1% of additional residual oil was recovered
from Packs 3.1 and 3.2. Approximately 12% of the re-
sidual oil was recovered from Packs 3.3 and 3.4, 17%
from Packs 3.5 and 3.6, and 22.0% from Packs 3.7 and
3.8.

Negligible oil recovery from Packs 3.1 and 3.2 con-
firmed that 2,3-butanediol and PHPA only assisted
Bacillus mojavensis JF-2 in recovering oil. In Packs 3.3
and 3.4 the less viscous bio-surfactant and co-surfac-
tant solution without any polymer managed to finger
through the polymer preflush and mobilize some oil.
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Figure 5. Plot of oil production versus cumulative volume flooded through each pack in Experiment 2.
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On injecting the mobility-buffer solution, this oil
was seen as an increase in oil recovery between

TABLE 3.—Summary of Results from Experiment 3

the 100.0 and 150.0 cc injection points in Figure

> Volume of flooded solution Sonw Recovery
6. For Packs 3.5 and 3.6, through which a solu- Pack (100.0 cc flooded in each pack) (%) (%)
tion of bio-surfactant and 1,000 ppm PHPA was
flooded, an oil bank formed. The breakthrough 3.1 PHPA + 2,3-butanediol 26.7 1.20
of this bank shows an increase in cumulative 3.2 PHPA + 2,3-butanediol 217 1.05
recovery in Figure 6. Oil production declined be- 33 Bio-surfactant + 2,3-butanediol 19.8 11.1
hind the oil bank as indicated by the flattening 3,4 Bio-surfactant + 2,3-butanediol 18.2 13.0
of the cumulative-recovery curves for the two 25 Bio-surfactant + PHPA 034 155
packs. Packs 3.7 and 3.8 produced nearly 22% of ‘ ) ’ ‘
the oil and had the highest recoveries. This con- 3.6 Bio-surfactant + PHPA 234 18.8
firms that the bio-surfactant worked best when 3.7 Bio-surfactant + PHPA + 2,3-butanediol 24.7 21.9
combined with 2,3-butanediol and a viscosity- 38 Bio-surfactant + PHPA + 2,3-butanediol 253 21.8

modifying polymer. The cumulative recovery
increased until the 200.0 cc flooding point.
Because a complete pore volume was flooded
through the packs, mobilized oil was produced Polymer s

Sonw: resi

dual-oil saturation in packs after waterflooding.

Concentration of bio-surfactant: 43 ppm.
NaCl concentration in brine: 2.5% by wt.

olution: 1,000 ppm Partially Hydrolyzed Polyacrylamide in deminer-

until the 200.0 cc flooding point. Significantly, alized water.

22% of the oil was recovered with a bio-surfac-
tant concentration as low as 0.0043%.

CONCLUSIONS

The results of these experiments using Bacillus
mojavensis JF-2 bio-surfactant with a co-surfactant
and a viscosity-modifying agent have demonstrated the
potential in tertiary recovery of residual oil in certain
types of oil fields. The Delaware—Childers Field seems
to be an ideal candidate for a pilot recovery study. Our
conclusions are summarized below.

1. Bacillus mojavensis JF-2 bio-surfactant can be
developed into an effective surfactant when com-

3. About 30% of residual oil could be recovered with
less than half a pore volume of surfactant-solu-
tion injection.

4. About 22% of the residual oil could be recovered
by a solution having a bio-surfactant concentra-
tion as low as 43 ppm or 0.0043% by weight.

5. The surfactant-solution—flooding protocol was
designed and tested on sand packs, but testing
must be extended to cores and ultimately a field
pilot study.
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Cherokee-Equivalent Formations of the Ardmore Basin:
A New Look at Old Data

Robert E. Harmon

C. E. Harmon 0il, Inc.
Tulsa, Oklahoma

AgrstrRACT.—Nine informal Middle Pennsylvanian (Desmoinesian) formations that
form a sequence of strata equivalent to the “Cherokee Group” of northern Oklahoma
are found in the Ardmore Basin of southern Oklahoma. From uppermost to lowermost,
these are the Culberson, Upper and Lower Fusulina, Tussy, Edwards, Carpenter,
Pickens, Morris, and Hefner formations. These subsurface “Cherokee equivalent” for-
mations were identified from Chenoweth (1979) and researched as to both their strati-
graphic position and the location of the well from which they were defined (Jordan,
1957). These wells are randomly scattered across Sho-Vel-Tum Field.

Sho-Vel-Tum is an irregularly shaped field in the Ardmore Basin that covers about
75,000 acres in Carter, Garvin, and Stephens Counties in south-central Oklahoma.
Sho-Vel-Tum had the highest production rate and largest proven reserves for Okla-
homa in 1999. The Cherokee “Group” makes up most of the greater Deese Group in
this field and carries the bulk of its remaining oil.

Sho-Vel-Tum consists of more than 30 separate, smaller fields. Eight of these are
evaluated as individual field studies. The stratigraphy and relative quality of the res-
ervoirs in Cherokee formations in this area are studied using electric logs, production
data, and cross sections. Based on this work, operators can assess the need for further

evaluation of individual areas and reservoirs in the Sho-Vel-Tum Field.

INTRODUCTION

In the determination of Cherokee-equivalent forma-
tions in the Ardmore Basin, three references were iden-
tified that contained somewhat similar Cherokee for-
mations. These three references and their formation
ranges, from upper to lower Cherokee equivalents, are:
(1) Chenowith (1979), who starts with the Culberson
and ends with the Hefner sand; (2) Kennedy (1982),
who starts with the Upper Fusulinia (or Fusulinid or
Fusulina) and ends with the combined grouping of
Morris, Griffen (or Griffin) and Hefner; and (3) Fay
(1997), who starts with the Fusulina and goes to the
lower Griffin sand. Actually, all three of these refer-
ences present an applicable picture, and that is what
makes this area particularly difficult to understand in
regard to stratigraphic nomenclature.

The next step was to take the formations that each
reference presented and look them up according to both
their stratigraphic location in the “Cherokee Group”
and identify their type log locations by section, town-
ship, and range. Both stratigraphic and type log loca-
tions were obtained from the book, Subsurface Strati-
graphic Names of Oklahoma (Jordan, 1957). It was dis-
covered that the type log locations for formations from

each of the three sources are all situated in the giant
Sho-Vel-Tum Field (Fig. 1). Data were then acquired
to evaluate individual formations of the Cherokee
“Group” from the smaller fields that now make up Sho-
Vel-Tum.

ARDMORE BASIN

The Ardmore Basin is about 330 mi long and 60 mi
wide and lies in a structural trough known as the
southern Oklahoma Aulacogen (Billingsley, 1992). This
foreland basin is located in Marshall, northeast Love,
southwest Johnston, Carter, eastern Stephens, and
southwest Garvin Counties. (Parish, 1991)

The Ardmore Basin is complex both structurally and
stratigraphically and has produced oil and gas since
the early 1900s. Most of the hydrocarbon traps are lo-
cated on regional highs within the basin or on the basin
margins. Hydrocarbon migration in the basin is both
lateral and vertical, with the vertical component facili-
tated by faults and angular unconformities (Brown and
Corrigan, 1997).

The structural style of the Ardmore Basin is closely
tied to structures in the Arbuckle Mountain region,
where a wide variety of deformation types have

Harmon, R. E,, 2002, Cherokee-equivalent formations of the Ardmore Basin: a new look at old data, in Boyd, D. T. (ed.),
Finding and producing Cherokee reservoirs in the southern Midcontinent, 2002 symposium: Oklahoma Geological Sur-

vey Circular 108, p. 201-211.
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Figure 1. Location map of Sho-Vel-Tum Field in the Ardmore
Basin of southern Oklahoma. Modified after Johnson and
others (1987).

posed many interpretational challenges. The most
widely accepted model proposes that the region is
a complex half-graben in which inversion occurred
due to left-lateral transpression (Tapp, 1995). Inver-
sion is the reversal of direction of movement along
basin controlling faults. According to Tapp (1995),
evidence for inversion in the Arbuckle region includes
the presence of backthrusts that formed as a result
of rollover anticlines. Gold (1997) also noted that
inversion-produced backthrusts are common in the
region.

Deformation in the Ardmore Basin created two types
of uplifts. These were caused by strike-slip deforma-
tion. Known as “flower structures,” these uplifts are
called squeeze-up and pop-up structures. Squeeze-up
structures developed as steep-sided folds with internal
faults that converged downward into a single strike-
slip fault, and pop-up structures developed as uplifts
bounded-by downward-converging, through-going
faults (McBee, 1995). Both types are common in the
Ardmore Basin.

STRATIGRAPHY

The Deese Group of the Ardmore Basin consists of
up to 7,500 ft of sedimentary rock consisting domi-
nantly of sandstone and shale with interbedded lime-
stone and conglomerate. The Desmoinesian sedimen-
tary section in the basin is equivalent to both the
“Cherokee” and Marmaton Groups of northern Okla-
homa (Raymer, 1987), and it consists mainly of mate-
rial reworked from the Springer rocks (Jacobsen, 1959).
Johnson and others (2001) break the Deese Group into
the Marmaton, Cabaniss, and Krebs Sub-Groups, with
the Cabaniss and Krebs being stratigraphically equiva-
lent to the “Cherokee.”

A review of literature dealing with detailed Chero-
kee-equivalent stratigraphy in the Ardmore Basin
shows that Chenowith (1979) is the most internally
‘consistent and agrees best with industry terminology.

R. E. Harmon

His list of nine formations from youngest to oldest (top
to bottom) are: (1) Culberson, (2) Upper Fusulina, (3)
Lower Fusulina, (4) Tussy, (5) Edwards, (6) Carpenter,
(7) Pickens, (8) Morris, and (9) Hefner (Fig. 2). In areas
where the stratigraphy is more generalized, only the
Culberson, Fusulina, and Tussy appear, with the Tussy
including all sands through the Hefner.

When the Culberson, Fusulina, and Tussy for-
mations are compared with the formations recognized
in north-central and northeast Oklahoma, the Cul-
berson is seen to be roughly equivalent to the Skinner,
the Fusulina to the Red Fork, and the Tussy to
the Bartlesville (Fig. 2). Although these units are
stratigraphic equivalents, the environments of dep-
osition obviously vary between these areas of the
State.

A base map (Fig. 3) was constructed showing
where the nine type well logs and the fields in
which they are found are located. All of these fields
have since been combined into the greater Sho-Vel-
Tum Field. Located in the northwestern part of this
field complex, the combined fields on the base map
(Billingsley, 1956) include Camp, Doyle, Fox-Graham,
Milroy, North Alma, Sholem Alechem, Tatums-Tussy,
and Velma.

GREATER SHO-VEL-TUM FIELD

Sho-Vel-Tum is an irregularly shaped field that en-
compasses about 75,000 net acres, or 117 mi?* in
Carter, Garvin, and Stephens Counties (Fig. 1). First
producing oil in 1905, the name Sho-Vel-Tum, was not
adopted until 1956. The field was initially consolidated
from three older fields: Sholem Alechem, Velma, and
Tatums. Today, Sho-Vel-Tum has grown to include 42
smaller fields (Lacina, 1979).

The western Ardmore Basin—especially the Ste-
phens County area—underwent more intense faulting
than did the eastern side of the basin. Because of this,
most of the oil in the Stephens County area is focused
more along the basin axis than the basin margins
(Brown and Corrigan, 1997). In addition to the anticli-
nal (four-way dip closure) traps at the Velma, Sholem
Alechem, and Fox-Graham Fields, the trap types in
other areas of the greater Sho-Vel-Tum include struc-
tural noses (three-way dip closure), fault truncations,
and unconformities (Clemons, 1984).

The formations equivalent to the Cherokee in
greater Sho-Vel-Tum are in the Deese Group and
are located stratigraphically between the overlying
Marmaton and the underlying Dornick Hills Group.
Reservoirs in the Cherokee-equivalent formations rep-
resent the largest remaining reserve volume for the
field. Johnson and others (1987) showed that, at the
time of their report, the Deese Group in Sho-Vel-Tum
had 634 million stock tank barrels (MMSTB) of remain-
ing oil-in-place (ROIP) and 278 MMSTB of unswept
mobile oil (UMO). In 1999, the greater Sho-Vel-Tum
Field had the largest remaining oil reserves in Okla-
homa and also the highest production rate (U.S.
Department of Energy Information Administration,
2000).
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Figure 2. Stratigraphic chart of the “Cherokee-equivalent” formations in the Ardmore Basin (left column) correlated with the pre-
dominantly subsurface terminology in north-central Oklahoma and surface terminology in northeast Oklahoma. Adapted from
Chenowith (1979).

COMPOSITE TYPE ELECTRICAL LOG (Fig. 4). It is apparent from Table 1 that all nine forma-
FOR SHO-VEL-TUM FIELD tions (sands) never appear together in any one location.

However, those used in the greater Sho-Vel-Tum com-

The construction of a “Cherokee” Group type log for posite were selected based on their mutual proximity.
all of Sho-Vel-Tum Field was aimed at producing a The local type logs chosen to build the composite log
composite that was representative of all nine constitu-  (Fig. 5) are all in an area just northwest of North Alma
ent type logs in which individual sands were developed  Field, between Velma and Sholem Alechem, which is
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TABLE 1.—Field Coverage of “Cherokee Equivalent” Formations of the Ardmore Basin

Formation Name and operator Type log Fox- North  Sholem Tatums-

name of “type log well” location Camp Doyle Graham Miiroy Alma Alechem Tussy Velma

1. Culberson  No. 1 Hitchcock 18, T.1N,,R.4W. F (F) Typelog, EF EF, (F)
Phillips (F)

2. U. Fusulina No. A-8 Humphreys 13, T1S,R.5W. F(F) (F) EF (F) (F F. (F) Type log,
Skelly (F)

3. L. Fusulina No. A-8 Humphreys 13, T.1S,R.5W. F (F) (F) EF (F) (F) (F) F. (F) Type log,
Skelly (F)

4. Tussy No. 1 Ledbetter 6, T.1S,R.3W. F, (F) (F) F (F) (F) (3] Typelog, (F)
Eason "

5. Edwards No. 1 Edwards 9,T1S,R.4W. EF EF Type log, EF
Van Grisso and Norville (F)

6. Carpenter  No. 1 Carpenter 15, T.28,R.3W. EF (3] Type log EF, (EF) EF
Nichols and Duncan

7. Pickens No. 1 Pickens 9, T1S8,R.4W. EF EF Typelog, F, (F) EF
Crosbie, Inc. (F)

8. Morris No. 1 M. Morris 29, T.2S.,R.3W. EF EF Type log EF EF EF
Morgan and Pray

9. Hefner No. 4 Hefner 12, T1N,R.5W. Type log,
Sunray (F)

Abbreviations: F = formation; EF = equal formation.

Notes: Parentheses ( ) around F or EF indicate reference other than Jordan (1957). Camp data in parentheses are from Parker (1956). Doyle data in pa-
rentheses are from Bochneak (1982). Milroy data in parentheses are from Schweers (1959). North Alma data in parentheses are from Norville (1956). Sholem
Alechem data in parentheses are from Billingsley (1956). Tatums-Tussy data in parentheses are from Hoard (1956). Velma data in parentheses are from

Mallory (1948) and Rutiedge (1956).
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Figure 3. Sho-Vel-Tum Field base map showing the locations
of the eight smaller fields studied: Camp, Doyle, Fox-Gra-
ham, Milroy, North Alma, Sholem Alechem, Tatums-Tussy,
and Velma. The Harrisburg Trough helps highlight the north-
west—southeast trend of the fields. Numbers in bold boxes
represent type wells of “Cherokee-equivalent” formations in
the greater Sho-Vel-Tum Field, which are, in descending
order, 1 = Culberson, 2 = Upper Fusulina; 3 = Lower Fusu-
lina; 4 = Tussy; 5 = Edwards; 6 = Carpenter; 7 = Pickens;
8 = Morris; and 9 = Hefner. Adapted from Billingsley (1956)
and Jacobson (1981).

fortuitously near the middle of greater Sho-Vel-Tum.
The four wells used in the construction of the compos-
ite type log for the equivalents of the “Cherokee” Group
in the Ardmore Basin are listed in Table 2.

TYPE LOGS FOR CHEROKEE-EQUIVALENT
FORMATIONS

Cherokee-equivalent formations in the Ardmore
Basin are primarily marine units, and the reservoirs
are dominantly sandstones, although some production
is from limestones. In the following discussion of these
formations, the upper and lower Fusulina are com-
bined. Information concerning the current status of
each formation is taken directly from the THS (2002)
database (Table 3).

Culberson Formation

The type log for this formation is the Phillips No. 1
Hitchcock, located in sec. 18, T. 1 N.,, R. 4 W, in the
Doyle Field (Fig. 4). In addition, the Culberson forma-
tion is identified in Camp and Velma Fields and has an
equivalent that is found in the Fox-Graham Field
(Table 1). IHS data show Culberson-productive leases
in Doyle and Fox-Graham Fields. This formation
forms the uppermost unit of the Deese Group Cherokee
equivalents in the Ardmore Basin and is not continu-
ous across the area.

Fusulina Formation

The type log for this formation (Fig. 4), which in-
cludes both the upper and lower Fusulina, is the Skelly
No. A-8 Humphreys, located in sec. 13, T.1S.,R.5 W,
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Figure 4. Type logs of the nine “Cherokee-equivalent” formations of the Ardmore Basin. See Figure 3 for map showing loca-
tions. From Jordan (1957).

1

2
3
4

T




206 R. E. Harmon

18 |4i
g |/
L)
18 )Y
= |k
i
.8 €
(]
I
|
Culberson
L§, sand
")
1st Tussy, T1 sand
U. Fusulina T i
sand ussy lime
8
k8 2nd Tussy, T2 sand
T3a
'g 3rd Tussy, T3 sand
§ T3b
4th Tussy, T4 sand
(Edwards)
(e
-8
M)
L. Fusulina
sand
8 Carpenter sand
E
'g Morris (Pickens, Hefner) sand

Figure 5. Composite type electrical log of the nine “Cherokee-equivalent” formations of the Ardmore Basin. Depths in feet.
Adapted primarily from Jordan (1957).
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TABLE 2.—Wells Used in Construction of Composite Type Log for
“Cherokee-Equivalent” Formations of the Ardmore Basin

Operator Well Location Depth (ft) Formations
Skelly Oil Co Humphrey No. A-8  SWViSEVaSWVa sec. 13, 3,220-3,980 Culberson,
T.1S8.,R.5W. Upper Fusulina, &
Lower Fusulina
Sinclair-Prairie Oil Co.  Fitzhugh No. 1 NWVASWVaSWVs sec. 19, 3,980-4,350 None
T.1S,R. 4W.
Van-Grisso Oil and Edwards No. 1 NWNEVsNEV4 sec. 9, 4,350-4,770 Tussy & Edwards
Glen S. Norville T.1S,R. 4W.
J. E. Crosbie, Inc. Pickens No. 1 NWV4SEV4NE Vs sec 9, 4,770-5,030 Carpenter, Pickens,
T.1S,R. 4W.

Morris, & Hefner

Note: The composite type log for the basin is shown as Figure 5.

TABLE 3.—Table of the Nine “Cherokee Equivalent” Formations of the Ardmore Basin

Total Ave. oil  Ave. gas Qil First
Formation no. of Oil Gas cum.per cum.per Oilonly Gasonly &gas Inactive Active Ilease
name leases cum. cum. lease lease leases leases leases leases leases prod.
1. Culberson 9 1,112,366 7,694,671 123,596 854,963 1 4 4 6 3 1943
2,3. U & L Fusulina 37 4,841,356 4,521,895 130,847 122,213 20 7 10 18 19 1928
4. Tussy 161 34,322,962 11,696,541 213,186 72,649 124 2 35 89 72 1943
5. Edwards 4 544,237 15,878 136,059 3,970 3 0 1 3 1 1950
6. Carpenter 22 2,288,635 1,338,373 104,029 60,835 16 0 6 12 10 1951
7. Pickens 17 3,298,362 217,271 194,021 12,781 13 1 3 7 10 1949
8. Morris 14 3,222,067 1,258,278 230,148 89,877 7 0 7 9 5 1951
9. Hefner i 908,942 360,113 82,631 32,738 7 1 3 .4 7 1954
Totals of all
nine formations 275 50,538,927 27,103,020 191 15 69 148 127

Note: The data are current through December 2001 and show how the formations compare regarding total ieases, cumulatives, averages, active
and inactive leases, and first-lease production. The Table includes data supplied by Petroleum Information/Dwights LLC; Copyright 2002 Petro-

leum Information/Dwights LLC (IHS, 2002).

in the Velma Field. The Fusulina is found in Camp,
Doyle, Milroy, North Alma, Sholem Alechem, Tatums-
Tussy, and Velma Fields and has an equivalent forma-
tion found in the Fox-Graham Field (Table 1). The
Fusulina formation is continuous across the base map
area and produces in Camp, Fox-Graham, Milroy,
North Alma, Sholem Alechem, Tatums-Tussy, and
Velma Fields.

Tussy Formation

The type log for the Tussy formation is the Eason
No. 1 Ledbetter, located in sec. 6, T.1 S.,R. 3 W, in the
Tatums-Tussy Field. The Tussy formation is found and,

according to ITHS (2002), produces in all eight fields
found on the base map. The Tussy limestone is about
10 ft thick and lies immediately below the uppermost
Tussy sandstone (T1 of Fig. 4). This limestone is a key
stratigraphic marker used throughout the Ardmore
Basin (Hoard, 1956). Note that the Tussy consists of a
number of sandstone beds, the nomenclature for which
is shown in Figure 5.

Edwards Formation

The type log for the Edwards formation is the Van
Grisso and Norville No. 1 Edwards, located in sec. 9, T.
18.,R. 4 W, of North Alma Field (Fig. 4). The Edwards
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is sometimes called the 4th Tussy (see Fig. 5). The
Edwards formation is found only in North Alma Field,
but has an equivalent formation found in Camp, Fox-
Graham, and Tatums-Tussy Fields. Leases that pro-
duce from this formation are located in Doyle and
Sholem Alechem Fields.

Carpenter Formation

The type log for the Carpenter formation is the
Nichols and Duncan No. 1 Carpenter, located in sec. 15,
T.2 8., R. 3 W, in the Fox-Graham Field (Fig. 4). The
Carpenter is found only in the Fox-Graham and Doyle
Fields, but has an equivalent formation in Camp,
North Alma, and Tatums-Tussy Fields. IHS (2002)
data show leases that produce from this formation in
the area of Fox-Graham, North Alma, and Sholem
Alechem Fields.

Pickens Formation

The type log (Fig. 4) for the Pickens is the Crosbie,
Inc. No. 1 Pickens, located insec. 9, T.1S.,R. 4 W, of
North Alma Field. The Pickens formation is found only
in the North Alma and Sholem Alechem Fields, but has
an equivalent in Doyle, Fox-Graham, and Velma
Fields. Leases that produce from this formation are
located in and around Sholem Alechem, and between
Sholem Alechem and Doyle Field.

Morris Formation

Figure 4 shows the type log for the Morris formation,
which is the Morgan and Pray No. 1 M. Morris, located
in sec. 29, T. 2S., R. 3 W,, of Fox-Graham Field. The
Morris is found only in the Fox-Graham Field, but has
an equivalent formation found in Camp, Doyle, Sholem
Alechem, and Tatums-Tussy Fields. IHS (2002) data
show productive leases in the area of Camp, Fox-Gra-
ham, and Sholem Alechem Fields.

Hefner Formation

The basal-most Cherokee-equivalent formation in
the Ardmore Basin is the Hefner formation. The type
log for the Hefner formation (Fig. 4) is the Sunray No.
4 Hefner, located in sec. 12, T. 1 N., R. 5 W. of Doyle
Field. The Hefner formation is found only in the Doyle
Field, and it has no equivalents. IHS (2002) data show
leases that produce from this formation are located in
and around Doyle Field.

STUDIES OF THE GREATER
SHO-VEL-TUM FIELD

The following eight fields were evaluated in this
study of the greater Sho-Vel-Tum Field: Camp, Doyle,
Fox-Graham, Milroy, North Alma, Sholem Alechem,
Tatums-Tussy, and Velma (Fig. 6) Fields in the region
cluster around northwest-southeast-trending faults
(Schweers, 1959). The base map is centered on the
Harrisburg Trough to outline production trends.
The Harrisburg Trough lies just southwest of Mil-
roy Field and it crosses parts of the Fox-Graham and
Velma Fields. The Fox-Graham, Milroy and Velma
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Figure 6. Base map of Sho-Vel-Tum Field; locations of three
cross sections , A-A’, B-B’, and C-C’ (Fig. 7) shown.

Fields lie along a single, 30-mi-long uplift (Tomlinson,
1952) with the Milroy Field on the southwest side ap-
proaching the axis of the trough (Harmon and others,
2002).

Camp Field

Camp Field is located on a faulted northwest—south-
east-trending anticline with 1,500 ft of closure at the
Springer level (Clemons, 1984). From a regional per-
spective, the Camp Field is on a relatively minor anti-
cline between the major uplifts of Milroy and Sholem
Alechem (Parker, 1959).

Doyle Field
Doyle Field Cherokee-equivalent reservoirs produce
from five lenticular sands. Hydrocarbons are trapped in
anticlinal structures or stratigraphic traps created by
either truncation or sandstone pinchout. The structural
component to the Doyle trap is a plunging anticline
with a northwest—southeast axis (Bochneak, 1982).

Fox-Graham Field

Fox-Graham is much like the adjacent Milroy Field
in that both lie in areas of extreme compression. These
stresses were so great at Fox-Graham that seven major
anticlinal folds were produced in the single township.
The Graham part of the structure is a sharp, faulted
anticline with a steep northeastern limb and a normal
fault along its southwestern flank (Shaw, 1954).

Milroy Field

The Milroy structure is a result of reactivation and
reversal of the major faults, forming a steep anticline.
Computer modeling of Milroy suggests that the basal
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Figure 7. Three cross sections (A-A’, B-B’, and C-C’) showing “Cherokee-equivalent” formation, equivalent formation, and
absent formation coverage across the eight fields of the Sho-Vel-Tum base map. See Figure 6 for locations of cross sections.
Morrowan unconformity, which separates the Dornick Sholem Alechem Field

Hills and Tussy formations from the Springer and older
formations (Harmon and others, 2002), is continuous
beneath either the Upper Dornick Hills or, in its ab-
sence, the Tussy limestone.

North Alma Field

Contrasted to most other structures in the Ardmore
Basin, the North Alma Field is a relatively flat struc-
ture. There is no evidence of any large scale faulting in
North Alma (Vanbuskirk, 1960), and the structure is
that of a northwest-plunging anticline with a scant 50
ft of closure (Norville, 1956).

Sholem Alechem is formed by a sharp anticlinal fold
with about 1,500 ft of closure. Reservoirs consist of sev-
eral lenticular sands, making the traps a combination
of stratigraphy and structure (Billingsley, 1956).

Tatums-Tussy Field

The Tatums-Tussy Field is composed of four small
anticlines that concentrate hydrocarbons into struc-
tural traps (Hoard, 1956). Dominated by four-way and
faulted three-way closures, some production is also
stratigraphically controlled (Clemons, 1984).
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Velma Field

The Velma Field is in an area of severely faulted
folds with displacements of >1,600 ft (Clemons, 1984).
Post-Deese erosion has removed much of the upper
Deese, occasionally cutting below the Culberson, and
causing the Hoxbar to lie disconformably on middle
Deese in much of the Velma-Field (Mallory, 1948).

CROSS SECTIONS

The Cherokee equivalent formations present in the
eight fields studied vary widely from field to field.
To illustrate this fact three cross sections were
constructed. Their location is shown on Figure 6.
Cross section A—A’ runs northwest—southeast from the
Doyle to the Fox-Graham Field, B-B’ runs southwest—
northeast from Velma to Tatums-Tussy Field, and
C—C’ trends southwest-northeast from Milroy to the
Tatums-Tussy Field.

In Figure 7, a formation is shown by gray shading,
an equivalent formation by black shading, and a circle
drawn around the formation number shows a missing
formation or missing equivalent formation. Each cross
section has nine lines representing the nine formations
from the Culberson (1), at the top of the sequence, to
the Hefner (9), at the bottom. The data are from Table
1. The absence of a formation is invariably due to
paleostructural position that caused either nondeposi-
tion or subsequent erosion.

SUGGESTIONS FOR FUTURE RESEARCH

It is hoped that this report will stimulate others to
do more detailed work on Cherokee-equivalent forma-
tions in the Ardmore Basin and the fields in which they
produce. THS data sometimes showed producing forma-
tions in fields previously thought of as not having a
particular formation present. For example, the Ed-
wards formation is not supposed to be in Doyle or
Sholem Alechem Fields, yet IHS data show it produces
in those fields. Could the formation be wrongly identi-
fied or does it extend to other fields, and where are field
boundaries? Cross sections, computer modeling, and
core data could do much to help resolve these problems.
In 1947, Ardmore Basin expert Frank Gouin pointed
out that no field in southern Oklahoma had ever been
completely defined either laterally or vertically. As
Oklahoma’s oil supplies continue to dwindle, perhaps a
renewed look at field development in this area may
identify previously overlooked hydrocarbons.

CONCLUSIONS

This project was an attempt to provide an updated
study of the formations that make up the Cherckee
Group in the Ardmore Basin. Many references to for-
mations equivalent to Cherokee strata in the Ardmore
Basin, unless mentioned in theses or dissertations,
generally were found in papers dedicated to non-
Cherokee formations.

This paper, as far as is known, provides the first
composite electrical type log for Cherokee-equivalent
formations in the Ardmore Basin. Reference tables of
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formation coverage and lease production statistics are
also shown.

Not only is Sho-Vel-Tum the oil field that has had
the highest production rate and largest proven reserves
in Oklahoma in recent years, but Cherokee-equivalent
formations contain the largest remaining oil reserves in
the field. This fact is perhaps the most important con-
clusion reached in this paper.

ACKNOWLEDGMENTS

I wish to recognize those who have been so helpful to
this project. Thanks go to Dan Boyd, of the Oklahoma
Geological Survey, who provided direction and assis-
tance in the early stages of this project. I also wish
to express my thanks to my father, Charles E. Harmon
of C. E. Harmon Oil, Inc., for allowing me the time
and opportunity to work on this project. My sincere
thanks also go to my wife, Angela, and our daughters,
Katie and Anna, for their patience and prayers on this
project.

This paper includes data, referenced as THS (2002),
supplied by Petroleum Information/Dwights LLC, copy-
right 2002. 1 appreciate the release of this confidential
data for this paper by Jeffrey S. Kay and the IHS En-
ergy Group. Other sources of data for this project in-
clude: The Tulsa City-County Library System and the
various theses, dissertations, and books from libraries
across the United States, the American Association of
Petroleum Geologists Library in Tulsa, and the Okla-
homa Well Log Library in Tulsa.

REFERENCES CITED

Billingsley, H. R., 1956, Sholem Alechem oil field, Ste-
phens and Carter Counties, Oklahoma, in Hicks, I. C.;
Westheimer, J.; Tomlinson, C. W.; Putman, D. M.; and
Selk, E. L. (eds.), Petroleum geology of southern Okla-
homa, v. 1: American Association of Petroleum Geolo-
gists, Tulsa, Oklahoma, p. 244—259.

Billingsley, P. C., 1992, Facies patterns in the lower
Deese group (Desmoinesian) of the Ardmore Basin,
southern Oklahoma: University of Oklahoma M.S. the-
sis, 104 p.

Bochneak, D. L., 1982, A subsurface study of the Doyle
field, Stephens County, Oklahoma: Baylor University
M.S. thesis, 157 p.

Brown, Alton; and Corrigan, Jeff, 1997, Petroleum sys-
tems, Ardmore Basin and Arbuckle Mountains, Okla-
homa: Guidebook for Field Trip 2, Dallas Geological
Society, for American Association of Petroleum Geolo-
gists 1997 Annual Convention, 88 p.

Chenowith, P. A., 1979, Geological prospecting for Mid-
Continent sandstones, in Hyne, N. J. (ed.), Pennsylva-
nian sandstones of the Mid-Continent: Tulsa Geological
Society Special Publication 1, p. 13-18.

Clemons, R. R., 1984, The remote sensor exploration of the
Ardmore and Marietta Basins of Oklahoma: Texas Tech
University Ph.D. dissertation, 134 p.

Fay, R. O., 1997, Stratigraphic units in Oklahoma, Texas,
Arkansas, and adjacent areas: Oklahoma Geological
Survey Open-File Report 2-97, 4 charts, 229 p.

Gold, J., 1997, Inversion tectonics: applications in the
southern Oklahoma aulacogen, Criner Hills region,



Cherokee-Equivalent Formations in Ardmore Basin

Carter and Love Counties, Oklahoma: University of
Tulsa thesis, 63 p.

Gouin, Frank, 1947, Southern Oklahoma oil: The Oil
Weekly, v. 126, no. 4, p. 3441.

Harmon, R. E.; Banks, Richard; and Suhm, R. W., 2002,
Computer modeling of a small-scale inversion feature:
Milroy field, southern Oklahoma, in Cardott, B. J. (ed.),
Revisiting old and assessing new petroleum plays in the
southern Midcontinent, 2001 symposium: Oklahoma
Geological Survey Circular 107, p. 21-38.

Hoard, J. L., 1956, Tussy sector of the Tatums field, Carter
and Garvin Counties, Oklahoma, in Hicks, I. C.; West-
heimer, J.; Tomlinson, C. W.; Putman, D. M.; and Selk,
E. L. (eds.), Petroleum geology of southern Oklahoma, v.
1: American Association of Petroleum Geologists, Tulsa,
Oklahoma, p. 174-185.

[IHS] Information Handling Services, 2002, Petroleum
Information/Dwights LLC [Restricted database for pe-
troleum production, leasing, etc.], copyright Petroleum
Information/Dwights LLC (2002), Dallas, Texas. [Data
released by IHS Energy Group.]

Jacobsen, L., 1959, Petrology of Pennsylvanian sandstones
and conglomerates of the Ardmore Basin: Oklahoma
Geological Survey Bulletin 79, 144 p.

Jacobson, M. 1., 1981, The Harrisburg trough, Stephens
County, Oklahoma—an update, in Borger, J. G. Il (ed.),
Technical proceedings of the 1981 American Associa-
tion of Petroleum Geologists Mid-continent regional
meeting: Oklahoma City Geological Society, p. 127-
137.

Johnson, H. R.; Biglarbigi, K.; Schmidt, L.; Ray, R. M.;
and S. C. Kyser, 1987, Primary and secondary recovery
in the Sho-Vel-Tum oilfield, Oklahoma: U.S. Depart-
ment of Energy Topical Report, DOE/BC/14000-1,
26 p.

Johnson, K. S.; Northcutt, R. A.; Hinshaw, G. C.; and
Hines, K. E., 2001, Geology and petroleum reservoirs in
Pennsylvanian and Permian rocks of Oklahoma, in
Johnson, K. S. (ed.), Pennsylvanian and Permian geol-
ogy and petroleum in the southern Midcontinent, 1998
symposium: Oklahoma Geological Survey Circular 104,
p. 1-19.

Jordan, Louise, 1957, Subsurface stratigraphic names of
Oklahoma: Oklahoma Geological Survey Guidebook 6,
220 p.

Kennedy, C. L. (ed.), 1982, The deep Anadarko Basin: Pe-
troleum Information Corporation, Denver, Colorado,
359 p.

Lacina, J. L., 1979, Index to names of oil and gas fields in
Oklahoma, 1978: Bartlesville Energy Technology Cen-
ter, U.S. Department of Energy, 250 p.

Mallory, W. W., 1948, Pennsylvanian stratigraphy and
structure, Velma pool, Stephens County, Oklahoma:
American Association of Petroleum Geologists Bulletin,
v. 32, p. 1948-1979.

McBee, William, Jr., 1995, Tectonic and stratigraphic syn-
thesis of events in the region of the intersection of the
Arbuckle and Ouachita structural systems, in Johnson,
K. S. (ed.), Structural styles in the southern Midcon-

211

tinent, 1992 symposium: Oklahoma Geological Survey
Circular 97, p. 45-81.

Norville, G. C., 1956, North Alma field, in Hicks, I. C.;
Westheimer, J.; Tomlinson, C. W.; Putman, D. M.; and
Selk, E. L. (eds.), Petroleum geology of southern Okla-
homa, v. 1: American Association of Petroleum Geolo-
gists, Tulsa, Oklahoma, p. 282—-293.

Parker, E. C., 1956, Camp field, Carter County, Oklahoma,
in Hicks, I. C.; Westheimer, J.; Tomlinson, C. W.; Put-
man, D. M.; and Selk, E. L. (eds.), Petroleum geology of
southern Oklahoma, v. 1: American Association of Pe-
troleum Geologists, Tulsa, Oklahoma, p. 174-185.

1959, Structure and lithology of the Springer in
southeast Velma-Camp area, in Hicks, I. C.; West-
heimer, J.; Tomlinson, C. W.; Putman, D. M.; and Selk,
E. L. (eds.), Petroleum geology of southern Oklahoma, v.
2: American Association of Petroleum Geologists, Tulsa,
Oklahoma, p. 227-248.

Parish, D. T., 1991, Geohistory of the Ardmore Basin,
Carter County, Oklahoma: Baylor University B.S. the-
sis, 84 p. ‘

Raymer, J. H., 1987, The Deese Group (Middle Pennsyl-
vanian) of the Ardmore Basin, southern Oklahoma:
University of Oklahoma M.S. thesis, 289 p.

Rutledge, R. B., 1956, The Velma oil field, Stephens
County, Oklahoma, in Hicks, 1. C.; Westheimer, J;
Tomlinson, C. W.; Putman, D. M.; and Selk, E. L. (eds.),
Petroleum geology of southern Oklahoma, v. 1: Ameri-
can Association of Petroleum Geologists, Tulsa, Okla-
homa, p. 260-281.

Schweers, F. P., 1959, Milroy field, Stephens and Carter
Counties, Oklahoma, in Mayes, J. W.; Westheimer, J;
Tomlinson, C. W.; and Putman, D. M. (eds.), Petroleum
geology of southern Oklahoma, v. 2: American Associa-
tion of Petroleum Geologists, Tulsa, Oklahoma, p. 220—
226.

Shaw, R. F., Jr., 1954, A subsurface study of the Post-
Morrowan series of the Pennsylvanian system of town-
ship 2 south, range 3 west, Carter County, Oklahoma:
University of Oklahoma M.S. thesis, 77 p.

Tapp, Bryan, 1995, Inversion model for the structural style
of the Arbuckle region, in Johnston, K. S. (ed.), Struc-
tural styles in the southern Midcontinent, 1992 sympo-
sium: Oklahoma Geological Survey Circular 97, p. 113-
118.

Tomlinson, C. W., 1952, Odd geologic structures of south-
ern Oklahoma: American Association of Petroleum Ge-
ologists Bulletin, v. 36, no. 9, p. 1820-1840.

U.S. Department of Energy Information Administration,
2000, U.S. crude oil, natural gas, and natural gas lig-
uids reserves—1999 annual report: Available online at:
http://www.eia.doe.gov/pub/oil_gas/natural_gas/
data_publications/crude_oil_natural_gas_reserves/
historical/1999/html/cr.html (accessed March 2, 2001).

Vanbuskirk, d. R., 1960, Investigation of reservoir con-
ditions of lower Deese sandstones (Pennsylvanian) for
a flood project in the North Alma pool, Stephens
County, Oklahoma: University of Oklahoma M.G.E.
thesis, 165 p.



Oklahoma Geological Survey Circular 108, 2002

Bluejacket to Bartlesville, Oklahoma: Surface to Subsurface

G. Carlyle Hinshaw
Consulting Geologist
Norman, Oklahoma

ABsTrRACT.—Outcropping Pennsylvanian formations in northeastern Oklahoma, espe-
cially those of the informal “Cherokee” group, have been providing natural resources
since before statehood. The ability to harvest these resources on a large scale was
provided by the introduction of railroads into Indian Territory after the Civil War.
Concurrently, Indian land sovereignty began to change, and white entrepreneurs
zeroed in on the fallow resources. Coal usage was started by the railroads as they
switched from wood engine fuel. The “Cherokee” coals were and still are, a vast surface
resource. As these rocks entered the subsurface from their outcrop area, the sand-
stones subsequently became oil and gas producers. The coal beds in the last 20 years
became an important gas resource.

This paper describes the political history of resource usage of the “Cherokee” group,
gives an overview of its geological history, and discusses current activity in the har-

vesting of “Cherokee” resources in northeastern Oklahoma

INTRODUCTION

Outcropping Pennsylvanian formations in north-
eastern Oklahoma, especially those of the informal
“Cherokee” group, have provided energy resources
since before statehood, and their subsurface equiva-
lents continue to do so today. This research project fo-
cused on the “Cherokee” group, and a geologic profile
was constructed across its outcrop from the area of
Bluejacket, Craig County, Oklahoma, and extended
westward in the subsurface to the town of Bartlesville,
Washington County (Fig. 1).

The ability to pursue “Cherokee” resources en masse
was kicked off on June 6, 1870, when the Missouri—
Kansas—Texas (Katy) Railroad laid the first rail into
Indian Territory at the northern end of the Cherokee
Nation (Fig. 1). To make a short story long, the Katy
and another rail line were in a race to win approval
from the tribes in Indian Territory to build across their
lands to Texas. The Katy was building south from
Junction City, Kansas, and the other line was building
southwest from Kansas City, Missouri. The Katy was
behind schedule, and its construction superintendent,
George Stevens, contacted Cherokee General Stand
Watie and his nephew, Colonel Elias Boudineau, to put
in a fix. As the other line approached Baxter Springs,
Kansas, the Cherokees loaded up two wagons with
whiskey at the Katy railhead well north of Chetopa,
drove over to Baxter Springs, and told the other super-
intendent that the Missouri boys had already crossed
the line into Indian Territory. They broke out the whis-
key to celebrate and kept everyone drunk for two days

and the Katy built on through. The race exhausted the
Katy’s means to finance another foot of rail, so they
spent the better part of a year raising enough money to
continue. Thus, it was almost a year later before the
Katy completed the rail line southward across the
Cherokee Nation toward the Red River, which forms
the boundary between Oklahoma and Texas. At that
time, Baxter Springs, Chetopa, and Coffeyville were
centers for trade with the Cherokee Nation (Campbell,
1969, p. 19).

CATTLE THEN COAL

As construction picked up in Indian Territory, the
Katy installed a cattle-loading spur 12 mi south of the
Kansas State Line. The immediate reason for building
the line was to move cattle to market. In 1871, it was
estimated that 600,000 head forded the Red River from
Texas and rumbled across Indian Territory to railroad
pens in Kansas. A calf could be bought for $1 to $2, and
beef sold for $10 a hundredweight in the northern mar-
kets.

The spur immediately attracted the tents of rail-con-
struction followers. The surrounding area had been
settled by Shawnee Indians, who merged with the
Cherokee Nation as a result of a treaty between the two
tribes in 1869. The Shawnee leader, Rev. Charles
Bluejacket, lived near the spur and lent his name to the
motley tent town, which became Bluejacket Station
(Fig. 1). Called “Big Charles” by his relatives and
“Uncle Charley” by almost everyone, he was an or-
dained Methodist minister, outlasted three wives, and

Hinshaw, G. C., 2002, Bluejacket to Bartlesville, Oklahoma: surface to subsurface, in Boyd, D. T. (ed.), Finding and pro-
ducing Cherokee reservoirs in the southern Midcontinent, 2002 symposium: Oklahoma Geological Survey Circular 108,

p. 213-225.
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Figure 1. Map of Indian Territory in 1871, showing route of the Missouri-Kansas-
Texas (Katy) Railroad from the Kansas State Line southward.

sired 23 children. In 1884, the first post office was es-
tablished in Bluejacket, and the Rev. Charles was the
first postmaster (Craig County Heritage Association,
1981, p. 9). This community is the anchor of the eastern
part of this study.

In 1867, Nelson Carr established a small trading
post on the banks of the Caney River at Black Dog
Ford, at the north edge of present-day downtown Bar-
tlesville (Fig. 1). He cut a millrace across a narrow neck
of land in a horseshoe bend of the Caney and built a
corn gristmill. Jacob Bartles purchased the operation
in 1875, converted it to a flourmill, and started the
Bartlesville post office in 1879.

With the founding of Bluejacket and Bartlesville, the
cradle of Oklahioma’s fossil-fuel industry was ready to
develop in the “Cherokee” group of rocks.

Prehistoric, Native American, and European settlers
utilized the country’s vast coal reserves, and Indian
Territory’s share put a gleam in many a Pennsylvania
miner’s eye. Miners began to trickle into Indian Terri-
tory as soon as the Katy drove its last spike on the
banks of the Red River preparatory to crossing into
Texas. The first engines to enter the Territory burned
wood but quickly converted to “Cherokee” coal. The
first-known mining operation began in 1872 in the
Choctaw Nation (southeastern Indian Territory) to fuel
the burgeoning railroads. The Cherokee Nation “na-
tionalized” its coal resources when individual members
were doled out their own tracts leading to Oklahoma
statehood.

THE “CHEROKEE” GROUP

The “Cherokee” outcrop extends from the Forest
City Basin in Iowa southwest to the Arkoma Basin in
southeastern Oklahoma and western Arkansas (Fig. 2).
This paper describes a geological profile across the
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northern Cherokee Nation (Fig. 1).
It is two townships high (T. 26 N.
and T. 27 N.) and extends from the
Craig-Ottawa County Line (R. 21
E.) west to the west line of R. 13 E.
This strip of land is 12 mi high and
54 mi long. The profile crosses the
Prairie Plains Physiographic Prov-
ince near its southern terminus.
The formations grouped by the
term “Cherokee group” were named
for exposures in Cherokee County,
Kansas (Fig. 2), in the early 1890s

{7 77 (Branson, 1968, p. 26). In Okla-
| homa, the Krebs and Cabaniss

> Groups formally contain the
\ ¥ “Cherokee.” The “Cherokee” group

just south of the study area nor-
mally extends from the base of the
Hartshorne Formation of the Krebs
Group (Desmoinesian Series) up-
ward to the base of the Fort Scott
Limestone in the Marmaton Group
(Desmoinesian) (Fig. 3). In the geo-
logical profile under discussion, the
Hartshorne, however, is not present; The Hartshorne
Sandstone extends northward from the Arkoma Basin
only to the northern edge of Okmulgee County (T. 16
N.) (Andrews and others, 1998). Thus, in the study
area, the “Cherokee” extends from the base of the
McCurtain Shale of the McAlester Formation to the
base of the Fort Scott Limestone (Fig. 3).

The “Cherokee” outcrop is about three townships
wide, and nearly all exposures in the area under study
are in Craig County, as shown in Figure 4. Mississip-
pian rocks form the surface on which the “Cherokee”
was deposited over most of the study area (Figs. 3, 4).

The major surface members or units of the “Chero-
kee” for the study area are listed in the right column of
Figure 3, and equivalent subsurface terms used by the
oil and gas industry are shown in the left column. It is
common for all sands above the Bartlesville and below
the Oswego to be called Squirrel.

y
{

COAL OCCURRENCE AND PRODUCTION

The cyclical sequence of the “Cherokee” group con-
tains a number of named coal beds in all four forma-
tions that make up the “group”—i.e., the McAlester,
Savanna, Boggy, and Senora Formations, in ascending
order (Fig. 3). Historically and currently, several of
those have been mined in the study area both as sub-
surface mines and as strip-mining operations. These
are discussed below

The type locality of the Bluejacket Sandstone Mem-
ber is about 2 mi west of the town of Bluejacket, the
unit having been named by Ohern in 1914. The type
locality now consists of a type section and two core
holes drilled by the Oklahoma Geological Survey
(Hemish, 1989a). A prominent topographic feature
called Timber Hill contains the locality. Timber Hill
was formed by resistant beds of riverine deposits of
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Bluejacket sand being flanked by softer allu-
vial silts and muds. As erosion ensued, the
fluvial point bars remained, leaving a hill
covered with timber. The hill contains sev-

NEBRASKA FO
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eral adits and shafts into the Drywood coal,
which underlies the Bluejacket Sandstone
(Fig. 3).

The eastern edge of coal mining is an
abandoned stripping operation in sec. 32, T.
27 N., R. 21 E,, just south of the town of
Bluejacket, from the Rowe coal. Additionally
and westward, strip mining has been exten-
sive in the Weir-Pittsburg, Mineral,
Croweburg, and Iron Post coal beds. In the
Nowata portion of this profile, only the Iron
Post coal has produced from the “Cherokee.”
The 1999 Annual Report of the Oklahoma
Department of Mines (Pritchard, 1999) lists
coal-mining figures dating back to 1930. In
1999, in descending order of tonnage, the

Iron Post, Croweburg, and Mineral coals
were the Craig County producers. In the year
2000, production for all of Craig County was
73,000 short tons. No coal is being mined
currently in Nowata County.

Today, coal is shipped on the old Katy
Railroad, now the Union Pacific, from the
Powder River Basin in eastern Wyoming to
eastern Oklahoma electrical plants. Each
day, 23 120-car coal trains cross the Kansas-
Oklahoma line and pass over the “Cherokee”
coals on the way. The quality of Oklahoma
coals is insufficient to meet today’s environ-
mental and.economic standards as fuel for
utility manufacturing.

OIL AND GAS RESERVOIRS

The profile from Bluejacket to Bartlesville
is an oil-rich province with most of the gas
present being from the Chat and Mississippi
lime. Most of the production is from the
“Cherokee” group and is stratigraphic in nature, being
related to depositional environments in complexes of
fluvial deltaic systems. Mississippian reservoirs and
the Lower Ordovician Arbuckle dolomite produce from
paleogeomorphic traps. Marmaton Group sands and
limes produce in Nowata and Washington Counties.
Pennsylvanian structure is simple. The beds exhibit a
slight regional dip toward the west with a few low-
amplitude anticlinal and synclinal features with
sparse, small-throw normal faults. In this two-town-
ship strip, about 15,000 wells have been drilled. Cur-
rently, drilling activity is primarily targeted to the
Mississippi lime, and Nowata County is where most of
the drill sites are located.

Five zones of “Cherokee” oil reservoirs are developed
in the study area. These are the Burgess, Bartlesville,
Red Fork, Skinner, and Prue. Figures 5-9 are ex-
amples of gamma-ray—compensated-neutron logs of
sands in each group.

The Burgess sands (Warner) are about 10 ft thick

p. 27).

Figure 2. Outcrop map of the “Cherokee” group; location of geologic
profile shown in dark stippled pattern. Map modified from Branson (1968,

and, as indicated by the coarsening-upward gamma-
ray profile, tend to be marginal marine in character
(Fig. 5). Rarely are there more than one sand in a
borehole. Aerially, the Burgess produces over most
of the profile but pools are small in size and the amount
of production is low. The term Booch (Fig. 3) is the
subsurface name for the outcropping Warner sand-
stone in the Arkoma Basin to the south. There,
the terms lower, middle and upper are commonly
used.

The Bartlesville sand (Fig. 6) is by far the most pro-
lific producer in the area. The interval contains numer-
ous systems of anastomosing fluvial courses. Conse-
quently, in Nowata and Washington Counties, the
Bartlesville sand zones may account for 75% or more of
the oil production. In Figure 6 the thickness of the res-
ervoir is 34 ft. The Bartlesville can cut out the underly-
ing Drywood coal.

The Red Fork (Fig. 7) illustrates a “multi-story” sand
quite well. As stream channels migrated laterally, ad-
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SUBSURFACE USAGE
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SURFACE TERMINOLOGY

SERIES GROUP

FORMATION MEMBERS OR

UNITS

OSWEGO LIME MARMATON

FORT SCOTT LIMESTONE

PRUE SAND/SQUIRREL

SKINNER SAND/SQUIRREL

SKINNER SAND/SQUIRREL
CABANISS

SKINNER SAND/SQUIRREL
PINK LIME MARKER

RED FORK SAND/SQUIRREL

Z » — o m Z - 0 X v mO

RED FORK SAND/SQUIRREL

EXCELLO SHALE
MULKY COAL
BREEZY HILL LIMESTONE
KINNISON SHALE
IRON POST COAL
LAGONDA SANDSTONE
VERDIGRIS LIMESTONE
OOWALA SANDSTOTNE
CROWEBURG COAL
GOLDENROD SANDSTONE
FLEMING LIMESTONE
FLEMING COAL
RUSSELL CREEK UUIMESTONE
MINERAL COAL
CHELSEA SANDSTONE
TIAWAH LIMESTONE
TEBO COAL
UPPER TAFT SANDSTONE
RC COAL
MIDDLE TAFT SANDSTONE

WIER-PITISBURG COAL

SENORA

RED FORK SAND/SQUIRREL

BARTLESVILLE SAND

TAFT SANDSTOTNE

INOLA LIMESTONE

BLUEJACKET COAL
BLUEJACKET SANDSTONE

BOGGY

DRYWOOD COAL
DONNELEY LIMESTONE
ROWE COAL
SPANIARD LIMESTONE

SAVANNA

BURGESS /BOOCH SANDS

WARNER SANDSTONE
RIVERTON COAL
MCCURTAIN SHALE

MCALESTER

CHAT
MISSISSIPP! LIME

MISSISSIPPIAN SYSTEM

Figu‘re 3. “Cherokee” group stratigraphic chart

jacent alluvial plains were placed over the sands, re-
sulting in distinct shale breaks between reservoirs.
Compartmentalization is well developed as a result.
Figure 3 reflects the problems with surface and subsur-
face terminology of this interval. The Taft Sandstone
Member is in the Boggy Formation. However, two
sandstone beds in the overlying Senora Formation
have been called the middle Taft member and the up-
per Taft member (Hemish, 1989b, p. 9). Renaming
these would benefit the literature. The Red Fork sands
probably are named Squirrel in this area more than
any of the Skinner or Prue zones.

The Skinner sands lie between the Red Fork and the
Prue and are equivalent to the Chelsea, Goldenrod, and

Oowala Sandstone Members of the Senora Formation
at the surface. Production has been found in less than
a handful of wells. A few wells are listed as producing
from the Skinner but have been improperly identified.
The Skinner sands are sparse in occurrence, quite thin,
and tend to be marine or marginal marine as shown in
the coarsening-upward sequence in Figure 8.

The Verdigris Limestone Member of the Senora
Formation was deposited across the entire profile;
however, as shown in Figure 9, it has been eroded out
in places. This example shows where a 60-ft—thick
riverine system has eroded downward and the
void filled with sand. Thus, of the five sand groupings
of the “Cherokee,” three exhibit fluvial-deltaic deposi-
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Figure 4. Generalized geologic map of study area showing area of “Cherokee”group outcrops, extending from top of Missis-
sippian System to base of Fort Scott Limestone (Marmaton Group).

tional environments where abundant amounts of
sand crossed or came to rest on the “Cherckee” shelf
area.

OIL AND GAS FIELDS

Almost all “Cherokee ” sands are oil productive from
stratigraphic traps in the study area. As previously
stated, minor contributing zones are the Arbuckle dolo-
mite, Mississippi lime, Chat and Marmaton Group
sandstones and limestones. Coal-gas—methane beds
will be treated separately below.

The Oklahoma Tax Commission provides production
information to industry. The reported amounts are
given by lease, not by well. The entire history of produc-
tion figures is not available, but current production is
provided on a monthly basis. No attempt was made to
tabulate individual fields because little effort has been
made to define fields, only random labeling by opera-
tors. For the entire area, the Tax Commission reports
1,373 leases. The earliest figures in the list go back to
1925. Cumulative oil production for the 18-township
area is stated as nearly 24,000,00 barrels. Current
monthly production is about 37,000 barrels. Cumula-
tive gas is about 22,000,000 MCF (thousand cubic feet)
and monthly is about 350,000 MCF. Estimated coal-
bed figures will be stated later.

Well data for this project were garnered from the
Oklahoma Geological Society Log Library in Oklahoma
City and from the log library of the Oklahoma Geologi-
cal Survey in Norman. Between the two, enough mate-
rial has been archived to provide a reliable history of
the “Cherokee” group. The following five illustrations

(Figs. 10-14) show productive areas and the general lo-
cation and depth of producing reservoirs. Patterned
fills inside field outlines on ensuing maps show gas pro-
duction. With the exception of Craig County, where
small fields are found, production outlines can only be
regarded as a guide. At this writing, the Oklahoma
Geological Survey is in the process of compiling a new
state field map (Boyd, 2002).

Eastern Craig County

The beginning of “Cherokee” sand production was in
the Bluejacket S Field located mainly in sec. 4, T. 26 N.,
R. 21 E,, at a depth of 76 ft from the Burgess (Fig. 9).
Several of the fields on this map (Fig. 10) in the Blue-
jacket area have produced from Burgess sands, and its
oil gravities are in the middle to low 30s. Reservoir
energy, however, is quite low as production was gener-
ally less than one barrel per day.

Western Craig County

The Bartlesville sand began producing at a depth of
290 ft in an unnamed field in sec. 20, T. 26 N, R. 18 E.,
found in 1920 (Fig. 11). In the Centralia NE Field in
sec. 1, T. 27 N., R. 18 E,, production from the Burgess
was found at 550 ft, from the Bartlesville at 325 ft, and
from the Squirrel at 75 fi, this latter zone being a Skin-
ner sand.

Eastern Nowata County

The area of intensive production begins in eastern
Nowata County. As indicated by Figure 12 and the pre-
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Figure 6. Typical log of the Bartlesville sand interval.

vious maps, field nomenclature in the cradle of Okla-
homa oil is chaotic. The Coodys Bluff Field, for in-
stance, includes a number of small pools extending
across the north part of T. 26 N., R. 16 E., and down the
west and south halves of T. 26 N., R. 17 E. The Dela-
ware-Childers Field includes the extensive Bartlesville
sand production across the south half of T. 27 N,
R. 16 E., and the Chat and Mississippi lime gas produc-
tion trending from the northwest corner of T. 27 N.,
R. 16 E., to the northeast corner of T. 26 N, R. 17 E. Of
all the fields in the profile, the Nowata-Claggett in
T. 26 N., R. 16 E contains the most individual produc-
ing reservoirs.

Western Nowata County

Westward, the productive area continues to in-
crease. To repeat, nearly all of the oil is derived
from the Bartlesville sands. Labels indicate the depths
and scattered areas where other zones produce (Fig.
13).

Washington County

Finally, every section of the profile in Washington
County has production. This area is where commercial
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Figure 10. Oil and gas fields in eastern Craig County. Areas of gas production shown by pattern of small squares. Abbrevia-
tions: ABCK = Arbuckle; BRGS = Burgess; MISS = Mississippian.

production began in Indian Territory with the drilling
of the Cudahy No. 1 Nellie Johnstone in the NEV4 of
sec. 12, T. 26 N., R. 12 E. at the northern edge of Bar-
tlesville (Fig. 14). The discovery well reached a total
depth of 1,327 ft and was completed on April 15, 1897,
in the Bartlesville sand. Actual production began sev-
eral years later because of unclear land title and low
oil prices. The well produced until 1946 when it was
plugged due to a casing leak. Its cumulative was about
100,000 barrels (Visher, 1968, p. 69).

COAL-BED METHANE

Today, activity for coal-bed methane occurs in seven
northeastern Oklahoma counties and in eastern Kan-
sas (Hemish, 2002). Along the current study area, pro-
duction has been found in R. 13-16. “Cherokee” group
coal-gas beds are the Riverton, Rowe, Weir-Pittsburg,
Mineral, Croweburg, and Iron Post coals (Fig. 3). The
Excello Shale produces gas and is called Mulky coal,
but Hemish (1989b, p. 18) found that the Mulky coal is

not developed south of the Kansas line except in three
boreholes in secs. 13 and 22, T. 28 N., R. 19 E. The shal-
lowest production is found 2 mi north of Nowata at a
depth of 435 ft in the Mulky (Excello Shale) (Fig. 15),
and the deepest, 3 mi southeast of Bartlesville at 1,407
ft in the Riverton (Fig. 16).

Distribution of production reflects the irregularity of
coal-bed deposition. The Rowe gas production is the
most extensively developed, followed at a distant sec-
ond by the Mulky (Excello Shale).

Economics.of coal-bed drilling obviously controls the
level of activity, but the fact that much of this area
is held by production probably retards ventures into
coal-bed methane. As long as Bartlesville production
remains economical, reworking of the older wells into
coal seams will be a slow process. At the end of 2001,
cumulative production of coal gas for the 18-township
study area was 7,400,000 MCF. The monthly produc-
tion was 260,000 MCF. One hundred leases in the area
are currently producing coal-bed gas.
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Figure 11. Oil and gas fields in western Craig County. Abbreviations: ABCK = Arbuckle; BRGS = Burgess; BRVL = Bartlesville;
CHAT = Mississippian chat; MISS = Mississippian; SQRL = Squirrel.

EPILOGUE

This project lies across the Cooweescoowee Judicial
District of the Cherokee Nation (Fig. 1). Adopted
Shawnee and Delaware members of the Cherokee Na-
tion abound here, as do members of the Shawnee Tribe.
Congress reconstituted the Shawnee as a tribe on De-
cember 28, 2000, after they languished in the Cherokee
Nation since 1869. Many Shawnees have relinquished
their membership in the Cherokee Nation to return to
their tribal heritage. Both the Shawnees and the Katy
Railroad came to Indian Territory from Kansas at
about the same time. The destiny of both has under-
gone vast changes in the last 133 years, but the re-
sources of this “Cherokee” land remain and continue to
provide significant amounts of energy resources to
American industry.
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Opportunity Identification Using Integrated-Modeling Techniques—

Cherokee Hydrocarbon Reservoirs

Bob Shelley

Halliburton
Houston, Texas

Bill Grieser

Halliburton
Oklahoma City, Oklahoma

AssTRACT.—State-of-the art completion/stimulagion well design uses results and inter-
pretations from a variety of independent models. Information used in the design pro-
cess is obtained by interpreting open-hole logs, reservoir simulators, and geologic
models. During the completion/stimulation design process, numerous assumptions are
made about formation mechanical properties, fracture mechanics, fluid loss, conduc-
tivity, perforating effects, and more. Is it appropriate to assume that such a frag-
mented approach to completion design will result in the optimum well completion?
This paper describes the incorporation of a holistic and pragmatic perspective to the
completion design process. This high-level aspect is obtained with the use of artificial-
neural-network (ANN) technology to simultaneously model the reservoir, geology,
completion, and production results for a field of wells. This process, when applied to a
granite-wash field in the Texas Panhandle and Redfork well completions in Roger
Mills and Custer Counties, Oklahoma, identified significant opportunities for produc-

tion and economic improvement.

ARTIFICIAL-NEURAL-NETWORK MODELING

Many technical papers have been written about the
development of artificial-neural-network (ANN) mod-
els (McCulloch and Pitts, 1943; Nelson and Illingworth,
1991; McVey and Mohaghegh, 1994; Boomer, 1995;
White and others, 1995; Gurney, 1996; Mohaghegh and
others, 1996; Grieser and Stark, 1998; Shelley and oth-
ers, 1998a,b). The ANN models contained in this article
were developed by back-propagation—training a feed-
forward neural network that allowed the ANN to pre-
dict production for a well using reservoir and comple-
tion information from wells in a field. In effect, an ANN
model is developed without any previous knowledge
that a relationship may exist among the input param-
eters that are used to train the network. These models
are not restricted, confined, or limited by incorrect as-
sumptions associated with theory-based methods. Im-
portant aspects of developing an ANN for an applica-
tion include data preparation, determining the signifi-
cance of variables, training a network, and evaluating
network suitability. Figures 1 and 2 show a summary
of the integrated-modeling process and important as-
pects of ANN-model development. The integrated-mod-
eling process facilitated by ANN technology played a

key role in justifying additional expenditures and/or
using nonstandard procedures necessary to improve
well economics for the case histories presented in this

paper.

GRANITE-WASH COMPLETIONS

The following sections detail the background, model
development, model application, case histories, and
economic analysis for the granite-wash completions.

Background

An operator acquired the Red Deer Creek Field in
1995 in the Texas Panhandle with the intent to develop
the granite-wash and shallower zones. The first two
wells in the development program were drilled back-to-
back in different areas of the field to define the limits of
economic production. These wells were completed in a
manner that conformed to the contemporary comple-
tion/stimulation school of thought. The first well per-
formed below expectations because of unexpected water
production, even though this well was structurally high
to wells producing water-free gas. The second well re-
sulted in an above-average producer for the field with a
60-day cumulative of 82 million standard cubic feet

Shelley, Bob; and Grieser, Bill, 2002, Opportunity identification using integrated-modeling techniques—Cherokee hydro-
carbon reservoirs, in Boyd, D. T. (ed.), Finding and producing Cherokee reservoirs in the southern Midcontinent, 2002
symposium: Oklahoma Geological Survey Circular 108, p. 227-235.
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Figure 1. Integrated-modeling process. Abbreviation: QC = quality control.

(MMscf) versus a field average of 48 MMscf. The opera-
tor drilled and completed three more wells, which re-
sulted in cumulative production values below the field
average. The 60-day cumulative values were 34, 35,
and 31 MMscf. Further field development could not be
justified based on these lower-production levels.
A study to determine if low production could be at-

ANN Model Development

Evaluate data

¢ Visualization, statistics

Date preprocessing and enhancement
« Spatial sampling, clustering, fuzzy logic

« Split data (train, test, validation)

Develop predictive model
e Back-propagation training
 Selection of predctors

 Selection of neural topology

Model evaluation
e Examination and comparisons

« Engineering scrutiny

-Figure 2.’ Important aspects of development of artificial-
neural—network (ANN) model.

tributed to either reservoir quality or the completion
method was attempted.

Conventional engineering approaches to reservoir
and completion analysis were inconclusive. Some is-
sues included confusion about how to interpret field
data and uncertainty about reservoir pressure and per-
meability. Consequently, differentiation of native per-
meability from stimulation permeability proved diffi-
cult. In other words, the estimated effectiveness of a
stimulation treatment is directly related to the inter-
preted values of permeability and reservoir pressure.

Granite-Wash-Model Development

A production-predictive ANN was developed from 15
granite-wash completions in the Red Deer Creek Field
in the Texas Panhandle. A complete data set for all
wells was required for development of the neural net-
work. Nine wells were used to train the neural-network
models and six wells were held back for test purposes.
A 2-month cumulative production value was set as the
outcome to train the ANN because limited-production
data were available for recently completed wells. Engi-
neering analysis indicated that the 2-month value was
a good indicator of both stimulation effectiveness and
long-term—production potential.

The ANN model predicts two outcomes simulta-
neously: (1) a 2-month cumulative gas equivalent and
(2) a 2-month water cumulative. The ANN was a back-
propagation network consisting of a single hidden layer
with six multifunction neurons. The average absolute
error between the predicted and actual production val-
ues was 7% for cumulative gas-equivalent production
and 25% for cumulative water production.

Granite-Wash-Model Application

The source of the water production on recent comple-
tions could not be determined. A difference of opinion
existed as to whether the pay zone contained movable
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TABLE 1.—Completion—-Method Evaluation

Application

ANN-enhanced completions

Conventional completions

Completion type
fracture stimulation

Perforations

identified by MRIL*
Treatment fluids Less-viscous treatment fluids

Proppant placement
up to 3 or 4 Ib/gal

Pump rate

Stimulation pressure

response increase

Breaker loadings Maximized breaker loadings

Cased, cemented, single-stage hydraulic-

Selectively perforate on permeability highs

200,000 to 370,000 Ib at concentrations

Maximized pump rate to at least 45 bbl/min

Controlled design limits placed on pressure

Cased, cemented, multiple-stage hydraulic-
fracture stimulaiton

Use a point-source perforating technique
to encourage a dominant fracture

High-viscosity, borate-crosslinked fluids

500,000 to 600,000 Ib at concentrations
in excess of 6 Ib/gal

Moderate pump rate of 30 to 40 bbl/min
Limited only by tubular burst

Maximized early-time viscosity to minimize
tortuosity

*MRIL = magnetic-resonance-imaigng logs.

water that would be produced with hydrocarbon pro-
duction. An analysis by an independent consultant in-
dicated a correlation between water production and
pay-zone water saturation. However, magnetic-reso-
nance—imaging logs (MRIL) indicated no movable wa-
ter within the pay zones. ANN sensitivity studies for
this field indicated that both structural position and
completion method were responsible for water produc-
tion and low gas production. The ANN model also sup-
ported the MRIL conclusion that the water production
on recent completions was not coming from the pay
zones. Table 1 contains a comparison of the operator’s
current completion objectives and new objectives de-
fined by the ANN model.

The ANN model was used to evaluate the operator’s
completions. Figure 3 compares the actual, model-pre-
dicted, and potential gas production for these comple-
tions. The model predicted twice the amount of gas
could have been produced with a different completion/
fracture-stimulation philosophy.

Granite-Wash Case Histories

Log analysis of Well A showed that the A, B, and C
zones had a total 207 ft of pay thickness with an aver-
age effective porosity of 5.4%. The sub-sea depth of the
B zone was 7,205 ft, which was slightly above average
for the field. The reservoir volume penetrated by the
well bore was estimated at 6.31 hydrocarbon-ft, which
was below average for the field. Based on these esti-
mates, the Red Deer Creek ANN predicted an opti-
mized completion could result in a potential 2-month
cumulative gas-equivalent production of 97 MMsecf.
Although the magnitude of production falls below the
production rate of the best well in the field, the produc-
tion rate is well above the field average. The neural
network also predicted that a completion procedure
similar to the procedure used on the first four comple-

tions would result in a 2-month cumulative gas-equiva-
lent production of only 45 MMscf with significant
water.

Well evaluation was assisted by the use of rotary
sidewall cores, MRIL, electrical micro-imaging, and
full-wave sonic logging. The well results were incorpo-
rated into an integrated log to facilitate completion
design. Three-dimensional (3-D) fracture-design simu-
lators indicated the absence of barriers that could effec-
tively contain vertical hydraulic-fracture growth, which
posed a significant stimulation design constraint.

ANN analysis of the formation characteristics of
Well A indicated that significant gas production could
be achieved with a different perforating scheme, lower
viscosity fluids, and lower propping-agent (proppant)
concentrations and volume. The ANN analysis also
supported the MRIL conclusion that the B zone had
most of the permeability and that significant water
would not be produced from the pay zone.

The fracture design was forced to conform to guide-
lines established by the Red Deer Creek ANN. This
design was simulated using a 3-D fracture model. The
service company completed the well using a limited-
entry/biased perforating technique and stimulated with
360,000 1b of 20/40 sand placed with 145,000 g of linear/
zirconate crosslinked carboxymethylhydroxypropyl
guar energized with 30% CO,. Onsite diagnostic proce-
dures confirmed the validity of the 3-D—design assump-
tions. The actual 60-day cumulative gas-equivalent
production value for this well was 90 MMscf,

Granite-Wash Economic Analysis

Figure 4 is a bubble map of the Red Deer Creck
Field. Three well groups are shown: the existing wells
in the field, the operator’s first completions, and the
ANN-enhanced completions. The radius of the bubble
is proportional to the first 2-month cumulative gas pro-
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duction. The location of Well A is also shown. The aver-
age pay thickness for the two well groups was similar.
The conventional completions were performed on bet-
ter-quality reservoir rock, with an average effective
porosity of 6.8% versus 5%. The conventional comple-
tions employed techniques intended to facilitate place-
ment of large proppant volumes. These techniques in-
cluded the use of high-viscosity borate fluids and point-
source perforating techniques.

Figure 5 shows a comparison of the average net
present values (NPV) based for the conventional and
ANN-enhanced well groups. The NPV calculation is
based upon actual production and includes all comple-
tion costs, including open-hole logging. Discount rate
and net gas price were assumed to be 10% and $2.00,
respectively. The ANN-enhanced completions cost less
than the conventional completions. Although the open-
hole logging for the ANN-enhanced completion cost
approximately four times the amount for the conven-
tional case, this increased cost was more than offset by
cost savings on the stimulation treatment. During the
first 24 months of production, the average ANN-
enhanced completed well performed as the model
predicted and generated an NPV of approximately
$600,000 additional value than the average conven-
tional completion. In addition, the incremental differ-
ence in NPV with time between the two well groups is
on an increasing trend.

REDFORK COMPLETIONS

The following sections detail the background, model
development, model application, case histories, and
economic analysis for the Redfork completions.

Background

The Redfork Sandstone in Custer and Roger Mills
Counties in Oklahoma consists of very fine to fine-
grained sand deposited in a deltaic/marine complex.
The formation consists of successions of shales and silt-
stones up to 700 ft thick, as well as thinly interbédded
sandstones and shales. The channels of fine, sandy
shales consist of feldspathic sandstones with intersti-
tial clay materials. Differences in depositional environ-
ments cause reservoir characteristics to vary from area
to area or even well to well. The depth of the Redfork
ranges from 10,600 ft to as deep as 14,600 ft at its base.
These extreme depths limit coring efforts, consequently
limiting detailed depositional analysis. Engineers gen-
erally rely on well logs and mud-log data to determine
sand thickness and reservoir quality.

Historically, much controversy has existed concern-
ing Redfork well completions, and much has been writ-
ten on the subject (Brunette, 1983; Harris and others,
1984; Cornell, 1991; Hentz, 1993; Shelley and Stacy,
1997). More recently, a statistical approach has con-
cluded that stimulation/completion methods do have a
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Figure 5. Comparison of average net-present-completion values (NPV), in U.S. dollars, versus production time, in months, for
granite-wash formations. Negative values are enclosed in parentheses.
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significant effect on production (Shelley and Stacy,
1997). Stimulation-fluid selection alone was estimated
to have a two-fold impact on the one- and two-year cu-
mulative production for the average Redfork well. Gen-
eral completion guidelines were determined. However,
the absence of reservoir quantification complicated the
application of these guidelines on an individual well
basis.

Redfork Model Development

A database containing reservoir, geology, comple-
tion, production, and well information for 105 fracture-
stimulated wells was assembled. For purposes of well-
performance comparison, a 2-month and 12-month cu-
mulative-production oil and gas volume associated with
each well was determined and compiled into the data-
base. An ANN model was selected to predict production
for wells in the database. This model is a back-propaga-
tion neural network that uses one hidden layer with
seven neurons. The network was trained to predict the
cumulative gas equivalent production values. The pre-
diction of cumulative gas-equivalent production values
had an average absolute error of approximately 14%.

Redfork Model Application

In the real world, a comparison of actual production
from two different completion types on the same well
can never occur. Even in cases where restimulation is
performed, the well and reservoir conditions have been
altered by the initial completion. In other words, a
restimulation cannot provide a useful comparative-pro-

1,800,000

Bob Shelley and Bill Grieser

duction result. However, analysis of various stimula-
tion/completion scenarios can be facilitated by the vir-
tual reality of an ANN model. Using exactly the same
well and reservoir attributes, the ANN model can be
used to predict production for different completion/frac-
ture types on the same well.

Considering the unresolved controversy concerning
stimulation-fluid selection, the Redfork ANN model
was used to evaluate the effect of stimulation-fluid se-
lection on production results for wells in the database.
Would it be important to know how non-foamed stimu-
lated wells would perform if they had been foam frac-
tured? Figure 6 summarizes the change in production
assuming that all non-foamed, stimulated wells in the
database were stimulated with foam-type fluids. The
ANN model predicts that approximately 70% of the
wells would perform better, whereas 30% would expe-
rience a production decrease. Approximately 20% of the
wells would produce significantly better, an incremen-
tal production of more than a 400,000 thousand cubic
feet (mcf). Further examination of the model indicates
that reservoirs with relatively lower bottom-hole pres-
sure, high porosity, and a high degree of lamination
offer the greatest potential for production enhancement
through the use of foam-stimulation fluids.

Redfork Case Histories

A new well located in Custer County was to be com-
pleted in the lower and upper Redfork intervals. This
well was the sixth in a drilling program to be evaluated
by the ANN model. Analysis of open-hole logs showed
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-Figure 8. Plot of cumulative frequency versus change in 12-month cumulative production (in thousand cubic feet) for Redfork
wells, showing what would have happened if the wells were foam-fractured. See text for explanation.
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that the well had a gross interval thickness of 60 ft
with about 28 ft capable of producing gas. Average po-
rosity was estimated at 11.4%. The sand development
in this well correlated to offset producers; however, sig-
nificant depletion in the reservoirs penetrated by this
well bore was not indicated. Reservoir pressure was
estimated at 6,000 psi. Based on analysis and a com-
parison with other wells in this field, the operator an-
ticipated this well to be one of the better producers in
this field. The operator expected a productive potential
of about 2 MMscfd for the first 60 days of production, or
a 60-day cumulative of 120 MMscf.

Analysis using ANN indicated significant additional
productive potential from this well. This analysis indi-
cated that almost twice the productive potential could
be achieved if a foamed stimulation fluid was used.
This completion technology had not been used previ-
ously in this field because the associated costs were too
high. However, in this case, the value of the incremen-
tal production predicted by the model was many times
the cost of the foamed stimulation. Based on this analy-
sis, a foamed stimulation treatment that conformed to
the guidelines determined from the ANN model was
proposed. A fracturing procedure was designed with a
3-D simulator, and the operator and service company
came to a procedural and financial agreement on the
well completion. The well was completed using a biased
perforating scheme and stimulated with 96,500 lbs of
resin-coated sand placed within 40,000 g of 65 q CO,
foam. Onsite diagnostic procedures confirmed the va-

lidity of 3-D—-design assumptions. The ANN model pre-
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dicted a 2-month cumulative production from this well
of 185 MMscf for the ANN-optimized completion. The
actual 2-month cumulative production for the ANN-
optimized completion is 173 MMscf. Figure 7 shows a
comparison of the actual and model-predicted produc-
tion for the well.

Redfork Well Economic Analysis

A production benchmark was needed for comparison
to establish an economic value for the ANN-optimized
completion on the new well. Because the opetator’s
production expectations were reasonably close to the
ANN-predicted production volume for the standard
completion, the ANN-estimated production was used
for the non-foam—completion case. The NPV for the two
completion scenarios was calculated using completion
costs including open-hole logging, a discount rate of
10%, and a $2.00/mcf net gas price. Figure 8 shows a
comparison of NPV for the two completion scenarios
on the new well. Although the foam stimulation cost
$45,000 more than the standard completion, it has gen-
erated $265,000 increased value after 11 months of
production.

The Redfork ANN model has been used to predict
production and evaluate other new Redfork well com-
pletions. In general, the model has been a reasonably
good predictor of a well’s production potential. A com-
parison of model-predicted production versus actual
production is shown in Figure 9. It has been our expe-
rience that the model is subject to prediction error
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when poor quality or inconsistent predictor values are
used. The model is also subject to error due to extrapo-
lation when making predictions from data outside the
range of values from which the model was developed.
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Fluvio-Deltaic Platform and Shelf Reservoirs
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ABSTRACT.—The Red Fork Sandstone (Middle Pennsylvanian, Desmoinesian) is
one of the primary oil- and gas-producing rock units in Oklahoma. Red Fork sedi-
ments were distributed by a large fluvial-deltaic and submarine dispersal system.
Most sediment was transported southward from the northern Midcontinent across
the Cherokee Platform toward the evolving Anadarko and Arkoma depocenters.

Red Fork sands were deposited as channel fills within alluvial and deltaic set-
tings on the Cherokee Platform and northern shelf of the Anadarko Basin. Some
Red Fork sandstone trends fill valleys that incised older deltaic and marine units.
Depositional setting profoundly influenced sandstone geometry and distribution.
Platform valleys are less than 1 mi to several miles wide and contain multiple
episodes of filling. Sandstone thickness commonly exceeds 100 ft but
can vary greatly within the valley. Individual sandstone trends can be difficult to
isolate on wireline logs, and reservoir heterogeneity is a major concern. Trapping
is controlled by structural attitude and facies. Traps form where: (1) sandstone
trends cross structural noses and anticlinal folds; (2) valley trends
are subparallel to strike, and reservoir facies (channel-fill sandstone) terminate
updip against shaley rock; and (3) differential sandstone thickness creates
“pseudo-highs.” Trapping is commonly complicated by active migration of oil along
major valley trends. As a result, separation of oil and water phases is incomplete,
and thick sandstone intervals are commonly composed of multiple layers with
differing oil/gas saturations. These reservoirs are not amenable to conventional
completion and production practices but can be produced using high-water—
volume production techniques.

The Red Fork Sandstone on the northern shelf of the Anadarko Basin is char-
acteristic of a deltaic distributary system. Channel fill is located along linear
trends (typically less than 2 mi wide) that show evidence of southerly bifurcation
and anastamosing distribution patterns. Sandstone thickness in these trends
rarely exceeds 60 ft. Trapping is almost entirely stratigraphic, and reservoirs
produce little water. Locating porous sandstone within channel trends is the most
critical factor in establishing production.

Detrital composition is an essential element in reservoir evolution. Metastable
grains, including schistose metamorphic rock fragments and plagioclase feldspar,
are common to all Cherokee sandstones. Porosity in Red Fork reservoirs is over-
whelmingly secondary and a result of the dissolution of these metastable detrital
grains and matrix.

Al-Shaieb, Zuhair; and Puckette, Jim, 2002, The Red Fork Sandstone: an overview of fluvio-deltaic platform and shelf res-
ervoirs, in Boyd, D. T. (ed.), Finding and producing Cherokee reservoirs in the southern Midcontinent, 2002 symposium:
Oklahoma Geological Survey Circular 108, p. 237.
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Preliminary Conodont Biostratigraphy of the Cherokee Group
(Lower Desmoinesian) of Oklahoma and Southern Kansas

D. R. Boardman II and T. R. Marshall

Oklahoma State University
Stillwater, Oklahoma

ABSTRACT.—The Desmoinesian (Upper Moscovian) of the North American
Midcontinent arguably represents the most complete and fossiliferous strati-
graphic section by which to characterize this time interval in the world. Conodonts
provide the best potential for intrabasinal as well as interbasinal correlations due
to the inherent endemism of Carboniferous fusulinaceans and the facies restric-
tions of ammonoids. Prior to this study, only the top of the Cherokee Group and
Marmaton Group has been collected systematically for conodonts. Analysis pre-
sented herein reveal that 16 conodont-bearing depositional sequences are present
within the Cherokee Group, 13 of which are reported for the first time.

The Krebs Group consists of the Hartshorne, McAlester, Savannah, and Boggy
Formations, in ascending order. Conodonts have been recovered from two levels
within the basal McAlester McCurtain Shale and unnamed shale above thin lime-
stones above the Tamaha coal bed in the upper McAlester. Four conodont faunas
have been recovered from the Savanna Formation including the Spaniard Lime-
stone, Sam Creek Limestone, the shale above the Doneley Limestone and from
shale above the Drywood coal bed. The Boggy Formation contains two conodont-
bearing units the Inola Limestone and associated black shale along with black
shale above the Wainwright coal bed.

The Cabaniss Group contains the Senora Formation. Conodonts have been
recovered from eight horizons from the Senora Formation. The lowest interval
within the Senora that yields conodonts is the Tiawah Limestone and black shales
stratigraphically below as well as above the Tiawah. Conodonts are also present
in the carbonate and dark shales above the Mineral, Fleming, Croweberg, and
Bevier coal beds as well as in the Breezy Hill Limestone and Excello Shale.

Based on preliminary evaluation a number of conodont zones are represented
by these new findings. Current taxonomic work is under way in order to establish
a taxonomic framework for a refined Idiognathodus and Neognathodus-based
zonation.

Boardman, D. R. II; and Marshall, T. R., 2002, Preliminary conodont biostratigraphy of the Cherokee Group (Lower
Desmoinesian) of Oklahoma and southern Kansas, irn Boyd, D. T. (ed.), Finding and producing Cherokee reservoirs in
the southern Midcontinent, 2002 symposium: Oklahoma Geological Survey Circular 108, p. 238.
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Oklahoma Oil and Gas: Three Moments in Time

Dan T. Boyd

Oklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.—The evolution of Oklahoma’s 0il and gas industry can be traced with
remarkable clarity utilizing field maps constructed by the U.S. Geological Survey
(Richardson, 1939) and the Oklahoma Geological Survey (Burchfield, 1985; Boyd,
2002). These maps reflect both technological advances that permitted ever-deeper
exploration and changes in the nation’s hydrocarbon appetite. This demand has
progressed from being dominated by oil, to oil and gas, and finally to o0il and con-
ventional gas augmented by coalbed methane.

The first exploration success in Oklahoma, the Bartlesville-Dewey Field, came
in 1897 and was also the State’s largest oil discovery. The time frame between
1897 and 1939 shows a dominance of relatively shallow oil production from the
Cherokee Platform, the Seminole Structure, and the Ardmore-Marietta Basins.
This period saw the discovery of 20 of the 26 major oil fields in the State (recovery
of >100 million barrels of 0il through January 2000) and surprisingly also four of
the 10 major gas fields (recovery of >1 trillion cubic feet of gas through January
2000). Although oil was generally produced as rapidly as possible during this time,
gas was not the primary objective and was still mainly seen as a drilling hazard.

This was not the situation during the period from 1939 through 1985. Although
continued exploration identified the remaining major oil fields, it was during this
time that gas production became a key component of the State’s energy mix. More
important than the fact that all of the remaining major gas fields were found
during this period, a massive program of gas (and oil) exploration and field exten-
sion largely defined the major productive regions that are known today. Chief
among these were wide areas within the Arkoma Basin and the Anadarko Basin
and Shelf.

The last period, from 1985 to the present, has been dominated by oil and gas
infill drilling and field extension that has taken place in virtually all regions of the
State. Although many new fields were identified during this time, these were
generally small and commonly have been combined with the now interlocking
mega-fields that we know today. Of note is the advent of coalbed methane explo-
ration and production on the Cherokee Platform and Arkoma Basin. This activity
began slowly in 1988 and gained momentum through the 1990s. Because it is
treated as distinct from conventional gas, it has accounted for the bulk of new field
discoveries in Oklahoma since 1997.
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Red Fork Sandstone of Oklahoma: Depositional History,
Sequence Stratigraphy, and Reservoir Distribution

Richard D. Fritz
American Association of Petroleum Geologists
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Edward A. Beaumont

Consultant
Tulsa, Oklahoma

AgBsTRACT.—The Middle Pennsylvanian Red Fork Sandstone formed as a result of
progradation across eastern Kansas and most of Oklahoma. It is one of several
transgressive-regressive sequences (cyclothems) developed within the Desmoines-
ian “Cherokee” Group. Sea-level changes together with varying subsidence were
dominant factors controlling the general stratigraphic (correlative) characteristics
of the Red Fork interval. Progradation was episodic with sand deposition in the
more active part of the basin during lower sea-level stands and valley-fill deposi-
tion in the more stable areas during sea-level rises.

The Red Fork was correlated, subdivided, and mapped using data from more
than 27,000 wells. Maps of Red Fork sand trends reveal a fluvial-deltaic complex
covering most of Oklahoma. The Red Fork consists primarily of undifferentiated
alluvial-valley and plain (fluvial) bodies in the northernmost part of Oklahoma,
fluvial-deltaic bodies in most of the remaining parts of shelf area, and off-shelf,
submarine-fan complexes and slope—basinal-floor deposits within the deeper part
of the Anadarko Basin. The basinal facies can also be interpreted as low-stand
deltaic deposits.

The Red Fork appears to represent one Vail-type third-order sequence. It can
be divided into at least three parasequences that, for the purpose of this study, are
called upper, middle and lower. Each parasequence represents a transgressive-
regressive episode commonly separated by thin regional limestones or shale mark-
ers. Correlation of these parasequences is relatively easy from the lower shelf to
the basin and more difficult on the upper shelf.

The provenance for the Red Fork was most likely an extensive drainage system
to the north and northeast of Oklahoma. This drainage system probably extended
as far as the Canadian Shield or even Greenland and appears to be subparallel to
the Midcontinent Rift. A secondary source for the Red Fork was the Wichita—
Amarillo Mountains in the south.

Much of the oil and gas has been trapped in stratigraphic traps, and a signifi-
cant amount of oil is in channel sandstones and trends at high angles to the struc-
tural grain. The Cherokita—Wakita Trend, South Thomas Field, East Clinton
Field, and Strong City Field represent excellent examples of facies and reservoir
development controlled by facies distribution and related diagenesis.

Fritz, R. D.; and Beaumont, E. A., 2002, Red Fork Sandstone of Oklahoma: depositional history, sequence stratigraphy,
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Subsurface Correlation of Methane-Producing Coal Beds,
Northeast Oklahoma Shelf

LeRoy A. Hemish
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AsTRACT.—Coalbed-methane production has been reported by operators from ten
named Pennsylvanian (Desmoinesian) coals in the northeast Oklahoma shelf
area. They are (from oldest to youngest): the Riverton (McAlester Formation);
Rowe, Drywood (Savanna Formation); Bluejacket (Boggy Formation); Weir-
Pittsburg, Croweburg, Bevier, Iron Post, Mulky (Senora Formation); and Dawson
(Holdenville Formation). Most of the production is from wells located in Nowata,
Osage, Rogers, Tulsa, and Washington Counties.

A subsurface stratigraphic framework, based primarily on gamma, density, and
neutron well logs and core-hole logs, is established to assist operators in correctly
identifying methane-producing coal beds. About 65 high-quality well logs (from
the more than 200 examined) were used to construct six cross sections. Three
east—west cross sections are oriented approximately parallel to present-day dip
and extend about 60 mi west from the coal outcrop belt across T. 22, 25, and 28 N.
Three north—south cross sections are oriented approximately parallel to present-
day strike and extend about 50 mi from the Kansas—Oklahoma state line south to
T. 20 N. Persistent markers such as the Oologah Limestone (Big lime), the Fort
Scott Limestone (Oswego lime), the Verdigris Limestone, the Tiawah Limestone
(Pink lime), and others, were used as reference strata to correlate the coal beds.
Two composite type logs are designated in the methane-producing shelf area—one
in the northern part, and one in the southern part. They show the important
marker beds (limestones, black shales, and persistent sandstones), as well as the
stratigraphic positions of named coals.

Hemish, L. A., 2002, Subsurface correlation of methane-producing coal beds, northeast Oklahoma shelf, in Boyd, D. T.
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Middle Desmoinesian Subsurface Sequence Stratigraphy,
Creek and Okfuskee Counties and Adjacent Areas, Oklahoma

Dennis R. Kerr, Yosi Hirosiadi, and Dwi K. Hustiara

University of Tulsa
Tulsa, Oklahoma

ABSTRACT.—Sequence stratigraphic analysis was conducted using logs from 37
wells arrayed in one long northwest-southeast and five southeast-northwest
cross sections. The lithostratigraphic interval encompasses the Krebs and
Cabaniss Groups. Eight stratigraphic sequences were correlated across the study
area.

Condensed—or, more appropriately, compressed—sections are placed at thin
anomalously low resistivity and high gamma-ray-log responses. These sections
are the most lateral continuous sequence stratigraphic elements.

Carbonate units are associated with condensed sections. They are included in
either the transgressive systems tract and/or the highstand systems tract depend-
ing on their position relative to the condensed section and parasequence stacking
patterns.

Incised-valley fills are readily recognizable at the base of the Bartlesville and
Booch sandstones. In these cases, thick, blocky-profile sandstones with limited
lateral continuity rest above thinner sandstones and mudstone successions with
greater lateral continuity. Less obvious incised-valley fills have been identified
with the Red Oak and upper and lower Skinner intervals. Other sequence bound-
aries are identified by the termination parasequences and/or vertical change in
parasequence stacking patterns. Lowstand, transgressive and to a lesser extend
highstand systems tracts constitute the incised-valley fills.

Kerr, D. R.; Hirosiadi, Yosi; and Hustiara, D. R., 2002, Middle Desmoinesian subsurface sequence stratigraphy, Creek and
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Depositional Analysis of the Lower Skinner Sandstone
on “Cherokee” Platform, Payne County, Oklahoma

James Reece Kinser

Kansas State University
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ABsTRACT.—Middle Pennsylvanian, Desmoinesian sandstones are well known for
their hydrocarbon production in the Midcontinent of the United States. The lower
Skinner sandstone is an oil- and gas-producing member of the Senora Formation
(“Cherokee” Group), in north-central Oklahoma. This study examines the sand-
stone, as well as the mud-rich facies of the lower Skinner sandstone sequence.
Although the sandstone sequences are of primary interest because of their hydro-
carbon production, the mud-rich sequences function as seals of hydrocarbon res-
ervoirs and inhibitors to permeability. In addition, the mud-rich sequences are po-
tentially more sensitive indica-tors of depositional environment than are the sand-
stones.

The lower Skinner sandstone has been interpreted commonly as a fluvial-
dominated deltaic reservoir sand. However, other researchers assert that some fa-
cies commonly interpreted as deltaic or prodeltaic in the Midcontinent should be
reinterpreted as fluvial-estuarine sequences. Furthermore, they also indicate that
estuary-mouth marine sands potentially have been misinterpreted as offshore
bars or barrier islands. Thus, much of the older interpretations as fluvial-deltaic,
should be re-examined with estuarine models in mind.

Kinser, J. R., 2002, Depositional analysis of the lower Skinner sandstone on “Cherokee” platform, Payne County,
Oklahoma, in Boyd, D. T. (ed.), Finding and producing Cherokee reservoirs in the southern Midcontinent, 2002
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Outcrop-Based Cyclic Stratigraphy of the Cherokee Group

T. R. Marshall and D. R. Boardman 11
Oklahoma State University
Stillwater, Oklahoma

AssTrACT.—There has been a remarkable lack of sequence stratigraphic studies
on the strata of the lower Desmoinesian Cherokee Group despite the fact that
Cherokee reservoirs account for a large percentage of hydrocarbons produced
within the North American Midcontinent. Detailed basinwide correlation has not
been completed for any of the productive depositional sequences within the Chero-
kee Group. This study is a first attempt to identify outcrop marine-nonmarine
cycles (fourth-order depositional sequences) that can be the cornerstone for more
detailed sequence stratigraphic studies that will integrate both surface and sub-
surface data.

Cherokee marine-nonmarine cycles consist of nonmarine deposits consisting of
fluvial channel, incised valley fills, and paleosols that are typically overlain by a
regional coal bed, followed by marine shale or limestone, a black fissile shale and
typically with deltaic highstand deposits in the case of a major cycle. Intermedi-
ate and minor cycles are similar but lack black, fissile shales and have weakly
developed marine bands.

The Krebs Subgroup (Cherokee Group) comprises the Hartshorne, McAlester,
Savanna, and Boggy Formations. The stratigraphically lowest major marine cycle
within the Cherokee Group occurs with the upper Hartshorne coal that is overlain
by black, fissile, phosphatic shale within the basal McCurtain Shale that repre-
sents a marine condensed section of the cycle. Overall, the McAlester contains
three major marine—nonmarine cycles as well as three small to intermediate
cycles. The Savanna Formation contains four intermediate to major marine-non-
marine cycles, two of which contain black fissile shales. The Boggy Formation con-
tains two major cycles along with three minor cycles.

The Cabaniss Subgroup (Cherokee Group) is represented by the Senora Forma-
tion. The Senora Formation includes five major cycles along with two minor scale
cycles.

Marshall, T. R.; and Boardman, D. R. II, 2002, Outcrop-based cyclic stratigraphy of the Cherokee Group, in Boyd, D. T.
(ed.), Finding and producing Cherokee reservoirs in the southern Midcontinent, 2002 symposium: Oklahoma Geological
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Development of a Microbially Enhanced Oil Recovery Process
for the Delaware-Childers Field, Nowata County, Oklahoma

Michael J. McInerney, Roy M. Knapp, David Nagle,
Martha Folmsbee, and Saikrishna Maudgalya
University of Oklahoma
Norman, Oklahoma

AsBsTRACT.—The Delaware—Childers field, T. 26 and 27 N., R. 16 and 17 E., is lo-
cated in Nowata County in northeastern Oklahoma. The oil is produced mainly
from a zone located in a Bartlesville sandstone channel deposit with some produc-
tion from stray sands above this deposit. This field is operated by the Arrow Oil
Company and currently is under an active water flood with injectors and produc-
ers arranged in a line-drive manner. The current water cut is approximately 99%.
However, a recent core obtained from the central part of the field had an average
residual-oil saturation of 48% even after 60 years of water flooding. Thus, the field
is an attractive target for tertiary oil recovery. One option is a chemical surfac-
tant-based recovery process. An alternative is a microbial process to generate a
bio-surfactant in the reservoir. Microbially enhanced oil recovery (MEOR) is an
economically viable alternative to injecting chemical surfactants into reservoirs.
In MEOR, nutrients are injected into the reservoir, where they metabolize by
resident microbes to bio-surfactants and other useful products that can mobilize
oil.

Laboratory flooding experiments with sand packs at residual-oil saturation
showed that a bio-surfactant generated by the microbe, Bacillus mojavensis JF-
2, was able to mobilize and displace residual ¢il. Sand packs saturated with 37°
API crude oil were water flooded to residual-oil saturation. The packs were then
flooded with fluid that contained the microbially generated bio-surfactant and co-
surfactant, 2,3-butanediol, and partially hydrolyzed polyacrylamide as a viscosify-
ing agent. Residual-oil recoveries from these sand packs ranged from 65% to 80%
of residual oil. Deletion of one of the above ingredients resulted in much lower
residual-oil recoveries, ranging from 0% to 10%. Our data show that a combina-
tion of bio-surfactant, co-surfactant, and polymer is needed for significant recov-
ery of residual oil. The absence of one of these key ingredients may explain why
residual-oil recoveries by MEOR have been unpredictable in the past. Our calcu-
lations indicate that MEOR would be relatively inexpensive to implement in the
field. This study suggests that MEOR provides a cheap and highly efficient alter-
native to expensive chemicals and may result in a successful tertiary recovery
project in the Delaware—Childers field.
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