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INTRODUCTION TO THE FDD PROJECT

This volume is one in a series addressing fluvial-
dominated deltaic (FDD) light-oil reservoirs in Okla-
homa, published as part of the Fluvial-Dominated Del-
taic (FDD) Reservoir project conducted by the Okla-
homa Geological Survey (OGS), with participation from
the University of Oklahoma Geo Information Systems
and OU’s School of Petroleum and Geological Engi-
neering (all located in the Sarkeys Energy Center). Pri-
mary funding for project, which began in 1993, is pro-
vided through a grant from the Department of Energy’s
Bartlesville Project Office under the Class I reservoir
program, and by matching State funds.

The objectives of the Fluvial-Dominated Deltaic
(FDD) Reservoir project are to identify all FDD light-oil
reservoirs in the State of Oklahoma; to group the res-
ervoirs into plays with similar depositional and dia-
genetic histories; to collect, organize, and analyze all
available data on the reservoirs; to conduct character-
ization and simulation studies on selected reservoirs in
each play; and to implement an information- and tech-
nology-transfer program to help the operators of FDD
reservoirs learn how to increase oil recovery and sus-
tain the life expectancy of existing wells.

The FDD project was designed to assist operators in
Oklahoma by providing them with practical ways to
improve production from existing leases and/or to re-
duce operating costs. Currently available technologies
can improve recovery in FDD reservoirs if there is suffi-
cient information about a reservoir to determine the
most appropriate course of action for the operator. The
needed reservoir-level information is available through
the FDD project, and staff will advise interested opera-
tors about the implementation of appropriate im-
proved-recovery technologies.

Light-oil production from FDD Class I oil reservoirs is
a major component of Oklahoma'’s total crude oil pro-
duction. Nearly 1,000 FDD Oklahoma reservoirs provide

and Robert A. Northcutt

Consulting Geologist, Oklahoma City

an estimated 15% of the State’s total oil production. Most
FDD reservoir production in Oklahoma is by small com-
panies and independent operators who commonly do
not have ready access to the information and technology
required to maximize exploitation of these reservoirs.
Thus, production from Class I oil reservoirs in Oklahoma
is at high risk because individual well production com-
monly is low (1-3 barrels per day) and operating costs are
high. Declines in crude oil prices or increases in operat-
ing costs can cause an increase in well-abandonment
rates. Successful implementation of appropriate im-
proved-recovery technologies could sustain production
from these reservoirs well into, and perhaps throughout
much of, the 21st century. Without positive intervention,
most of the production from Oklahoma FDD oil reser-
voirs will be abandoned early in the next century.

The technology-transfer program has several parts.
Elements include play publications and workshops to
release play analyses that identify improved recovery
opportunities in each of the plays. In addition, there
are other sources of publicly accessible information
related to FDD reservoirs, including the OGS Natural
Resources Information System (NRIS) Facility, a com-
puter laboratory located in north Norman.

First opened in June 1995, the OGS NRIS Facility
provides access to computerized oil and gas data files
for Oklahoma and software necessary to analyze the
information. Both well history data and oil and gas pro-
duction data are available for the entire State. Plugging
report data are currently being added to the system on
a county-by-county basis. Access to the files is through
menu-driven screen applications that can be utilized
by computer novices as well as experienced users.
There are technical support staff to assist operators in
obtaining information about their producing proper-
ties as well as geological and engineering outreach staff
to help operators determine appropriate improved-
recovery technologies for those properties. The lab is
equipped with Pentium PCs—each with a CD-ROM
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drive, full-scale inkjet plotter, laser printer, log scanner,
and Zip drive. Geology-related software to do mapping,
contouring, modeling and simulations, log analysis,
volumetrics and economics, pump optimization, frac-
ture design and analysis, and 3D seismic interpretation
is available for public use. In the future, it will be pos-
sible to access the facility’s data files remotely, most
likely via the Internet.

Technology-transfer events began with the first work-
shop and publication, addressing the Morrow play, on
June 1, 1995. Other plays in this series include the Booch
play, the Layton & Osage-Layton play, the Skinner and
Prue plays, the Cleveland and Peru plays, the Red Fork
play, the Bartlesville play, and the Tonkawa play.

FDD-DETERMINING CRITERIA

For purposes of this project, fluvial-dominated del-
taic (FDD) reservoirs were interpreted to consist of
sandstones that were deposited in a deltaic or strictly
fluvial environment.

Depositional environments of sandstone bodies in
the Midcontinent region were identified using specific
criteria which differentiate between fluvial-dominated
deltaic (FDD) and marine deposits. These criteria were
interpreted from information gathered from well logs
and from the literature and include:

1. Electric log signatures (gamma ray, density-neu-

tron, and resistivity are the most dependable).

2. Geometry of the sand body (from isopach map-
ping).

3. Texture (grain size and sorting).

4. Fossils and trace fossils.

5. Authigenic minerals (formed in-place after depo-
sition). Glauconiteis considered a marine indica-
tor although its presence can indicate postdepo-
sitional reworking by marine processes (then it is
allogenic). Sideriteis considered evidence of sub-
aerial deposition, of fresh-water origin.

6. Sedimentary structures (bedding types, bioturba-
tion, soft-sediment deformation).

7. Thickness.

8. Contacts (sharp or gradational).

9. Rock type and lithologic relationships (vertical
and lateral).

10. Paleocurrents.

DEPOSITIONAL SETTING OF FLUVIAL-
DOMINATED DELTAIC RESERVOIRS

The depositional setting of a fluvial-dominated del-
taic reservoir system is located at the boundary be-
tween a continental landmass and the marine environ-
ment where the products of a drainage basin are de-
posited. The character and distribution of the deposi-
tional products depend upon the size and relief of the
drainage basin, the composition and distribution of the
source rocks, the climate of the region, and the behav-
ior of the marine environment. Brief discussions of the
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significant features of such a depositional setting are
presented here to help readers better understand the
properties of the individual fluvial-dominated deltaic
reservoirs identified in this project.

For more detailed background information, readers
are referred to Brown (1979), Coleman and Prior (1982),
Galloway and Hobday (1983), and Swanson (1993).

COASTAL FLOOD-PLAIN SYSTEMS

In the context of fluvial-dominated deltaic reservoir
systems, a subaerial coastal plain is considered a depo-
sitional environment that extends inland from a ma-
rine shoreline or landward from a delta plain. A coastal
plain can overlie preexisting strata of any origin or age
and may include a variety of fluvial depositional set-
tings, such as flood plains (Fig. 1), incised valley-fill sys-
tems, and lowlands containing swamps or marshes.
These settings may be controlled structurally or they
may be topographic depressions caused by subsidence
or erosion. In the case of incised valley-fill systems, the
transition from fluvial to marine deposits may be
abrupt, and there may be little or no delta formation.
On the other hand, there may be a gradational transi-
tion in the coastal plain from fluvial to deltaic deposits,
and it may be difficult to distinguish between coastal-
plain (or flood-plain) deposits and those of an upper
delta plain (Fig. 1) except by their geographic relation-
ship to the shoreline. Nevertheless, a coastal flood
plain is considered distinct from an upper delta plain,
and subaerial deposition in an identified coastal flood-
plain environment is considered to occur inland from a
delta or marine shoreline.

The most common reservoirs in coastal flood-plain
environments occur in channel deposits. Several types
of such deposits are identified in the Pennsylvanian
of the Midcontinent region; they include point bars,
braided river deposits, anastomosing river deposits,
and longitudinal and transverse river bars. Point bars
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Figure 1. Components of a delta system. From Coleman and
Prior (1982).
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are the most common components of fluvial systems
in Oklahoma.

Fluvial Point Bars

Point bars are fluvial accumulations of sand, silt, and
mud that are deposited on the down-flow, inside bank
of a meander bend, commonly referred to as the depo-
sitional bank (Fig. 2A). They are formed by common

3 b

depositional processes and are not unique to any
single depositional environment. Point bars occur in all
coastal flood-plain systems as well as in upper delta
plains. Point bars also are found in nondeltaic, semi-
marine environments such as estuarine channels
where tidal forces, rather than riverine processes, are
the principal sources of energy. Individual point bars
may be much more than 100 ft thick and can extend
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laterally for more than a mile. Stacked assemblages
commonly are hundreds of feet thick. In the Pennsyl-
vanian of the Midcontinent, point bars commonly are
20-50+ ft thick and occur laterally within meander belts
that are <2 mi wide. Important attributes of point-bar
deposits are included in a summary of fluvial-deltaic
sandstone characteristics (Fig. 3).

In the sense of depositional processes, point bars are
unique because they form by lateral accretion rather
than direct vertical aggradation of the sand body. This
depositional style promotes the lateral growth of a sand
body over considerable distances without complete
inundation. Lateral accretion also accounts for incon-
sistent deposition of sand which in turn causes com-
partmentalization of potential reservoirs. This com-
partmentalization promotes hydrocarbon entrapment
but also is an impediment to hydrocarbon recovery
and stimulation, and to reservoir characterization. Fig-
ure 4 illustrates the depositional environment of point
bars and related flood-plain deposits in a tidally influ-
enced, valley-fill river system. This type of depositional
model is applicable to many Pennsylvanian sandstones
in Oklahoma that were deposited during transgressive
events. Descriptions and depositional-environment in-
terpretations are given in Figure 5.

Point bars can make excellent reservoirs but their
heterogeneity is a significant problem in reservoir
management. In a vertical profile, such as in outcrop,
core, or well logs, a typical point bar has a finer grain
size upward or blocky textural profile (Fig. 2B). In the
lower point bar, coarser fractions commonly are me-
dium to coarse grained, in places are conglomeratic,
and commonly contain pebble-size rip-up clasts. Suc-
cessively higher sediments include fine- to medium-
grained sand, silt, and clay. Overall, point bars have in-
dividual graded-bed sets that become thinner and finer
grained vertically. Shale commonly is interbedded with
sandstone in the middle and upper part of a point bar
and these bed sets are inclined at a distinct angle that is
unrelated to true dip. These shale interbeds, referred to
as clay drapes, are effective visual illustrations of the
lateral accretionary nature of point-bar deposits. They
also are effective in isolating individual sand layers
even within a single point bar. Clay drapes originate
during periods of decreasing river discharge in mixed-
load fluvial systems. Clay drapes seldom are men-
tioned or implied in most core studies, yet, they can be
interpreted from serrated log signatures such as in Fig-
ure 2C. They also are visible in outcrops of practically
any fluvial meandering system. Sedimentary structures
commonly found in lower point-bar sequences consist
of massive to graded bedding, high angle tabular and
trough cross-bedding, and rip-up clasts. Common sed-
imentary features found in the upper part of a point
bar include root traces, carbonaceous debris, and
sandstone with horizontal and ripple larninations.

Because of the above-mentioned heterogeneities in
point bars, the potential for hydrocarbon entrapment
in a meandering system is very good. However, recov-
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ery of oil and/or gas from these types of deposits com-
monly is restricted to those portions of a point bar that
have a reasonable degree of vertical and lateral conti-
nuity. Although many authors avoid this issue for fear
of being overly pessimistic, in reality, recovery is con-
centrated in only certain portions of point bars. If a
water-saturated zone is present, the best portion of the
reservoir (lower point-bar facies) may occur below the
oil/water contact. Hydrocarbons then may be concen-
trated within the central and upper portions of the
point bar which commonly are finer grained and more
likely to have the greatest amount of reservoir hetero-
geneity. If the upper part of a point bar is absent due to
erosion or nondeposition, hydrocarbons then may be
trapped lower within the point-bar interval. This situa-
tion is considerably more favorable for oil recovery be-
cause sandstone within the lower part of a point bar is
generally coarser grained, occurs in thicker beds, and
normally has better effective porosity. Consequently,
recoverable reserve calculations can be vastly incorrect
when they are based on the assumption that the entire
sand body represents the true reservoir thickness. Cor-
responding recoveries from primary production meth-
ods commonly are only about 10-20% of the calculated
recoverable reserve, and yield is mostly in the range of
50-150 BO/acre-ft, which is typical for many Pennsyl-
vanian sandstones in Oklahoma. Secondary recovery
methods, such as water flooding, normally will double
the primary recovery, but reservoir response is highly
dependent upon proper field engineering and reservoir
characterization.

Point bars sometimes are referred to as shoestring or
ribbon sands because of their tendency to occur in a
sinuous, meandering pattern. An awareness of this
characteristic pattern is important to understanding
the spatial relationships within, and the physical
parameters of, fluvial systems and associated sand
deposits. Swanson (1976) and Coleman and Prior
(1982) show that the average meander amplitude of an
active meandering stream is about half the width of its
enclosing meander belt. But as a meander system ag-
grades vertically above its own flood plain, the hydrau-
lic difference creates instability and leads to avulsion, a
lateral shift of the fluvial system to other portions of the
flood plain. Obviously, in such a system, lateral and
vertical relationships of sandstone beds are compli-
cated.

DELTA SYSTEMS

In this study, a delta is defined as an accumulation
of river-derived sediment that is deposited as an exten-
sion to the coast (Fig. 1). In a relatively stable tectonic
setting and in a moderately subsiding shelf, sediments
commonly consist of sand and finer grained clastics,
which are deposited in interdistributary bays and in
front of the delta. In such settings, however, marine
forces such as waves and tidal currents commonly re-
distribute the sediments and produce different delta
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Figure 3. Summary of the characteristics of Midcontinent fluvial and deltaic sandstone bodies. From Brown (1979).
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morphologies. Figure 6 illustrates the classification of
delta systems, which is based on the relative intensity
of fluvial versus marine processes. The main emphasis
in this project is on reservoir-quality sandstones that
are components of fluvial-dominated delta systems.
The basic components of a prograding delta system
are shown in Figure 1 and include the upper delta
plain, lower delta plain, and subaqueous delta or delta
front. In an idealized vertical depositional sequence,
fluvial point bars and distributary channels of the delta
plain overlie delta front sands and prodelta shale. This
relationship is illustrated in Figure 7, which also shows
typical log patterns, lithology, and facies descriptions
of the various depositional phases of a typical pro-
gradational sequence. Progradation refers to a depo-
sitional system that is built seaward (offlap). Sedimen-
tary facies in a progradation typically show an upward
shallowing depositional origin. Progradation is similar
in meaning to regression, which refers to a general re-
treat of the sea from land areas so that shallower water
environments occur in areas formerly occupied by
deeper water. This is in contrast to transgression (on-

IVIDE
ABANDONED
CHANNELS
(9,11)
——

ESTUARY

Figure 4. Fluvial depositional model of point bars and related
flood-plain deposits in a tidally influenced, valley-fill river sys-
tem. Numbered facies are described in Figure 5. Modified
from Wheeler and others (1990).

lap), which occurs when the position of the sea moves
landward and brings deeper water depositional envi-
ronments to areas formerly occupied by shallower wa-
ter or by land.

Upper Delta Plain

As shown in Figure 1, the upper delta plain extends
from the down-flow edge of the coastal flood plain to
the limit of effective tidal inundation of the lower delta
plain. The upper delta plain essentially is the portion of
a delta that is unaffected by marine processes. Recog-
nizable depositional environments in the upper delta
plain include meandering rivers, distributary channels,
lacustrine delta-fill, extensive swamps and marshes,
and fresh-water lakes. Some of these environments are
recognized in normal well log interpretations. For
example, meandering rivers have the classic bell-
shaped electric log curves of fluvial point bars, and
distributary channels tend to have more blocky log
profiles. Coal and interbedded shale deposits, evi-
dence of swamps and marshes, also can be inter-
preted from well logs. Although not diagnostic by
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FACIES DESCRIPTION

INTERPRETATION

DARK-GRAY, THINLY LAMINATED SHALE: Slightly calcareous or dolomitic;
thinly planar- to wavy-laminated, fissile or platy; includes starved
ripple-laminations; rare Planclites, Zoophycus, and Thalassinoides;
occurs in both the lower and upper Morrow; ranges from 1 to 57ft (0.3 to
17.4m) in thickness.

OFFSHORE MARINE: Inner to Outer
Shelf

SHALY CARBONATE: Gray to dark-gray calcareous wackestone to packstone;
generally wavy-laminated but may be burrow-mottled or cross-bedded;
skeletal material generally re-oriented and moderately abraded; includes
crinoid, brachiopod, bryozoan, mollusc and pelecypod fragments; 0.5 to
10ft (0.2 to 3.1m) thick in the upper Morrow, up to 18ft (S5.5m) thick in
the lower Morrow.

SHALLOW MARINE: Open Shelf or
Transgressive Lag

SKELETAL WACKESTONE TO GRAINSTONE: Gray to tan, limestone or dolomite;
planar- to wavy-laminated or cross-bedded; may appear massive or nodular
due to weathering or burrowing; includes crinoids, brachiopods,
bryozoans, corals, molluscs, gastropods, echinoderms, peloids and
intraclasts; occurs only in the lower Morrow; 0.5 to 46ft (0.2 to 14m).

RESTRICTED TO OPEN MARINE
PLATFORM: Shoals and Bioherms

INTERLAMINATED TO BIOTURBATED SANDSTONE AND SHALE: Includes interbedded
and homogenized lithologies; light-gray, very fine- to fine-grained
sandstone and gray to dark-gray shale and mudstone; planar-, wavy- and
ripple-laminated; convoluted bedding common; glauconitic; moderately
burrowed to bioturbated; Thalassinoides, Planolites, Skeolithos,
Asterosoma, Chondrites and Rosellia(?); occurs in both the lower and
upper Morrow; 1 to 28ft (0.3 to 8.5m) thick.

NEARSHORE MARINE OR ESTUARINE:
Shoreface or Delta Front;
Tidal Flat or Tidal Channel

CROSS-BEDDED, FOSSILIFEROUS SANDSTONE: Light-gray, fine- to coarse-
grained quartz arenite to sublitharenite; trough or tabular cross-bedded
in 3 to 18in (7.6 to 45.7cm) thick sets; up to 50% skeletal debris;
crinoid, krachiopod, bryozoan and coral fragments; glauconitic; occurs
cnly in the lower Morrow; units up to 25ft (7.6m) thick.

UPPER SHOREFACE OR TIDAL
CHANNEL

CROSS—BEDDED SANDSTONE WITH SHALE DRAPES: Gray to tan, fine- to coarse-
grained quartz arenite or shaly sandstone; trough or tabular cross-bedded
with incipient stylolites, shale drapes and interlaminations between
foreset laminae; foresets are often tangential with the lower bounding
surfaces and grade laterally into ripple laminations, some oriented
counter to the cross-bedding; cross-bed set thickness is 3 to 12in (7.6
to 30.5cm); sparsely burrowed, Planolites; glauconite and carbonaceous
debris; occurs primarly in the upper Morrow; up to 238ft (8.5m) thick.

FLUVIAL OR ESTUARINE: Upper
Point-Bar or Flood-Plain;
Tidally Influenced Fluvial
Channel

CONGLOMERATE TO CONGLOMERATIC SANDSTONE: Gray to light-brown;
and pebbles of mudstone and composite quartz; matrix is fine- to very
coarse-grained, poorly sorted, guartz arenite or sublitharenite to
subarkose; massive appearing, planar-bedded or cross-bedded; carbonaceous
debris; glauconite and phosphate scarce; occurs only in the upper Morrow;
up to 21ft (6.4m) thick.

granules

FLUVIAL CHANNEL: Braided Stream,
Channel-Bottom Lag or Lower
Point-Bar

COARSE-GRAINED, CROSS-BEDDED SANDSTONE: Medium- to very coarse-grained
gquartz arenite or subarkose to sublitharenite; trough or tabular cross-
bedded in sets ranging from 3in (7.6cm) to over 2ft (0.6ém) thick; in many
cases foreset laminae alternate between coarser and finer grain-size
fractions; convoluted bedding is common; carbonaceous debris, including
coaly fragments, macerated organic material ("coffee grounds"), leaf and
log impressions is prevalent; Planolites burrows are rare; occurs in the
upper Morrow; units up to 29ft (8.8m) thick.

FLUVIAL CHANNEL: Chute-Modified
Point-Bar

RIPPLE-LAMINATED SANDSTONE: Very fine- to fine-grained quartz arenite;
symmetrical or asymmetrical ripples; glauconite and carbonaceous debris
are common; trace fossils include Planolites and Skolithos; occurs with
many other facies throughout the Morrow; ranges up to 30ft (9.2m) thick.

FLUVIAL OR MARINE SHOREFACE:
Upper Point-Bar, Splay, Levee
or Abandoned Channel-Fill;
Middle Shoreface '

10

GRAY-GREEN MUDSTONE: May have brick-red iron oxide speckles; generally
blocky and weathered in appearance; very crumbly; moderate to abundant
amounts of carbonaceous debris; compaction slickensides and root-mottling
common; calcareous nodules occur in the lower Morrow and beds are 0.5 to
2ft (0.2 to 0.6m) thick; up to 30ft (9.2m) thick in the upper Morrow.

FLUVIAL FLOOD-PLAIN OR EXPOSURE
SURFACE: Well-Drained Flood-~
Plain; Alteration Zone or Soil

11

DARK-GRAY CARBONACEOUS MUDSTONE: Generally planar-laminated; abundant
carbonaceous debris including leaf and stick impressions; pyrite, root
traces and slickensides common; occurs only in the upper Morrow; units
range up to 30ft (9.2m) in thickness.

FLUVIAL FLOOD-PLAIN: Swamp or
Abandoned Channel-Fill

12

COAL: Massive or laminated; commonly pyritic; occurs only in the upper
Morrow; generally 1 to 6éin (2.5 to 15.2cm) thick, but ranges up to 2ft.
(0.6m) .

SWAMP

Figure 5. Fluvial facies descriptions and depositional environment interpretations for numbered facies shown in Figure 4. This
information was used originally by Wheeler and others (1990) to describe the Morrow in southeastern Colorado and southwest-
ern Kansas, but it is also useful in clastic facies interpretations of many other Pennsylvanian meandering river systems in
Oklahoma.
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themselves, point bars, coal, and migratory distribu-
tary channels are primary elements that character-
ize the upper delta plain. By combining information
about those elements with other data, such as from
cores or sequential stratigraphic analysis (Fig. 7), a
more accurate depositional interpretation can be
made. Such a combination of data can lead to a bet-
ter understanding of sandstone distribution trends
and reservoir characteristics in any depositional en-
vironment.

PART I: Fluvial-Dominated Deltaic Reservoirs

The principal reservoirs found within the upper
delta plain are fluvial point bars and distributary chan-
nel sands. Point bars have been discussed in the sec-
tion on coastal plain deposits. Distributary channels
are more characteristic of the lower delta plain and are
discussed in the following section.

Lower Delta Plain

In the rock record, each component of a delta has
characteristics that are determined largely by vertical

Mississippi
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Figure 6. Morphologic and stratigraphic classification of delta systems based on relative intensity of fluvial and marine

processes. From Galloway and Hobday (1983).
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Figure 8. Schematic model of deltaic depositional environments. Idealized electric log responses and inferred facies are shown

for locations Nos.1—4. Modified from Brown (1979).

and lateral relationships of rock facies and by faunal
content. In the lower delta plain, sediments are influ-
enced highly by marine conditions, which extend from
the subaqueous delta front to the landward limit of
marine (tidal) influence (Fig. 1). The lower delta plain
consists primarily of bay-fill deposits, which occur be-
tween or adjacent to major distributaries, and second-
arily of distributary-channel deposits. Distributary
mouth bars and bar-finger deposits are the principal
components of the subaqueous delta front (Fig. 1) and
are attached to the lower delta plain. These environ-
ments and idealized electric log patterns of associated
clastic facies are illustrated in Figure 8.

Lower-delta-plain sediments characteristically over-
lie delta-front sands and prodelta shale. In the upper
reaches of the lower delta plain, coal commonly is as-
sociated with marshy areas that are insulated from
rapid sedimentation or destructive marine events that
typify the lower reaches of the delta plain. Through
continued progradation of a delta, the lower delta plain
is overlain by upper-delta-plain sediments. Unless the
stratigraphic relationship is unconformable, coastal
flood-plain sediments commonly are not recognized in
succession above delta-plain deposits.

Bay Fill and Splays

Bay-fill sediments originate from several sources in-
cluding effluent plumes of major distributaries and

crevasse splays. Splays, however, are the dominant
source of bay-fill sandstone and constitute much of the
sediment in fluvial-dominated deltas as shown in Fig-
ure 9, which identifies the distribution of principal
sand facies in the modern Mississippi River delta.
Splays originate during flooding events when sediment
is carried through a breach in a distributary levee and
distributed into shallow bays through a branching net-
work of smaller channels. The lenticular, fan-shaped
deposits (crevasse splays) commonly are 1040 ft thick
and consist of individual sequences of sand and mud
that increase in grain size upward. This stratigraphic
characteristic is caused by the rapid deposition of sus-
pended sediments ahead of current-induced bed-load
transport of coarser sand. However, because splays are
driven by fluvial processes, thin distributary-channel
deposits also are constituents of every splay. The thick-
ness of a splay deposit commonly is proportional to the
depth of the interdistributary bay and the hydraulic ad-
vantage between the distributary channel and the re-
ceiving area. Thus, splays characteristically are thinner
than distributary mouth bars and contain less sand.
After abandonment of a crevasse system and subse-
quent subsidence, the area reverts to a bay environ-
ment when marine waters encroach. This entire cycle
lasts about 100-150 years (Coleman and Prior, 1982)
and may be repeated several times to form a stacked
assemblage such as that shown in log signature on Fig-
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Figure 9. Distribution of principal sand facies in the modern
Mississippi River fluvial-dominated delta. From Coleman and
Prior (1980).

ure 8. Splay deposits are not considered to be good res-
ervoirs because they contain large amounts of detrital
clay, which reduce the effective porosity and perme-
ability of the sandstone beds.

Distributary Channels

Distributary channels are responsible for the pri-
mary distribution of nearly all sediments within the
lower delta plain. Despite their conspicuous presence,
however, they account for a relatively small volume of
sediment in the delta, as is illustrated in the schematic
model of a delta (Fig. 8) and in the sand facies distribu-
tion map of the modern Mississippi River delta (Fig. 9).

Distributary channels typically are incised upon
preexisting interdistributary or delta-front sediments.
Because they occur at the end of a fluvial transport re-
gime, distributary-channel sands commonly are uni-
formly fine grained and well sorted. As shown in Figure
3, distributary-channel sand bodies commonly are 10—
50 ft thick and 100-1,000 ft wide. Sedimentary struc-
tures consist of tabular and trough cross-bedding, clay
clasts, and contorted beds (Fig. 10).

The extension of distributary channels into the sub-
aqueous marine environment and the concurrent depo-
sition of levee structures help prevent lateral migration of
distributary channels. This stabilizing condition inhib-
its the formation of point bars that characterize coastal
flood-plain meander-belt systems. Since distributary
channels occur within, or in close proximity to, marine
conditions, they may incorporate marine constituents
such as shell fragments, fossils, and glauconite.

Distributary Mouth Bars and Bar Fingers

The progradation of a fluvial-dominated system such
as the modern Mississippi River delta is sustained by a

115

series of finger-like sand bodies that are deposited ahead
of the main river distributaries. These sand bars are the
subaqueous extensions of major distributary channels
formed because of confined flow and directed trans-
port of suspended sediments into the open gulf. The
tendency of distributary channels and accompanying
bar-finger sands to be nonbranching seems to be a re-
sult of several factors such as sediment load character-
istics of the river, water depth and salinity contrasts in
the receiving basin, and river discharge rates. Most in-
vestigators believe that bar fingers formm when river dis-
charge is confined by the development of subaqueous
levees and when sediment transport is aided by the
buoying effect of saline water. Conversely, non-directed
dispersal of river-mouth sediment in shallow, fresher
water bays causes multiple branching distributaries
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Figure 10. Distributary channel model. (A) Schematic model
of channel-fill sands, lower delta plain setting; (B) idealized
vertical sequence of distributary channel-fill sandstones.
Modified from Brown (1979).



<12

PART I: Fluvial-Dominated Deltaic Reservoirs

Channel mouth bar Interdistributary bay =] Prodelta-distal detta front
[773 Channel {723 Marsn
TEXTURE STRUCTURES FACIES
CSE. _FN.
MUD 8 SILT PRODELTA
LIMESTONE SHELF
MUD, SAND, COAL DELTA PLAIN
[N 4
HORIZONTAL-BEODED | BAR 29
SAND, SOME CREST |¥
TROUGHS zZz
HIGHLY CONTORTED 33
SAND DISTAL =
LAMINATED PRODELTA
TO CONTORTED
MUD & SILT (THICK)
B NARROW, ELONGATE SAND BODY

Figure 11. Elongate-delta model. (A) Birdfoot lobe, Holocene
Mississippi delta; (B) idealized vertical sequence of a distribu-
tary mouth bar and associated deposits in an elongate delta.
Modified from Brown (1979).

such as those that characterize other parts of the Mis-
sissippi River delta. In the latter case, distributary
mouth bars are lobate rather than elongate and be-
come progressively finer grained seaward.

Distributary mouth bars have the highest rate of
deposition in the subaqueous portion of a delta. They
are composed of the same sediments that constitute
splays and distributary channels in the lower delta
plain but are distinctly different morphologically. In
the upper portion of the bar (bar crest), sands are re-
worked continually by wave and storm currents to pro-
duce some of the best and most laterally extensive res-
ervoirs in delta environments. Large-scale sedimentary
structures, such as high-angle and trough cross-bed-
ding, are the result of this energy. The rapid clastic
buildup also causes soft-sediment instability in the
form of mud diapirs and contorted beds. These types of
sedimentary structures are illustrated in Figure 11.

Distributary mouth bars make up most of the delta
front and may be >200 ft thick, but commonly they are
~100 ft thick. Redistribution of the same sand by ma-
rine currents may promote the deposition of distal
bars; in the event of eustatic sea level rise (transgres-
sion), barrier islands may form. Characteristically, dis-
tributary mouth bars have serrated, coarsening-up-
ward logs and textural profiles (Figs. 8,11). In places,
the facies are subdivided into a distal bar facies (lower,
shaly part of profile) and a proximal bar facies (upper,
sandy part of profile). The coarsening-upward strati-
graphic profile is caused by the dispersal of buoyed
sediment and progressive deposition of coarse-grained
sediment on top of previously dispersed fine-grained
sediment. Additionally, carbonaceous debris from con-
tinental sources commonly is interbedded with the
sand. Distributary mouth bars commonly overlie pro-
delta muds and provide a relatively stable foundation
over which delta-plain sediments are deposited during
regressive depositional periods.

NOTE TO READERS

Industry participation in the FDD program is heartily encouraged. We
welcome any comments that you may have about the content of this

publication and about the ongoing needs of industry with respect to in-
formation and technology relating to FDD reservoirs. Please contact
Charles J. Mankin at the Oklahoma Geological Survey, 100 East Boyd,
Room N-131, Norman, OK 73019 with your questions or comments.
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The Bartlesville Play

Robert A. Northcutt
Consulting Geologist, Oklahoma City

with contributions from

Richard D. Andrews
Oklahoma Geological Survey, Norman, Oklahoma

INTRODUCTION

Oil reservoirs in the Bartlesville sandstone were the
foundation for the preeminence of Oklahoma as an oil-
producing State. On April 15, 1897, Cudahy Qil Co. No.
1 Nellie Johnstone, a Bartlesville sand oil well, opened
the first commercial oil field in Oklahoma. Although oil
was found in wells drilled earlier in northeastern Okla-
homa, the Bartlesville field discovery well in Washing-
ton County (Fig. 12) is recognized as the first commer-
cial oil well in Oklahoma (Taylor and Branan, 1964,
p. 10). Subsequent discoveries of Bartlesville oil fields
made Oklahoma the leading oil-producing state from
Statehood in 1907 until 1923.

During this time of rapid development of Bartlesville
oil fields in northeastern Oklahoma, Tulsa emerged as
the “0il Capitol of the World.” Oklahoma oil compa-
nies, such as Phillips Oil Co., Indian Territory Illumi-
nating Oil Co. (Cities Service), and Sinclair Oil and Gas
Co., were created and grew to major oil-company sta-
tus (Franks, 1980) largely because of their successes in
developing the Bartlesville reservoirs.

The Bartlesville play in Oklahoma is situated on the
Cherokee platform of northeastern Oklahoma (Fig. 13).
The play is limited on the east at the outcrop, where the
Bartlesville surface equivalent is the Bluejacket Sand-
stone, and on the south by its outcrop along the front
of the Ouachita Mountains uplift. To the west the play
is bounded by the limit of deposition of sand or onlap
of the Bartlesville interval around the Nemaha uplift.
Marine shales, scattered shallow-marine sands, and
shoreface-sand deposits are present from the Nemaha
uplift and Nemaha fault zone westward onto the Ana-
darko shelf. Southwest of the Cherokee platform, the
Bartlesville interval either was not deposited or was re-
moved by erosion on the Oklahoma City uplift. West of
the central Oklahoma fault zone, only marine deposits
occupy the Bartlesville interval of the Anadarko basin
and are outside the play area.

Four plates are included in this study of the Bartles-
ville play and are in the envelope with this publication.

Figure 12. Cudahy Oil Co. No. 1 Nellie Johnstone, NEV: sec.
12, T. 26 N., R. 12 E., was completed as a Bartlesville sand
oil producer at 1,320 ft on April 15, 1897. The wooden derrick
and cable-tool drilling rig are replicas built through financing
by private citizens. This structure is at the site of the original
rig in what is now Johnstone Park in Bartlesville, Oklahoma.
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Photograph by Robert A. Northcutt
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Figure 13. The Bartlesville oil play in Oklahoma. The Bartlesville play lies on the Cherokee platform in northeastern Oklahoma
and extends southward to the southern limit of Bartlesville oil production, shown on the map. The play is limited on the east by
the outcrop of the Bluejacket Sandstone (Bartlesville equivalent) and on the west and southwest by the limit of Bartlesville sand
deposition; it extends northward into Kansas. NFZ = Nemaha fault zone; COF = central Oklahoma fault zone.

Plate 1, “Map of the Bartlesville Sandstone Play Ar-
eas,” shows the Bartlesville fluvial-dominated deltaic
(FDD) system in northeastern Oklahoma, the limits of
sandstone deposition, the geologic provinces, and the
positions of the regional stratigraphic cross sections.

Plate 2, “Regional Stratigraphic Cross Sections A-A’,
B-B’, and C-C’, Anadarko Shelf, Nemaha Uplift, Cher-
okee Platform, and Arkoma Basin,” are geophysical-log
cross sections hung on the Pink lime stratigraphic da-
tum. Cross section A-A’, from northwest to southeast,
begins on the Anadarko shelf, crosses the Nemaha up-
lift and Cherokee platform, and continues to the Ar-
koma basin on the southeast. Cross section B-B’, west
to east, begins on the lower Anadarko shelf, crosses the
Nemaha fault zone, and continues east across the main
Bartlesville sand area on the Cherokee platform. Cross
section C-C’, west to east, begins in the eastern Ana-
darko basin, crosses the central Oklahoma fault zone
south of the Oklahoma City uplift, extends across the
southern part of the Cherokee platform, and ends in
the Arkoma basin.

Plate 3, “Map of the Fields with Oil Production from
the Bartlesville Sandstone,” shows 183 fields having
current (1979-96) Bartlesville oil production listed in
the Natural Resources Information System (NRIS) data
files at the University of Oklahoma'’s Geo Information

Systems (GeoSystems). All the fields are keyed by loca-
tion and field name. Producing leases with Bartlesville
production within the fields, and unassigned producing
leases, are indicated by shaded patterns on the map.

Plate 4, “Index to Selected References Used for Bar-
tlesville Sandstone Mapping,” shows outlines of the
areas covered by the selected references used in con-
struction of the Bartlesville sand map (Pl. 1).

Available sources of information used in identifying
Bartlesville FDD areas include published scientific lit-
erature, unpublished theses, published articles (some
obscure) from local geological societies, and investiga-
tions by consultants and the authors. A list of cited and
selected references is included as part of this publica-
tion. Two Bartlesville sandstone cores are presented in
Appendix 5. One core recovered deposits from a fluvial
channel, and the other, from a marine bar. These cores
will be available for examination by workshop partici-
pants. Appendix 6 is a stratigraphic column for the Flu-
vial-Dominated Deltaic Reservoirs project, showing the
combined formal and informal nomenclature used in
each of the FDD plays.

BARTLESVILLE STRATIGRAPHY

The formal stratigraphic nomenclature of the rocks
deposited during Desmoinesian (Middle Pennsylva-
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nian) time has been in use for some time. Bluejacket
Sandstone is the formal name for the sandstone mem-
ber of the Boggy Formation called the Bartlesville in the
subsurface. It was named by Ohern (1914, p. 28) for the
town of Bluejacket in Craig County, Oklahoma, and he
gave as the type locality the hills west of the town.
Howe (1951, p. 2090), after investigating, defined the
type locality as “the NEYaNE% of sec. 25, T. 27 N., R. 20
E., along the road from Bluejacket west to Pyramid Cor-
ners, in the east slope of Timbered Hill, on Oklahoma
Highway 25, in Craig County, Oklahoma.” This stated
type locality was later found to be in error; the correct
location is the NWuNEY sec. 25, T. 27 N, R. 20 E.
(Hemish, 1989). (See Plate 1 for location and discus-
sion.) For more detailed discussions of this subject, see
Hemish (1989, 1997).

Figure 14 is a chart that shows the formal strati-
graphic nomenclature for most of the Desmoinesian
Series and includes the commonly accepted informal
subsurface names used in northeastern Oklahoma, in-
cluding the Bartlesville play area. This formal nomen-
clature generally is not used by operators for subsur-
face equivalents. A few formal names, however, such as
Verdigris Limestone and Inola Limestone have been
adopted for subsurface terminology. The names given
by various operators to the rocks they recovered from
drilled wells are the names used by others in the area or
names they have used elsewhere. This practice has, in
the past, created nomenclatures particular to specific
areas or, as in the case of the term Glenn sand, to only
one field. Problems of subsurface correlation of pro-
ducing strata arose with the advent of petroleum geol-
ogy in the 1910s, and these problems intensified with
the expansion of geological exploration and develop-
ment during the late teens and into the 1920s. Later
workers in northeastern Oklahoma helped to correlate
alarge number of the informal names with their formal
surface equivalents. Among the most helpful studies
are those by Jordan (1957), Cole (1965, 1970), Berg
(1966, 1969), Bissell (1984), the Tulsa Geological Society
(1984-89), and Hemish (1989, 1993, 1997).

The Bartlesville sand occurs in the interval of the
Middle Pennsylvanian (Desmoinesian) Boggy Forma-
tion between the Inola Limestone above and the
Brown limes of the Savanna Formation below. The
Bartlesville sand was named for the city of Bartlesville,
Washington County. The discovery well of the Bartles-
ville field was Cudahy Oil Co. No. 1 Nellie Johnstone,
NE“NEYWNEY sec. 12, T. 26 N., R. 12 E., in which the
Bartlesville sandstone was encountered at 1,303 ft.
Here, the Bartlesville sandstone is correlative with the
Bluejacket Sandstone, a member of the Boggy Forma-
tion. The Bartlesville sand is also called Glenn sand (for
the Ada Glenn farm at Glennpool field, Creek County;
the name Glenn is also applied to this sand in fields in
Creek, Tulsa, and Okmulgee Counties. The name Salt
sand is also applied to the Bartlesville sand in the
Okmulgee area (Jordan, 1957, p. 14, 76, 169). Figure 15
is a reference electric log for the Bartlesville play that

15 &

Slola FORMAL
w3l SURFACENAMES | FORRILS BEORMAL
o|fi| €| OF FORMATIONS NAMES
n|n|lO OR MEMBERS
S| Higginsville ®
58 % Limestone =
E° 8| Litle Osage Shale |'s "Wheeler
= |& 5| Blackjack Creek Ls.| § sand"
Excello Shale 7
_ [ Breezy HilLs. o
k] Lagonda Sandstone Prue sand
@ g Verdigris Limestone Verdigris Limestone
‘g E Croweburg coal Henryetta coal
8| = [ Oowala Sandstone Upper Skinner sand
Ol¢g Mineral coal Morris coal
Q o N
2| | | | onesea sanastons | - [Yiade Skrver end
z|Z Tiawah Limestone Pink lime
<|® o | BRedForksand
>4 | Taft Sandstone 2 Burbank sand
; 3 2 5 | Earlsboro sand
s 8! Inola Limestone [N Inola Limestone
215 ok e -
= g v} 5 Bluejacket S Baétlleswlle sgnd
E Sandstone o S%rlltnszag
- (¥
o @ | Doneley Limestone
§ El SamCreekLs. Brown fime
” & | Spaniard Limestone
o Keota Sandstone
[<]
¥ | & 5| _Tamaha Sandstone Upper Booch sand
2% | Cameron Sandstone Taneha sand
5 g Lequire Sandstone Tucker sand
=LL| Warner Sandstone Lower Booch sand
McCurtain Shale
£s
ox Hartshorne
@ g Sandstone Hartshorne sand
© O
TWw

Figure 14. Stratigraphic nomenclature of the Krebs, Cabaniss,
and lower Marmaton Groups of the Desmoinesian Series,
showing the formal surface names and the commonly ac-
cepted subsurface names used in northeastern Oklahoma.
Modified from Scruton (1950), Oakes (1953), Jordan (1957),
Branson (1968), Cole (1967, 1970), Berg (1966, 1969), Chan-
dler (1977), Bennison (1979), Bissell (1984), Lojek (1984),
Tulsa Geological Society (1984-89), and Hemish (1989,
1993, 1997).

shows both formal and informal nomenclatures for the
lower Marmaton, Cabaniss, and Krebs Groups. The ref-
erence log is also log 10 on Plate 2, cross section B-B".
The top of the Savanna Formation is defined as the
base of the Bluejacket Sandstone. This contact is gener-
ally the base of an incised channel deposit, which typi-
cally has scoured down into the lower Savanna interval
of the Doneley, Sam Creek, and Spaniard Limestones—
also called Brown limes in subsurface terminology. At
the southern extent of the play area (Pl. 1), however,
the contact of the Bluejacket (Bartlesville) Sandstone
appears gradational with the underlying marine shale,
as shown in logs 7 and 8 in cross section C-C’(Pl. 2). In
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Figure 15. Reference log for the Bartiesville play area, Ram Operating Corp. No. 10 Rowland Creek, NEV4ASW¥4NEV: sec. 35,
T.17 N., R. 9 E., Creek County, Oklahoma. Total depth is 3,075 ft; completed July 13, 1982. It is also shown as well 10 on Plate
2, cross section B—B". Log profiles shown are gamma ray (GR), spontaneous potential (SP), resistivity (RES), and conductivity
(COND).
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other areas, logs exhibit this same relationship, leaving
the observer to wonder if the sand at the top of the
shale section is Bluejacket (Bartlesville) or an older de-
posit. Some interpretations consider these sands to be
distributary-mouth bars deposited by the Bluejacket
(Bartlesville) at the delta front. This relationship war-
rants additional investigation.

REGIONAL GEOLOGY

Basement rocks of Oklahoma are igneous and meta-
morphic rocks of Precambrian and Cambrian age that
underlie the entire State. Thick sequences of marine
strata were deposited on the partially eroded basement
surfaces during the Late Cambrian through the Missis-
sippian. Shallow seas moved across Oklahoma from
the east or southeast during the Late Cambrian, depos-
iting basal Reagan sand in the southeastern part of the
State. The overlying Late Cambrian and Ordovician
formations—Arbuckle Group limestones and dolo-
mites, Simpson Group sandstones and shales, and
Viola Group limestones—were deposited mostly state-
wide, with the thickest amounts in the Anadarko basin;
but in the Ouachita trough, thick sequences of shale,
sandstone, and chert of equivalent age were deposited.

During the Silurian and Devonian Periods, the Syl-
van Shale and the Hunton Group limestones were de-
posited throughout Oklahoma, again except in the
Ouachita trough, where deposition of equivalent-age
shale, sandstone, and chert continued. After deposition
of the Hunton Group, a conspicuous, widespread area
of uplift and erosion—the pre-Woodford unconform-
ity—removed up to 1,000 ft of strata. Following uplift
and erosion at the end of Hunton time, the Late Devo-
nian to Early Mississippian Woodford Shale was depos-
ited generally on top of Silurian and Ordovician rocks.
During the Mississippian Period, shallow seas covered
the State. Limestone and interbedded chert were de-
posited during Early Mississippian time in the Ana-
darko basin, while chert deposition (Arkansas Novacu-
lite) continued in the Ouachita trough. Shale and sand-
stone were the dominant deposits during Late Missis-
sippian time, with great thicknesses in the Ouachita
trough and in the Anadarko and Ardmore basins of
southern Oklahoma.

At the close of Mississippian time, a period of active
orogeny and basinal subsidence, commonly known as
the Wichita orogeny, occurred throughout Oklahoma.
This Early Pennsylvanian uplift and erosion removed
much of the Mississippian strata in central and north-
eastern Oklahoma and exposed older rocks on the
emergent Ozark uplift. A large, north-trending arch ex-
tended from southern through central Oklahoma and
northward into Kansas. This emergent arch separated
the Anadarko basin on the west from the Ouachita
trough and Cherokee platform on the east. A trend of
fault-block structures formed along the axis of this
arch, now known as the Nemaha uplift and the Ne-
maha fault zone.
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The frontal fold belt was forming and, with north-
ward thrusting of the Ouachitas, the basinal downwarp
shifted northward to the Arkoma basin. Early Pennsyl-
vanian sediments (Atokan and Morrowan) were depos-
ited in the Arkoma basin and on the stable Cherokee
platform to the north. By the end of Morrowan time,
the Ouachita trough had filled with sediment and the
Ouachita Mountains were becoming emergent.

The above discussion of geologic history was sum-
marized from Johnson (1971), to which the reader is
directed for additional information, including a series
of paleogeographic and other maps.

At the beginning of Desmoinesian sedimentation in
the Arkoma basin, sands of the Hartshorne Formation
prograded from Arkansas westward into Oklahoma,
forming a deltaic system along the axis of the Arkoma
basin (Houseknecht, 1984). Following Hartshorne dep-
osition, sands of the McAlester Formation were depos-
ited from a northern source as a sequence of five del-
taic episodes prograding southward across the Chero-
kee platform into the Arkoma basin. A study of these
fluvial-dominated deltaic sandstones by Northcutt and
others was published in 1995 by the Oklahoma Geo-
logical Survey as Fluvial-Dominated Deltaic (FDD) Oil
Reservoirs in Oklahoma: the Booch Play (Special Publi-
cation 95-3). A transgressive period of deposition of
marine shales and thin limestones of the Savanna For-
mation (Brown limes) onlapped the McAlester Forma-
tion and older strata on the Cherokee platform. Savanna
deposition reached its maximum western extent east of
the Nemaha uplift and Nemaha fault zone, whereas on
the eastern side of the Cherokee platform the Savanna
was exposed in outcrop west of the Ozark uplift.

The Boggy Formation overlies the Savanna Forma-
tion and contains the Bluejacket Sandstone Member,
whose subsurface equivalent is the Bartlesville sand-
stone, the subject of this study. The Bartlesville play is
situated primarily on the Cherokee platform between
the outcrop on the east and the limit of sand deposi-
tion to the west and southwest. South of the Cherokee
platform, the Bartlesville play is limited by its outcrop
in the Arkoma basin (Fig. 13).

The Bartlesville sand increases in depth from the
outcrop on the east to ~2,400 ft at the western sand
limit in southeastern Osage CountyinT. 22 N., R. 7 E.
The depth to the Bartlesville sand increases to ~4,800 ft
in the lower Anadarko shelf area, as shown in the west-
ern part of regional cross section B-B’(Pl. 2). Along the
line of cross section C—C’ (PL. 2), the depth to the Bar-
tlesville sand increases from ~700 ft on the east to
~5,600 ft on the upthrown (east) side of the central
Oklahoma fault zone. On the downthrown (west) side
of the central Oklahoma fault zone, the depth increases
rapidly to ~8,200 ft. To the north near the city of Bar-
tlesville, the sand is ~1,300 ft deep and increases in
depth southward to ~1,700 ft in the Tulsa vicinity. At
the southeast end of cross section A-A’ (Pl. 2), which is
near the outcrop and frontal thrust zone of the Ouach-
ita uplift, the Bartlesville is only about 700 ft deep.
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Figure 16 is a structure map that depicts the top of
the Bartlesville sand. The map was constructed from
well records in the NRIS data base that are maintained
on a mainframe computer but can be accessed at the
Oklahoma Geological Survey’s NRIS facility. These data
can be imported to personal computers, and by using
routine programs available for personal computers,
they can be used to produce a final map. Because of the
high well density in such a large area, only data from
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wells identified as Bartlesville sand producers were
used in constructing this map.

The regional dip of the Bartlesville sand zone is to
the west from the Ozark uplift in northeastern Okla-
homa. The dip is ~25 ft/mi across the northern part of
the Cherokee platform and increases slightly near the
Nemaha uplift-Nemaha fault zone. West of Tulsa, the
dip is westward ~40 ft/mi to the 1,500-ft subsea datum,
where the contours reflect the structural uplift along
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Figure 16. Regional structure map of the Bartlesville sand, covering the major part of the Bartlesville play area in northeastern
Oklahoma. Noted on the map are the type locality and outcrop band of the Bluejacket (Bartlesville) Sandstone. Contour interval
is 250 ft. Computer-aided drafting (CAD), using a selected well grid from the NRIS data available at the OGS NRIS facility.
Constructed by Carlyle Hinshaw, Geo Information Systems, Norman, Oklahoma.
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the axis of the Cushing-Drumright anticline. West of
Cushing, the dip steepens to ~50 ft/mi to the edge of
the area shown on the map. In the Seminole vicinity,
the dip is to the west at ~65 ft/mi, and south of Semi-
nole the dip increases to >100 ft/mi as the rocks plunge
into the Anadarko basin.

The thickness of the Bartlesville interval is generally
controlled by intensity and duration (time) of deposi-
tional processes and the spatial relationship to struc-
tural provinces; hence this interval thickens basinward
of the Cherokee platform and away from the Nemaha
uplift. The sand is up to 200 ft thick in places along the
main transport direction. Local interval-thickness vari-
ations are large and are due mainly to variations in the
thickness of the sand bodies. The Bartlesville interval
generally thins from the southeast to the northwest,
where it onlaps older strata. It is absent over some of the
structural features in northeastern Oklahoma, either by
nondeposition or erosion. It is absent on the Nemaha
uplift in northwestern Kay County and over a large area
associated with the Oklahoma City uplift (Pl 1).

BARTLESVILLE DEPOSITIONAL
ENVIRONMENTS: CONSIDERATIONS

In the exploration for and development of petro-
leum in the Bartlesville sand, correct interpretation of
depositional environments is critical to mapping the
trends of reservoir sands. Reservoir characteristics such
as sand limits, thickness, clay content, and reservoir
quality are influenced by depositional environment.
Inferences about subsurface depositional environ-
ments commonly are made from well cores, well cut-
tings, and geophysical well logs. In reality, however,
few cores are available for examination, and well cut-
tings seldom are helpful unless they demonstrate ma-
rine indicators, which limit their usefulness when
working with deltaic environments. Thus, well logs are
the main interpretive tools in subsurface work. Many
workers have correlated typical profiles of gamma-ray,
spontaneous-potential, and resistivity curves to the
various depositional environments drilled in wells. Fig-
ure 7 (p. 9, this volume) shows generalized log profiles
for principal depositional phases of a deltaic sequence.
Workers in the FDD program have found from experi-
ence that gamma-ray profiles from density logs are
more reliable as indicators of depositional environ-
ments than other log profiles. In a mature play such
as the Bartlesville sand play, however, spontaneous-
potential curves generally are the only ones available
and must be utilized in interpreting depositional envi-
ronments.

BARTLESVILLE FDD DEPOSITIONAL MODEL
Bartlesville Sandstone Distribution

Figure 17 is a map by Weirich (1953) that shows dis-
tribution of the Bartlesville sand. This map covers both
northeastern Oklahoma and eastern Kansas. Weirich
reported that the Precambrian granite that was ex-
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posed over an area of about 1,000 mi? on the Nemaha
anticline and the broad region of granite that was ex-
posed on the Siouxia uplift farther north were plausible
sources for the Bartlesville sand that was deposited on
the Cherokee platform.

Plate 1 shows the distribution of the Bartlesville sand
in northeastern Oklahoma. This map was constructed
from information found in the selected references
listed on Plate 4. Sand thicknesses >100 ft are shown by
a darker pattern, whereas thicknesses <100 ft, generally
<50 ft, are shown by a lighter pattern. Areas where
sands are thinner than 20 ft are labeled. The thick sand
trends are interpreted as the principal transport direc-
tion from north to south. At the hinge line of the Boggy
Formation, the direction veers to the southeast toward
the outcrops in the Arkoma basin. These thick sand-
stones are stacked channel sequences, also called
amalgamated channels. They are incised into the
country rock of marine shale or Brown limes of the Sa-
vanna Formation (wells 10 and 11, cross section B-B’,
Pl. 2). Thinner sands <100 ft thick are also incised chan-
nel sequences but generally represent individual chan-
nels with some layering. They probably also represent
either older channel systems or distributaries from the
main channel system, as indicated by wells 7 and 8,
cross section A-A’ (Pl. 2).

East of the main fluvial channel through Washing-
ton and Osage Counties is an area of sand extending
into Nowata County that was noted as 25-50 ft thick.
This sand lobe is probably an overbank- or crevasse-
splay deposit formed during a time of severe flooding.
Logs in this area exhibit both upward-fining sands with
a sharp base, characteristic of incised channels, and
upward-coarsening sands with a gradational base,
characteristic of distributary bars.

An area of sand extends west from the main sand
system in eastern Payne County. The log character of
the Bartlesville sand in well 8, cross section B-B’ (Pl. 2),
may represent lower-delta-plain or delta-front dis-
tributary bars. Well 7, farther west, represents more
marine or distal characteristics from the delta front.
Farther west are areas of sand near the exposed area
associated with the Oklahoma City uplift. These sands
are probably shallow-marine bars, shoreface sands,
and channels draining from the uplift filled with tide-
deposited marine sand.

Visher and others (1971) published a map that inter-
prets depositional environments of the Bartlesville
sandstone, using electric-log profiles of both spontane-
ous-potential (SP) and resistivity curves (Fig. 18). Not
all resistivity curves show the same textural profile as
the SP curves, owing to differences in fluid content,
sand sorting, and cementation. Therefore, care should
be taken when using resistivity curves in interpreting
depositional environments. The study by Visher and
others (1971) presented a thorough study of the Bar-
tlesville sand over the entire delta, and we drew on
their study in constructing Plate 1. Their study indi-
cates that the source for Bartlesville sand deposition
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Figure 17. Map of Bartlesville sand (dot pattern) in Oklahoma and Kansas. Qil fields are shown in black. The sand contains no
oil southeast of the Boggy (middle Cherokee) hinge line, although ample anticlinal and well-defined stratigraphic traps occur.

Exposures of the landmass to the west were largely Paleozoic limestones during Bartlesville time. Precambrian granite is in-
dicated by checkmarks. From Weirich (1953, fig. 5, p. 2040-2041).
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Figure 18. Electric-log patterns and environmental reconstruction of deltai
sandstone geometry, vertical sequences, sedimentary structures, textures,

fig. 12, p. 1224—1225).

and clay mineralogy. From Visher and others (1971,
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TABLE 1.~ Earliest Fields of Northeastern Oklahoma Producing from Bartlesville Sands?

Field oil
Depth to Bartiesville sand production
Discovery Bartlesville sand initial oil production 1979-96
Field name® year’ (fH)° (bbl)° (bb)°
Bartlesville-Dewey 1897 1,265 100-500 9,587,964
(includes Dewey,1904;
Weber, 1906; Copan,
1907)
Coody’s Bluff 1904 850 25-125 27,299
Alluwe 1904 400450 25-500 278,334
Chelsea 1904 (1889) 463 20-100 787,679
Flat Rock 1904 1,110 20400 2,026,096
Nowata-Claggett 1905 950 20-180 880,927
Glennpool 1905 1,350 40-600 17,452,967
Hogshooter 1906 1,080 10-500 997,484
Bird Creek 1906 1,110 20400 5,090,031
Delaware-Childers 1906 700-850 15-150 3,900,971

2 Taylor and Branan, 1964, p. 13.
® Mills-Bullard, 1928.

° Natural Resources Information System (NRIS) of Oklahoma, 1997.

was to the north and that three deltaic sequences are
generally present.

BARTLESVILLE PETROLEUM RESERVOIRS
Early Oil Production

Although oil was discovered in the Bartlesville sand
in 1897, it could not be produced for lack of a ready
market and also because of lease-title complications
with the U.S. Government pertaining to Indian lands.
When the title problem with the Government was re-
solved in 1904, a frenzy of drilling began. Several more
Bartlesville oil fields were discovered in northeastern
Oklahoma. Rapid development of these fields during
1904-07 made Oklahoma the leading oil producer at
Statehood in 1907.

Figure 19 is a map showing the earliest Bartlesville
oil and gas fields in northeastern Oklahoma. All but two
of these fields were discovered prior to Statehood, the
exceptions being Curl Creek (1935) and Turley (1914).
Table 1 lists selective data for each Bartlesville field dis-
covered before Statehood, as shown in Figure 19. Pro-
duction data for these early fields generally are incom-
plete. After 90 years of production, these fields are still
producing substantial amounts of oil. For 1979-96, to-
tal oil production is listed for each field, based on NRIS
data files. Taylor and Branan (1964) estimated total oil
production for a few of these fields: Nowata—Claggett,
~9,400,000 bbl; Hogshooter, ~10,734,000 bbl; Dela-
ware-Childers, ~88,000,000 bbl. This author prepared a
tabulation for total oil production from two fields
through 1984, which, with the additional production

years through 1996 added, shows that Bartlesville-
Dewey field produced 182,004,258 bbl and Glennpool
field produced 332,894,287 bbl.

Trapping Conditions

Oil reservoirs in the Bartlesville sand are dominantly
trapped by stratigraphic conditions. Most commonly
the trap is formed by a pinchout of sand against shale.
This occurs in channel and marine-bar deposits where
the shale is the updip seal for the sand. Other strati-
graphic traps are created where a channel meanders
updip or crosses over an existing structural nose.
Sometimes even a change in sand-grain size or sorting
can form a trap. An element of structural trapping can
contribute to a stratigraphic trap from compaction of
the encasing shale on the sides of a thick channel.
Rarely are Bartlesville sands found as structural traps
with four-way closure unless they were deposited in an
area of later structural growth or uplift. Many of the
larger structural features have Bartlesville sand traps
associated with them, but trapping is due to strati-
graphic rather than structural conditions.

Hydrocarbon-Source Rocks

Marine-shale deposits and encasing organic-rich
shales of flood-plain and lagoonal origin are close to all
Bartlesville sand reservoirs. Studies of the organic geo-
chemistry of Cherokee rocks in southeastern Kansas
and northeastern Oklahoma by Barker (1962) found
that Cherokee shales and other nonreservoir rock are
sources of hydrocarbons that can readily migrate into
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TABLE 2. - Annual and Daily Average Oil Production
from the Bartlesville Sand in Oklahoma by Lease, 1979-96

Bartlesville only Bartlesvilie & other
Barrels Number Daily avg.| Barrels Number Daily avg.

Year of oil of leases per lease of il of leases per lease
1979 5,482,416 1,623 9 3,849,487 603 17
1980 6,100,946 1,865 9 4,149,177 689 16
1981 6,653,944 2,128 9 4,563,403 787 16
1982 5,999,280 2,258 7 4,344103 838 14
1983 6,045241 2315 7 4,044,413 843 13
1984 6,177,209 2,341 7 4,000,458 861 13
1985 6,152,801 2,334 7 3,655,350 873 11
1986 5,813,207 2,274 7 3,056,566 851 10
1987 5,439,718 2,122 7 2,545,435 814 9
1988 5,162,804 2,038 7 2,446,230 777 9
1989 4,867,344 1,975 7 2,284,737 752 8
1990 4,512,033 1,938 6 2,251,257 728 8
1991 4,305,399 1,894 6 2,324,761 715 9
1992 4,100,272 1,878 6 2,182,044 684 9
1993 3,856,617 1,735 6 1,899,072 659 8
1994 3,422,468 1,611 6 1,774,323 630 8
1995 3,139,211 1,547 6 1,689,421 612 8
1996 3,046,807 1,468 6 1,656,095 601 8
Totals 90,277,717 52,716,332

Production data from NRIS lease master files, University of Oklahoma.

adjacent reservoir rock. Studies of Desmoinesian
shales in the Arkoma basin indicate that they are
potential source rocks with sufficient maturity to gen-
erate hydrocarbons (Johnson and Cardott, 1992). On
the basis of these studies and reports, as well as those
of many other workers, it is likely that the sources of
hydrocarbons in Bartlesville sand reservoirs can be
nearby as well as distant.

Current Bartlesville Oil Production

The Bartlesville sandstone was the leading oil pro-
ducer during the early days of the petroleum industry
in Oklahoma, and it is still one of the major producers.
Plate 3, “Map of Fields with Oil Production from the
Bartlesville Sandstone,” shows the 183 fields in north-
eastern Oklahoma keyed to field name and location
that have current (1979-96) Bartlesville oil production
listed in the NRIS data files at the University of Okla-
homa. The areas of Bartlesville producing leases within
fields, and unassigned producing leases outside of
fields, are indicated by shaded areas on the map. Okla-
homa production data are reported on a lease basis;
therefore, production data for the Bartlesville sand are
sometimes included with production data for other
reservoirs. This situation makes the analysis of histor-
ical Bartlesville oil production difficult.

Table 2 shows annual oil production in Oklahoma
from 1979 through 1996 for leases producing only from

the Bartlesville sand and also for leases with produc-
tion from the Bartlesville commingled with other reser-
voirs. Also shown are the number of Bartlesville pro-
ducing leases and average daily lease production. Fig-
ure 20 shows the production curve for each lease cat-
egory; during 1979-96, the Bartlesville-only leases pro-
duced 90,277,717 bbl of oil, while the Bartlesville com-
mingled leases produced 52,716,332 bbl of oil. Produc-
tion from this very long-lived oil reservoir continues its
slow decline. The number of producing leases is de-
clining as more of the wells are being abandoned be-
cause of unfavorable economic conditions. The aver-
age daily lease production has declined from 9 to 6 bbl,
or about one-sixth bbl per year in the 18 years of this
production history. Reservoir studies included later in
this publication show that even in the mature Bartles-
ville play, new reservoirs with favorable economic at-
tributes are being developed beyond the older fields.

Secondary and Enhanced Recovery
in the Bartlesville Sand

Early completion and production methods used in
Oklahoma, as elsewhere, were aimed at getting the oil
out as fast as possible. In doing so, the dissolved gas in
the reservoirs was vented to the atmosphere to allow
the oil to flow at high rates. Thus, all reservoir pressure
was lost, and wells were put on pumps very early in
their life.
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Figure 20. Graph of Bartlesville oil production, 1979-96, from NRIS lease master files.

Many methods have been used to recover greater
amounts of oil from these reservoirs. The first attempt
was application of vacuum pumps to shallow wells as
early as 1914, with only limited success. In the 1920s,
air and gas were injected into reservoirs, which proved
successful. In 1937, the first systematic waterflood was
installed in Bartlesville-Dewey field (Taylor and Branan,
1964). During the 1950s, waterflooding entered its most
intense development period. A report by Jordan (1958)
listed waterflood projects by producing zone. In this
report, the Bartlesville had the largest acreage (100,777),
the most wells (10,091), and the greatest daily produc-
tion (37,739 bbl) of the 364 projects in the State. Other
than the Burbank sand, no other zone was even close.

The extremely heavy demand for crude oil during
World War II (1939-45) prompted the U.S. Bureau of
Mines to investigate several northeastern Oklahoma oil
fields for secondary-recovery potential. The reports
that resulted from these investigations are excellent
sources of information on many of these older fields.
The reports, together with other articles concerning
secondary-recovery potential and results for the Bar-
tlesville sand, are listed in a separate section of the ref-
erences included toward the back of this publication.
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FDD Bartlesville Reservoirs

Paradise Field

(Bartlesville oil pool in secs. 33 and 34, T. 18 N, R. 1 E,,
and sec. 4, T. 17 N,, R. 1 E., Payne County, Oklahoma)
by
Richard D. Andrews

INTRODUCTION

Paradise field is located in southwestern Payne
County in north-central Oklahoma (Fig. 21). The field
area is about 25 mi east of the Nemaha uplift, in an area
commonly referred to as the Cherokee platform prov-
ince (Pl. 1). Paradise field produces oil and gas from
several types of Bartlesville sand deposits, including
various kinds of channel deposits such as point bars in
addition to tidal(?)-mouth bars. A map identifying op-
erators, well locations, well numbers, and principal
leases within the field area is shown in Figure 22.

Oil production was first established in the Paradise
study area in the 1950s with the completion of two
wells in the northern part of sec. 34, T. 18 N, R. 1 E.
These wells were completed in the marine facies of the
Bartlesville sand for up to 174 barrels of oil per day
(BOPD). Thirty years later, in the early to mid-1980s,
several wells were drilled in the central part of sec. 33,
T. 18 N., R. 1 E,, which established Misener (Devonian)
oil production. In an effort to extend the Misener play
to the south, Canadian Exploration (Pinnacle Oil)
drilled the No. 3 Downey well (SEAaSW¥1SWY; sec. 33,
T.18 N., R. 1 E.) and accidentally discovered the Bar-
tlesville oil pool in Paradise field. This well was com-

pleted in March 1986 and had an initial flowing poten-
tial of 290 BOPD, 133 thousand cubic feet of gas per
day (MCFGPD), and 2 barrels of water per day (BWPD)
from 30 ft of net productive Bartlesville sandstone.
Field development was relatively slow and continued
to the east until July 1990. However, several dry holes
were drilled as late as 1992 in the hope of extending the
field to the north and northeast. A total of 13 wells were
completed in the Bartlesville reservoir, which has an oil
gravity ranging from 34° to 40° API. The lighter oil is
found in the eastern part of the field, and the heavier oil
in the structurally lower western part. No gas cap or
oil-water contact was encountered. Only one well
found additional pay below the Bartlesville within the
field: the No. 1 Minnich (NE4ANWY%“NWY sec. 4, T. 17
N., R. 1 E.), which was a dual completion with the Mis-
sissippian limestone.

Paradise field is fully developed on 10-20-acre spac-
ing. Two of the wells in the western part of the field
were plugged and abandoned in 1995, one well in the
center of the field was converted to a water-supply
well, and one well in the extreme eastern part of the
field was converted to a water-injection well. In March
1994, the eastern part of the field was unitized by Pin-
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Figure 21. Generalized location map of the Paradise field study area in southwestern Payne County, Oklahoma.
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nacle Oil, and a waterflood was initiated. In mid-1995,
the first significant response in oil production was
measured.

STRATIGRAPHY

A typical log from the Paradise field, with strati-
graphic nomenclature, is shown in Figure 23. The
Bartlesville interval is about 60 ft thick and is directly
overlain by ~8 ft of low-resistivity shale that normally
encompasses the Inola Limestone. However, the Inola
is absent throughout the study area. The base of the
Bartlesville interval is interpreted to extend down to
the top of the Mississippi lime, including the 2 to 8 ft of
shale that normally underlies the Bartlesville sand. The
Bartlesville sandstone, which occupies most of the
Bartlesville interval, occurs in two main horizons or
beds. The lowermost sand bed generally has a sharp
basal contact with shale and a blocky to slightly in-
creasing gamma-ray (GR) response on well logs. The

PART Ii: The Bartlesville Play

upper part of the sand zone typically consists of dirty
sandstone or interbedded sandstone and shale. This
interpretation reflects an upward-fining textural profile
(a decrease in grain size) and is typical of multiphase
fluvial cycles. In the western part of the field, the dis-
tinctive bell-shaped GR and spontaneous-potential
(SP) log profile of the Bartlesville sandstone is strongly
indicative of a single-phase point-bar deposit.

The stratigraphy of the Bartlesville interval is best
shown by detailed structural-stratigraphic cross sec-
tions A-A’ through the western part of the field and B-
B’ through the eastern part (Fig. 24, in envelope).

Wells 2-5, cross section A-A’, produced oil and gas
from the Bartlesville. The western limit of the field,
however, extends to well 1, which recovered small
amounts of oil and gas in the Bartlesville during a drill-
stem test (DST). On the basis of the bell-shaped GR and
SP log profiles, the sandstone in these wells is inter-
preted to be a point-bar deposit. Thin shale layers
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interbedded within the sandstone, as interpreted from
the serrated GR log profile in wells 2 and 3, are prob-
ably “clay drapes.” Clay drapes originate from thin lay-
ers of mud deposited on top of point bars after flooding
events. Unless the mud is eroded when higher flow
rates resume, the clay drapes become interbedded
within the point-bar sandstone. Most of the shale
interbeds are only ~1 ft thick, but they probably form
effective barriers to fluid flow across the bar (in a
north-south direction).

Sandy or silty shale in the upper part of the Bartles-
ville interval in wells 1 and 5 is interpreted to be a shaly
channel fill (i.e., channel-margin facies). It is laterally
equivalent to the upper part of the point-bar sandstone
in wells 3 and 4. The clean sandstone in the bottom
part of the Bartlesville interval thins appreciably be-
tween wells 1 and 2 and also between wells 4 and 5.
Abrupt changes in sandstone thickness such as these
are common in fluvial deposits.

The Bartlesville interval in wells 1 and 5 in cross sec-
tion A-A’ is distinctly different than it is in the other
wells in the cross section. It consists mostly of shale,
but, more importantly, beds within the shale section of
well 6 cannot be correlated with beds in the shale sec-
tion of well 5. Based in large part on the resistivity log of
well 6, in which the shallow and deep resistivity traces
“track” one another, the Bartlesville interval in that
well is interpreted to have been deposited in a marine
environment. This type of shale log signature is wide-
spread, unlike shale sequences contained within flood-
plain environments. Because of the differences in de-
tails of bedding and lithology, the marine shale can be
distinguished from the shaly channel fill. In well 5 (near
the southeast end of section A-A’), the Bartlesville in-
terval consists of very thin beds of sandstone and coal
interbedded with shale and siltstone. The Bartlesville in
this well is interpreted to consist of channel-margin
and flood-plain deposits. Even though no significant
amount of sandstone is present in well 5, there still is
an erosional boundary between sediments within the
channel environment and those in the adjacent ma-
rine-shale sequence. This same spatial relationship
occurs between channel-margin sediments in well 1
and incised marine shale farther west.

Cross section B—B’ (Fig. 24) extends across the east-
ern part of the field. Most apparent from well logs in
this cross section is the presence of sandstone beds
having different log responses in the Bartlesville inter-
val. This is probably due to a more complex geologic
setting characterized by variations in depositional proc-
esses that may or may not be part of the same deposi-
tional system. In general, Bartlesville facies gradually
change from nonfluvial sediments (tidal or channel-
mouth bars) in wells 2 and 3 to flood-plain sediments
(channel, channel margin, and marsh) in wells 4, 5, and
6. Along the west edge of cross section B—B’, in well 1,
the Bartlesville again reverts back to flood-plain depo-
sition with the presence of thin, basal channel sands.

Sandstone beds in wells 2 and 3, cross section B-B’,

29 >

are characterized by an upward-coarsening textural
profile. In well 2, the sand zone clearly shows a gradual
upward increase in porosity and a decreasing GR re-
sponse. Well 3 shows two sandstone beds, both of
which have indications of an upward increase in sand
as interpreted from the SP and resistivity logs. How-
ever, the GR profile across the two sandstone beds in
well 3 is not definitive with regard to textural composi-
tion. In general, log patterns of Bartlesville sandstone
in wells 2 and 3 are more typical of marginal-marine
sandstone deposits (tidal-mouth bar) rather than
channel deposits. They contrast sharply in texture with
sandstone beds to the east in wells 4 and 5, which have
a sharp basal contact with shale and a blocky to up-
ward-fining textural profile as indicated by the GR log.
These characteristics are more typical of fluvial depos-
its. Farther to the east, in well 6, the Bartlesville interval
is mostly shale with a thin coal bed near the top. This
sequence is interpreted to have originated in a flood-
plain environment—an area within the incised valley
adjacent to the active channel.

The spatial relationship of most sandstone beds il-
lustrated in cross section B-B’ can best be described as
interfingering. This is illustrated between wells 3 and 4,
and between wells 1 and 2. Both exemplify a lateral re-
lationship between channel and nonchannel deposits.
The boundary between these two facies is fairly abrupt,
and fluid communication is expected to be attenuated
from one facies to another (compartmentalization).
This boundary should have a significant effect in wa-
terflooding operations.

STRUCTURE

The regional dip of the lower Cherokee section in
the Paradise field area (see Fig. 16) is to the west-south-
west at only about 0.5° (<50 ft/mi). However, a struc-
ture map contoured on the top of the Mississippian
limestone shows a distinct east-west-trending trough
in the exact area of Paradise field (Fig. 25). This devia-
tion from the regional structure is caused by an ero-
sional unconformity at the top of the Chester lime-
stone, creating a small erosional valley. The Bartlesville
sandstone is separated from the Mississippian by only
a few feet of shale, but the sandstone is entirely within
the paleovalley as delineated on the Mississippian
structure map. A detailed structure map depicting the
top of the Bartlesville sand (Fig. 26) primarily shows the
attitude of the sand body within the channel, although
the structure of the marine Bartlesville sandstone out-
side of the channel conforms well with sandstone with-
in the channel. As can be seen in Figure 26, the highest
position of the Bartlesville sandstone within Paradise
field is above —3,760 ft and occurs in the far eastern part
of the unit. The western part of the field, which is sepa-
rate from the eastern part, is mostly below -3,780 ft.

As at many places within the Anadarko shelf and
platform areas, fracturing may have a significant effect
on fluid flow, especially during water injection. The
dominant fracture pattern in this area is interpreted to
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Figure 25. Structure map of the top of the Mississippian limestone, Paradise field study area. Contour interval is 20 ft. See Figure
22 for well names. See Figure 23 for type log. See Appendix 4 for explanation of symbols.

be in a northeast-southwest direction, although other
fracture patterns may be enhanced in the field area due
to a significant east-west-trending fault zone located
about 6 mi to the west.

BARTLESVILLE SANDSTONE DISTRIBUTION
AND DEPOSITIONAL ENVIRONMENT

Figure 27 shows the gross thickness of the Bartles-
ville sandstone for all the wells in the study area. This
thickness is the total thickness of sandstone, regardless
of porosity, determined from GR and resistivity logs.
The zero-thickness line is the limit of sand deposition
within the channel and generally includes alarger area
than the limits of the actual reservoir or net sandstone.
The spatial limits of the incised valley are generally
somewhat larger than the gross sandstone distribution,
as areas within the channel may not contain sandstone.
From this map, the channel is inferred to be about 0.3—
0.5 mi wide. Within the general area, the course of the

channel is meandering and extends beyond the area
mapped to the northeast and northwest. The channel
sandstone pinches out near the east edge of the unit
but reappears about 0.5 mi to the northeast in sec. 34.
West-northwest of the study area, the Bartlesville sand-
stone is not continuous but occurs in a series of fields
(a “trend”), interpreted to be largely channel (tidal?)-
mouth bars rather than channel deposits. The fields in
this trend are prone to oil production.

The gross sandstone thickness of the channel sand-
stone ranges from only a few feet to 40 ft but generally
is in the range of 20-40 ft. However, the sands do not
occur everywhere within the channel. In many places,
such as at the east end of the field, channel deposits are
predominantly shale rather than sand, since they occur
along the channel margin or in places within the chan-
nel where little sand was deposited. These shaly inter-
vals form the stratigraphic barriers that isolate hydro-
carbons along the course of the channel. Bartlesville
sandstones north of the channel are part of a regionally
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Figure 26. Structure map of the top of the Bartlesville sandstone, Paradise field study area. Contour interval is 20 ft. See Fig-
ure 22 for well names. See Figure 23 for type log. See Appendix 4 for explanation of symbols.

extensive marine-shelf deposit that existed prior to
deposition of the Bartlesville channels. These marine
sandstones produce from stratigraphic traps in the
northeastern part of the study area.

The net sandstone isopach map (Fig. 28) shows the
thickness of sandstone with 210% porosity. The net
sand thickness ranges from 6 to 37 ft, and the average
thickness is about 16-17 ft. The net sand map is similar
in overall appearance to the gross sand map (Fig. 27)
and clearly shows that much of the sandstone identi-
fied in the gross sand map has good porosity. The main
difference between the two is seen in the upper part of
the point bar, where dirty sandstone reduces the net
sand thickness by several feet. Although much of the
sandstone in the lower part of the sand zone has poros-
ity considerably greater than the 10% cutoff value, a
higher cutoff value, such as 12% or 14%, would have
significantly decreased the amount of net sand.

There is no water leg in the field, so the reservoir in-
cludes the entire area with >0 ft of net sand (Fig. 28).

The field is actually divided into an east reservoir and a
west reservoir, with a narrow zone of shale separating
the two. Because of facies variations in the east reser-
voir (the unit), further compartmentalization may be
recognized. Just north of Paradise field is another small
channel-sand body that is not commercially produc-
tive, although two wells tested oil in the Bartlesville.
Northeast of the unit, the Bartlesville channel again has
net sand and is productive from two wells in the north-
east corner of sec. 34.

The best reservoir and the most productive wells in
the study area produce from point bars (as opposed to
marine facies and channel-mouth bars). The direction of
flow has not been determined but is inferred to have
been from east to west. In map view, the sand bodies are
podlike to elongate, with a width of about 0.3-0.5miand
alength of 0.5-1.0 mi. As seen in field wells, the point
bars have a sharp basal contact with shale and an up-
ward-fining textural profile that becomes more shaly at
the top. The marine-shelf sands adjacent to the north
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Figure 27. Bartlesville gross sand isopach map, Paradise field. Contour interval is 10 ft. See Figure 22 for well names. See
Figure 23 for type log. See Appendix 4 for explanation of symbols.

boundary of the field are not part of the reservoir in Para-
dise field and have a distinctive upward-coarsening tex-
tural profile. The marine deposits were probably incised
by fluvial channels during lowering of eustatic sea level.

FACIES MAPPING

Depositional environments were interpreted from
wireline-log signatures, particularly GR and resistivity
logs (Fig. 29). Two distinctly different depositional en-
vironments are interpreted for productive Bartlesville
sandstones in Paradise field and include fluvial (flood-
plain) and channel (tidal?)-mouth bars.

Fluvial (Channel) Facies

The depositional origin of these sediments appears
to be a simple meandering stream contained within a
flood plain (rather than a delta plain). This distinction
is important for exploration purposes, as there is no
delta front underlying the channel facies and, there-

fore, no progradation—i.e., no deposition extending
basinward into a marine environment (definition of a
delta!). Within the fluvial (channel) facies, sediments
are either predominantly sandstone or shale with thin,
interbedded sand layers and coal. Because of the mor-
phology of the sandstone, the western part of the field
is interpreted to be a point bar. The reasons for this
interpretation include (1) a sharp basal contact with
shale, (2) an upward-fining textural profile on GR logs,
(3) distinct shale breaks in the upper half of the sand
zone (clay drapes), and (4) an almond- to pod-shaped
map outline. The eastern part of the field appears to be
a modified or reworked point bar grading into some
type of river or tidal-mouth bar. The distribution of
channel sandstone in the eastern part of the field is
elongated, possibly owing to longitudinal extension
during bar growth. Sediments deposited within the flu-
vial regime that are predominantly shale are inter-
preted to be channel-margin, abandoned-channel, or
flood-plain deposits and are not part of the reservoir. It
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Figure 28. Bartlesville net sand isopach map, Paradise field. Net sand is considered to be sand with log porosity >10%. Con-
tour interval is 10 ft. See Figure 22 for well names. See Figure 23 for type log. See Appendix 4 for explanation of symbols.

is necessary to be able to identify these types of sedi-
ments on well logs so they can be distinguished from
the laterally adjacent marine facies.

Channel (Tidal?)~Mouth-Bar Facies

Sandstone that is interpreted to have an upward-
coarsening textural profile, as indicated from GR, resis-
tivity, and porosity logs, is considered to have origi-
nated from different depositional processes in com-
parison to the fluvial point-bar deposits. Sandstones
having these characteristics are productive within Par-
adise field as well as in the northern part of the study
area. Some of the upward-coarsening lithologies in the
northern part of the study area appear to be marine-
shelf sands, whereas those within Paradise field appear
to reflect a lateral facies change (interfingering) within
a fluvial regime. The distinction between the marine-
shelf sandstone and channel-mouth-bar sandstone is
not always possible to make, except that the latter is
productive within the channel limits (see wells 2 and 3

in cross section B-B’, Fig. 24). In some areas, a well
producing from a channel sandstone (No. 2 Boyce,
NWYSWY4SW sec. 34) lies adjacent to an updip dry
hole containing porous sandstone having an upward-
coarsening texture (as in the No. 1 Graham well in the
NWYNWYiSWLY sec. 34). In this case, it is clear that the
sandstone in the No. 1 Graham well is a marine-shelf
sandstone incised by the younger Bartlesville channel
sandstone in the No. 2 Boyce well. Even though it is dif-
ficult in some instances to differentiate between fluvial
and marine facies, the recognition of these two facies is
an important skill that can be used effectively in step-
out drilling in the development of fluvial trends such as
Paradise field.

CORE ANALYSIS
Two wells were cored within Paradise field, the No. 1
Berry (SE4SEY%NEY; sec. 32, and the No. 2 Longan (EY2
NWYNEY sec. 4). The No. 2 Longan was the only well
from which data were available. From this well, the
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Figure 29. Depositional-facies map of the Bartlesville sand interval in the Paradise field study area.

sandstone’s grain density ranges from about 2.63 to
2.67, but most samples indicated a density of 2.67.
X-ray diffraction analysis shows the Bartlesville sand-
stone to consist mostly of quartz (40-65%), with slight-
ly less feldspar (20-40% Na-plagioclase). Chlorite and
illite were the most common clays (5-10%), while kao-
linite and mixed-layer clays occupied 2-5% (Hallibur-
ton Services, unpublished data). Porosity and perme-
ability measurements are listed and plotted in Figure
30. The porosity ranges from 10.9% to 17.4%. Perme-
ability measurements range from 0.5 to 50.9 md, and
most are between 1 and 20 md and average about 12
md. The porosity—permeability curve shows that for
~10% porosity, the permeability should be about 0.3
md, which is considered too tight for oil production.
However, the expected permeability of sandstone in
Paradise field having an average porosity of 16-17%
should be between 10 and 20 md, which is favorable for
oil production and waterflooding. In the cored well,
core porosity is generally 2 percentage units lower than
the porosity determined from the density log run with a
2.71 matrix density. In the most porous interval sam-
pled, the measured core porosity was about 4-5 per-
centage units lower than density log porosity.

FORMATION EVALUATION

The identification and evaluation of the Bartlesville
sandstone in Paradise field is straightforward. The pro-

ductive sandstone is relatively clean (i.e., GR and resis-
tivity logs are not significantly affected by interstitial
clay or mica). Porosity determinations from the density
logs run on a 2.71 matrix density were at least 2 per-
centage units higher than core measurements. Reser-
voir characteristics are shown in Table 3.

The deep or “true” resistivity of productive intervals
ranges from about 5 to 13 ohm-meters and is generally
8-10 ohm-meters. The higher resistivities generally oc-
cur in sandstones within the eastern part of the field,
which is up to 20 ft higher than the western part. A rela-
tively strong separation of about 15-25 chm-meters
exists between the shallow and deep resistivity read-
ings in the producing interval. The separation of the
shallow and deep resistivity curves indicates the pres-
ence of permeability. Notice that in the upper part of
the sand zone, the separation is much less owing to the
increasing amount of shale.

Additional evidence regarding reservoir quality is
interpreted from the caliper log (CAL). As shown in
wells 3 and 4 of cross section A-A’ (Fig. 24), the bore-
hole diameter through the Bartlesville sand zone is re-
duced by up to 1 in. owing to mud-cake buildup. This
situation generally happens where the sandstone has
good porosity, as indicated on the density-neutron
porosity log. Significant reductions in borehole size
from mud-cake buildup generally occur in reservoirs
having at least 15-30-md permeability (see Ohio—Osage
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Figure 30. Core porosity and permeability data of a nonchannel Bartlesville sandstone from a well within Paradise field.

field-study cross sections, Figs. 53, 54). Therefore, sand
zones having good porosity (see well 4, cross section A-
A, Fig. 24) are expected to have relatively good perme-
ability in this area.

Water-saturation (S,) calculations for the Bartles-
ville sandstone ranged from about 25% to 45%. The Sy
in most of the lower (productive) part of the sandstone
was about 35%. Calculations were made by using the
equation Sy = VFx R,/ R;. The formation-water resistiv-
ity (R.) was assumed to be 0.035 ohm-meters at forma-
tion temperature. The Archie equation for formation
factor (F= 1/¢2) was used because S, calculations
seemed more reasonable when using this equation for
this particular reservoir. The use of a modified F equa-
tion generally resulted in calculated S, values that were
unrealistically low and, conversely, oil-saturation val-
ues that were too high. R; or true resistivity was taken
directly from the deep resistivity log. Porosity values
were also taken directly from density logs and reduced
about 2 porosity units to reflect actual reservoir condi-
tions as determined from core data. Neutron porosity
was not used for cross-plot porosity determinations,
because the highly variable clay content in the upper
part of the sand zone causes the log neutron porosity to

be too high. The log density porosity was calculated by
using a matrix density of 2.71 g/cm?.

OIL AND GAS PRODUCTION

The estimated cumulative oil and gas production
from the Bartlesville sandstone in Paradise field from
March 1986 through July 1996 is 427,752 BO and
450,718 MCFG (Table 4). This table also shows annual
oil and gas production, average monthly production,
average daily production per well, and average annual
gas/oil ratios (GOR). The peak in annual oil production
was in 1990, when 12 wells produced 83,866 BO; aver-
age daily production was 20 BO per well. In 1994, when
unitization began, 11 wells were producing; annual
production was only 8,445 BO, and average daily pro-
duction had fallen to 2 BO per well. Another interesting
and useful production trend indicated in Table 4 is the
average annual GOR increase from field development
in 1986 until 1995. Although this ratio increased sharp-
ly, it is still relatively low, indicating minimal gas evolu-
tion and oil shrinkage. The reduction in GOR during
1995 occurred during water injection and reservoir re-
pressurization in the unitized eastern part of the field.
The amount of gas produced and the average GOR
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TABLE 3. - Reservoir/Engineering Data for the Bartlesville
Sandstone in Paradise Field, Payne County, Oklahoma

Reservoir size (total)
East sand body
West sand body

Depth

Well spacing (oil)

Oil-water contact

Gas-oil contact

Porosity (in net sand)
Permeability®

Water saturation (calculated)

Thickness (net sand ¢ >10%)
East sand body (unit area)
West sand body

Reservoir temperature
Oil gravity
East sand body (unit area)
West sand body
Initial reservoir pressure
Initial formation-volume factor®
Original average GOR (1987 avg.)

Final average GOR (from 1996 cums.)

OOIP (volumetric—field)

East sand body (unit area)

West sand body
Cumulative field oil (to 8/96)

East sand body (unit area) to 8/96

West sand body to 8/96
Cumulative unit oil since unitization
Recovery efficiency (field)

East sand body (unit area)

West sand body

Recovery (field)

Est. secondary oil recovery (7/95 to 8/96)

Cumulative gas production (field)

~314 acres
~164 acres
~150 acres

~4,800 ft
10 acres, irregular

None observed; little water
produced during primary
production

None observed
12-21% (avg. ~16%)
2-51md (avg. ~12 md)
25-45% (avg. ~35%)
10-35 ft (avg. ~16.6 ft)

17.3ft
159 ft

120°F

34°-38°API
37°-40° API
1,888(2) PSI
1.23 RB/STB

479 (SCF/BBL); varied from
about 250-800 initially

1,054 (SCF/BBL)

3,647,881 STBO
1,980,756 STBO
1,667,125 STBO

427,752 B0
259,398 BO
168,354 BO

14,587 BO

11.7%
13.1%
10.1%

~82 BO/acre-ft
10,428 BO
450,718 MCF

western part of the field, a relatively gradual
production decline is noted for several
years until 1994, when production de-
creased sharply. By the end of 1995, the two
best wells (Nos. 3 and 4 Downey) were
abandoned, and by the end of 1996, only a
trickle of oil was noted from the remaining
three wells within the western part of the
field. The corresponding annual GOR is
plotted for the two Downey wells in the in-
set graph. It shows that the GOR was rela-
tively stable at a little above 2,000 standard
cubic feet per stock tank barrel (SCF/BBL)
for several years following an initial jump in
gas production in 1988. The GOR plot does
not take into account production from the
three Minnich wells, because they reported
no gas production. The western part was
not unitized, but it would have made a
great waterflood.

The production curve for wells within
the eastern part of the field is shown by the
plot in Figure 31B. This graph represents
production primarily from seven wells de-
veloped over a 2-year period starting in
mid-1988. Sandstone in this part of the field
was deposited in a variety of current-in-
duced bar forms, and the production de-
cline is considerably more rapid here. The
steep decline in production continued until
1994, when this part of the field was water
flooded. Since 1994, oil production in-
creased steadily through 1996, while gas
production ceased during water fill-up. The
corresponding annual GOR trend (inset)
shows a sharp increase from 1988 to 1989,
but the ratio is still considerably smaller
than for wells in the western part of the
field. The first point in both GOR plots (IP)
represents the calculated GOR of the com-

2Taken from Bartlesville core in No. 2 Longan, EANW%NEY sec. 4, T. 17N, R.1E.  bined initial-potential results for wells in

bData provided by Crystal Energy, Inc. (Pinnacle Oil).

each part of the field.

within the field as shown in Table 4 may not be entirely
accurate, as no gas was reported from any of the Min-
nich wells (NW¥ sec. 4). Initial-potential tests of three
wells in this lease are similar to other nearby wells that
reported gas sales.

Production trends within Paradise field are illus-
trated in Figure 31. As the field is compartmentalized
into two main sand bodies, production curves were
prepared separately for the western and eastern parts
of the field. The upper plot (Fig. 31A) shows the pro-
duction curves representing five wells in the western
part of the field. Sandstone here is interpreted to have
been deposited in a point bar. Note that about 87% of
the oil was produced from the two Downey wells
drilled in the northern part of the sand body. For the

The annual oil- and gas-production his-
tory for individual wells is shown in Table 5
(oil) and Table 6 (gas). Additionally, Table 5 shows the
amount of oil production attributed to the unit
(259,398 BO) as well as the amount attributed to sec-
ondary recovery since unitization (13,403 BO). The cu-
mulative oil- and gas-production map (Fig. 32) shows
cumulative production and the dates of first production
for each well in the field. High production values on
this map correspond to wells having the thickest net
sandstone. Cumulative production does not appear to
be related to the date of first production (wells were
completed over a 5-year time span).

Almost half the wells in the field (6 of 13) produced
>39 thousand barrels of oil (MBO) from the Bartlesville.
Two wells, Nos. 3 and 4 Downey (SW% sec. 33, T. 18 N,,
R. 1E), both in the western part of the field, produced
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TABLE 4. - Oil- and Gas-Production Statistics for the Bartlesville Sandstone in Paradise Field,

Payne County, Oklahoma
Average daily
Annual Average Monthly production Cumulative
Number of wells production Average | production per well per well production
Year Oil Gas OilBBL GasMCF GOR OilBBL GasMCF | OilBBL GasMCF | OilBBL Gas MCF
1986 2 1 30,349°  11,348° 374 1,686 1,135 56 38 30,349 11,348
1987 4 2 53,564°  25,688° 480 1,275 1,284 43 43 83,913 37,036
1988 10 5 80,429° 52,661 ° 655 1,072 1,699 36 57 164,342 89,697
1989 10 6 80,308 87,824 1,094 669 1,220 22 41 244,650 177,521
1990 12 8 83,866 78,619 937 612 1,062 20 35 328,516 256,140
1991 12 9 38,399 91,236 2,376 267 861 9 29 366,915 347,376
1992 12 9 22,321 48,640 2,179 155 450 5 15 389,236 396,016
1993 12 9 16,697 32,111 1,923 116 297 4 10 405,933 428,127
1994° 11 8 8,445 19,011 2,251 64 198 2 7 414,378 447,138
1995 11 7 6,577 3,580 544 50 37 2 1 420,955 450,718
1996 © 9 0 6,797 0 0 63 0 2 0 427,752 450,718

2 Includes wells having only a partial year's production.

® Unitization occurred January 1994

¢ Production through July 1996.

>68 MBO each (Table 5; Fig. 32). The poorest produc-
ers—those with cumulative production <10,000 BO—
were in the southwestern part of the field (Minnich
lease), plus a well in the SW¥%SW'SEY sec. 33 (Fig. 32).

Initial oil-production rates ranged from 8 to 376
BOPD; most of the wells in the field flowed 150-300
BOPD (Fig. 33). The range in initial production rates is
probably due to variations in completion practices, res-
ervoir quality and thickness, and localized pressure de-
pletion, as development occurred over a relatively long
time period (~5 years). Another probable reason may be
due to reservoir compartmentalization, which is more
evident when examining initial shut-in pressures of wells
in the eastern part of the field versus wells completed
several years earlier in the western part. In some cases,
the shut-in pressure of a newer well was 300 pounds per
square inch (PSI) more than the initial pressure in an ad-
jacent well completed 24 years earlier. Flowing-tubing-
pressure data were sparse and ranged from 43 to 453 PSL

The API gravity was measured in most wells in the
field and varied from 34° to 40° API. The oil gravity from
four wells in the western part of the field was 37°-40°
API (Fig. 32), whereas the oil gravity from six wells in
the eastern part was 34°-38° API. The heavier oil (lower
API gravity) was produced from the structurally higher
part of the field (eastern part), and the lighter oil (high-
er API gravity), from the structurally lower part (west-
ern part). The variation in oil gravity strongly indicates
reservoir compartmentalization, which is also indi-
cated by the net sand isopach map (Fig. 28). Most wells
produced a significant amount of gas, regardless of
structural position (see Figs. 26, 32). Initial gas/oil ra-
tios (IGOR) for most wells in the field were <800 SCF/
BBL, and only one good producing well had an IGOR
>1,000. The final GOR for most wells was between 455

and 1,754 SCF/BBL but was usually a little more than
1,000. These data can be calculated from the data pro-
vided in Figures 32 and 33. The annual average GOR is
included in Table 4.

WELL COMPLETION

Operators set 4.5-in. production casing at or very
near the bottom of the hole. In most productive wells,
the entire sand zone was perforated, including much
of the shaly sandstone within the upper part of the
Bartlesville zone. The wells were acidized and then
stimulated with a fracture treatment. Because there is
no water leg in this field, any sand with porosity was
perforated. Most fracture treatments used gelled water
or gelled oil as the mobilizing agent; typically 20,000
45,000 gal of water and something on the order of
20,000-35,000 Ib of sand were used. Most of the wells
responded favorably after stimulation, but the wells
in the Minnich lease near the northwest corner of sec. 4
responded poorly. The sandstone was much the same
as that to the north in sec. 33, but well production was
much less. This must be attributed in part to poor com-
pletion practices, the details of which are not known.

SECONDARY RECOVERY

The eastern part of Paradise field was unitized for
purposes of waterflooding in early 1994. The western
part of the field would also have been a logical water-
flood objective, but operator indifference forestalled
unitization of this part of the field. Because this reser-
voir is separate from the eastern part of the field, Pin-
nacle Oil decided to plug and abandon its two wells
near the southwest corner of sec. 33, thereby making it
impractical for the operators of the Minnich lease, near
the northwest corner of sec. 4, to waterflood.
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Figure 31. Bartlesville oil and gas production curves, showing average annual production from five wells in the western part of
Paradise field (A) and average annual production from seven wells in the eastemn part of the field (B). Production data through
July 1996. Inset graphs show average annual gas/oil ratios (GOR). Water injection began in the eastern part of the field during

March 1994.

The water-supply well for the unit, SW¥%4SW¥%SEY
sec. 33, was completed in the Hoover sandstone (Up-
per Pennsylvanian). This well was originally completed
in the Bartlesville sandstone, but the thin sand and
poor reservoir characteristics of the Bartlesville made it
a good candidate for recompletion in another zone.
The initial injection pattern called for two wells, one in
the NW/4NEVNEY: sec. 4 (No. 1 Tomlinson), and a sec-
ond in the NW%SW¥SWWY sec. 34 (No. 2 Boyce). After
only about 20,000 BW was injected in the Tomlinson
well, water breakthrough occurred in the Longan wells
to the west (mostly in the No. 2 Longan, which was
closest). The Tomlinson injector was then reconverted
to a producer, leaving the Boyce No. 2 well as the only
water-injection well. Water was injected at a rate of

about 800 to 950 BW per day, and by August 1996,
712,000 BW was injected (which is about twice the vol-
ume of primary oil produced!). It is interpreted that
much of the injected water entered the underlying Mis-
sissippian limestone, which may have been naturally
fractured or may have been fractured during well com-
pletion. A small increase in oil production was noticed
in mid-1995, primarily from the No. 6 Graham (SE%
SE¥SEY sec. 33), and, to a lesser degree, from the No. 5
Graham to the west in the SW%4SEYSEY sec. 33. Pro-
duction climbed steadily from about 350 BOPD (mid-
1995) to slightly more than 1,000 BOPD by August
1996—largely from the two Graham wells. By late 1996,
2 of the 6 producing wells had responded significantly
to the waterflood, while the remaining 4 had not.
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NW Russell Field

(Bartlesville oil pool in secs. 19, 20,29,and 30, T.18 N, R.2 W,,
and secs. 24 and 25, T. 18 N, R. 3 W,, Logan County, Oklahoma)

by

Richard D. Andrews

INTRODUCTION

NW Russell field is located in northern Logan
County in north-central Oklahoma (Fig. 34). The field
area is about 11 mi east of the Nemaha uplift, in an area
commonly referred to as the Cherokee platform prov-
ince (P1. 1). NW Russell field produces oil and gas from
several reservoirs, although the Bartlesville sand, the
Mississippi lime, and the Oswego lime are the principal
supply sources. Oil and gas production from these res-
ervoirs is generally commingled, and only a few wells
produce from single-zone completions strictly in the
Bartlesville. :

The Bartlesville is a relatively thin reservoir. It is
composed of 5-15 ft of sandstone that is interpreted to
be primarily tidal or shallow, nearshore marine in ori-
gin. Some wells also have sandstone that could be flu-
vial, such as tidal-channel deposits in an estuarine set-
ting. A map identifying producing reservoirs, well loca-
tions, operators, well numbers, and principal leases
within the field area is shown in Figure 35.

Oil production was first established in the NW Rus-
sell study area in mid-1970 with the completion of two
wells in sec. 25, T. 18 N., R. 3 W. These wells were com-
pleted in the Oswego lime for 63-148 BOPD. Nearly
every other well in the study area was completed about

10 years later during 1979 and 1980, with development
of the Mississippian limestone reservoir, the Bartles-
ville sand, and, to a lesser extent, the Oswego lime. The
Bartlesville oil pool in NW Russell field probably was
discovered in a deliberate effort to extend known pro-
ductive fluvial trends farther to the west. This same
trend is productive in Paradise field (~12 mi to the east).
In this effort, Bobby Damell drilled the No. 3 Brown (SE%4
NE% sec. 29, T. 18 N., R. 2 W.) and discovered the Bar-
tlesville oil pool in NW Russell field. This well was com-
pleted in March 1977 with an initial flowing potential of
18 BOPD from 8 ft of net Bartlesville sandstone. (In
1980 it was recompleted in the younger Oswego lime.)
Field development stalled for 2 years but accelerated in
1979. A total of 27 wells were completed in the Bartles-
ville, which appears to be about equal in potential for
hydrocarbon production in comparison with the more
widespread production from the thick Mississippian
section. Bartlesville oil has a gravity ranging from 39° to
42° API. No gas cap or oil-water contact was identified.

NW Russell field is fully developed on 80-acre spac-
ing. Most if not all wells continue to produce small
amounts of gas and oil, and the field has never been
developed for secondary oil recovery. The Bartlesville
reservoir is relatively shallow (~5,400 ft), although the
estimated high shrinkage factor of oil and a significant

al f_ -
|
NW Russell l
study area
Zz

:  m -

>
W

23

J

=y
@

B Bartlesville Production 0
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Figure 34. Map showing location of the Bartlesville oil pool in the NW Russell field area, Logan County, Oklahoma.
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amount of gas production may be deleterious to water-
flooding, despite the relatively low IGOR.

STRATIGRAPHY

A typical log from the NW Russell field and the strati-
graphic nomenclature are shown in Figure 36. The
Bartlesville interval is directly overlain by ~7 ft of low-
resistivity shale that normally encompasses the Inola
Limestone. This same zone is also noted by an enlarged
borehole, as recorded on the caliper log. The Inola is
present only as a thin, 2-ft bed but has a characteristic
log signature that includes a sharp kick on the resistiv-
ity log (normally the shallow recording), a sharp re-
sponse on the density log, and a small response on the
GR log. In this study area, the base of the Bartlesville
interval is interpreted to coincide with the top of the
eroded Mississippian limestone. The Bartlesville sand
zone, which occupies about half the Bartlesville inter-
val, is underlain by 10-25 ft of shale. The basal contact
of the sandstone generally is a rapid transition to shale,

45 >

as seen on the GR logs. Occasionally, a sharp basal con-
tact is observed. This same contact relationship ap-
pears even more sharp on the resistivity log. The tex-
tural relationship of sediments above the main sand
bed is commonly gradational, indicating an upward-
fining lithology (or increasing amount of shale), which
is sometimes characteristic of channel deposits. These
textural characteristics of the Bartlesville sandstone are
unusual because they are similar to what is found in
both channel and marine (or marginal-marine) bars.
Different facies of the Bartlesville sandstone within NW
Russell field are interpreted to have been deposited
within the same depositional system, but as a result of
variable depositional processes. The resulting sand fa-
cies may represent sandstone-redistribution patterns
from the interaction of high-current (channel?) and
shoreline (or tidal) environments.

The stratigraphy of the Bartlesville interval is shown
by detailed structural-stratigraphic cross sections A-A’
(Fig. 37, in envelope), along the depositional trend of
the field, and B-B’ (Fig. 38, in envelope), which is trans-
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Figure 36. NW Russell field area type log, showing stratigraphic section, nomenclature, and typical log signature of the
Bartlesville sand. In the study area, the “Bartlesville interval” is the strata from the base of the Inola Limestone to the top of the
Mississippian. SP = spontaneous potential; CAL = caliper; GR = gamma ray.
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verse across the field. In both cross sections, the highly
variable spatial relationship of sandstone deposits is
interpreted from the various log traces provided.

In cross section A-A’, the Bartlesville interval is shown
to dip to the west, yet no wells encountered any indica-
tion of an oil-water contact. Wells 1, 3, and 5 clearly
have an upward-coarsening textural profile, as indi-
cated on the GR and/or resistivity curves. Contrasting
with these log signatures are those of the Bartlesville
sands noted in wells 2 and 4, which have a much sharper
basal contact with shale. In well 4, the basal Bartlesville
sandstone appears to have started out as a channel,
whereas the sand bed directly above is clearly different
in its vertical log (textural) profile. The reversal of ap-
parent depositional processes (channel versus non-
channel bar morphologies) that occur within the same
depositional system is common in tidal (estuarine) en-
vironments. It is possible that the sandstone having a
definitive upward-coarsening log (textural) profile may
represent tidal-mouth bars, whereas the sand beds
having a sharper basal contact represent bar deposits
modified by tidal currents or possible remnants of
channel deposition within a coastal inlet. As shown in
wells 1, 3, 5, and the upper bed in well 4, the best part of
the Bartlesville reservoir (cleanest or highest porosity)
is the upper part of the sand zone. This characteristic is
common in nonchannel deposits. Density-porosity
measurements in the upper part of the sand beds in
wells 4 and 5 are routinely 14-16%. The best reservoir
in sands interpreted to be channel or modified bar de-
posits (well 2) occurs in the lower part of the sand zone.
This same relationship is illustrated in wells used in
cross section B-B’.

Cross section B-B’ (Fig. 38) is oriented across the
longitudinal axis of the field roughly parallel to strike.
The end wells (1 and 2) are at the field margins, where
the Bartlesville sand is either thin or absent. Well 3 is
structurally high within the field, where the Bartlesville
sand is interpreted to be a marginal-marine or a tidal-
mouth bar. This interpretation is based upon its known
proximity to fluvial-terrestrial deposits several miles to
the east, a well-developed upward-coarsening textural
profile, and an interfingering with sand beds having a
“channel-like” log signature (wells 2 and 4). To the
northwest, the Bartlesville sandstone in well 4 is inter-
preted to be a channel deposit because of its sharp
basal contact with shale and gradational upward-fining
textural profile in the upper part of the sand zone.
Although the channel sand appears to be somewhat
lower in the Bartlesville interval (possibly owing to
scour), it is believed to be part of the same depositional
system as that of the nonchannel bars. The different log
signatures probably reflect spatial variations in current
energy within a coastal embayment or estuary.

Sandstone facies represented in both cross sections
are interpreted to interfinger laterally rather than hav-
ing abrupt erosional boundaries from unrelated depo-
sitional events. Because of this interpretation, it is be-
lieved that all of the Bartlesville sandstone is related to
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a common depositional system characterized by redis-
tribution and modification of original sand deposits.
These types of depositional processes may, however,
lead to reservoir compartmentalization, despite the ap-
parent assimilation of different sandstone facies into
one sand zone.

STRUCTURE

Localized structure within the study area, as repre-
sented by an Inola Limestone structure map (Fig. 39),
shows a west—southwest dip of about 0.5° or about 50—
75 ft/mi. This structure coincides with the regional
structure of the Bartlesville sand, as shown in Figure 16.
Both structural interpretations are similar to the struc-
tural expression of the Mississippian (Fig. 40) and indi-
cate that deposition was not controlled by a unique
pre-Pennsylvanian erosional-unconformity feature, as
was the case in the Paradise field area. As can be seen
in either structure map, the highest position within the
field occurs in the far eastern part of the mapped area.
In this area, the Bartlesville sandstone is above —4,350
ft. The lowest part of the field is in the far western part
of the mapped area, where the Bartlesville is slightly
below -4,450 ft.

As at many places within the Anadarko shelf and
platform areas, fracturing may have a significant effect
on fluid flow, especially during water injection. The
dominant fracture pattern in this area is interpreted to
occur in a northeast-southwest direction, although
there is no clear-cut evidence indicating that fracturing
occurs within the field.

BARTLESVILLE SANDSTONE DISTRIBUTION
AND DEPOSITIONAL ENVIRONMENT

Figure 41 shows the gross thickness of the Bartles-
ville sandstone for all the wells in the study area. The
gross sand thickness is the total thickness of sandstone,
regardless of porosity, determined from the GR and re-
sistivity logs. The zero-thickness line is simply the limit
of sand deposition but not necessarily the limit of the
Bartlesville reservoir, which is almost always smaller in
areal extent.

The gross sandstone thickness, regardless of facies,
ranges from only a few feet to about 15 ft but is gener-
ally in the range of 7-14 ft. Near or at the depositional
limits of sandstone, the entire sand zone is very dirty
(or shaly), which is a characteristic unlike that of many
channel deposits that have clean sand beds of various
thicknesses that extend to the depositional edges of the
channels. The gross depositional pattern is not particu-
larly suggestive of either a channel or a marine bar,
which may lend support to the tidal-inlet theory pro-
posed in this study.

A net sandstone isopach map (Fig. 42) shows the
thickness of sandstone with >8% porosity. This value
was selected because it best identifies the known limit
of Bartlesville oil and gas production versus selectinga
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higher porosity cutoff value such as 10%. The net sand
thickness ranges from a few feet to 11 ft, with an aver-
age thickness of ~6 ft. Although the basic distribution
pattern of the net sand is similar to that of the gross
sand, the thickness of net sand is ~50% to 60% of the
thickness of gross sand. A higher cutoff value, such as
10%, would have significantly decreased the amount of
net sand in most wells that had production attributed
to the Bartlesville. Also, by using a higher net sand cut-
off, several Bartlesville wells would appear to have no
net sand, and this would seriously affect reserve cal-
culations. There is no water leg in the field, so the res-
ervoir includes the entire area with >0 ft of net sand
(Fig. 42).

The areal distribution pattern of Bartlesville sand-
stone within the NW Russell field study area is some-
what funnel shaped. The sand body is roughly 3 mi
long and 1.5 mi wide but narrows to only ~0.5 mi along
the eastern edge of the study area. Within the general

47 >

area, the Bartlesville sandstone extends several town-
ships to the east in a discontinuous manner (Fig. 43).
Nearly everywhere the Bartlesville sandstone is pres-
ent, it is productive, giving rise to a series of fields (a
“trend”) interpreted to be largely fluvial in depositional
origin, although nonchannel facies are locally preva-
lent. The fields in this trend are prone to oil production.

Speculation exists as to whether deposition oc-
curred from the east to the west, or just the opposite.
Although pronounced thickening of the Bartlesville in-
terval occurs to the east away from the Nemaha up-
lift—thereby implying an easterly flow direction and a
westerly source—the sandstone facies gradually thin to
the west and become marine (nonfluvial) (Fig. 43). This
sandstone-facies interpretation supports the concept
of a westward-trending depositional system with an
easterly source. Although sandstones with channel-like
log profiles are present in this study area, they are not
typical of fluvial flood-plain or delta-plain deposits.
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Figure 39. Structure map of the top of the Inola Limestone in the NW Russell field study area. This datum is a regional strati-
graphic and structural marker. Contour interval is 25 ft. See Figure 35 for well names. See Figure 36 for type log. See Appendix

4 for explanation of symbols.
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Figure 40. Structure map of the top of the Mississippi lime in the NW Russell field study area. This datum is a pre-Cherokee
erosional surface, although in this area it closely resembles the true structure as shown in Figure 39 (structure of top of Inola
Limestone). Contour interval is 25 ft. See Figure 35 for well names. See Figure 36 for type log. See Appendix 4 for explanation

of symbols.

Reasons supporting this interpretation include the
paucity of facies that clearly define a channel or flood-
plain environment, such as point-bar facies, coal,
channel incision, or abandoned-channel facies. In NW
Russell field, a clearly defined channel system is not
present; rather, certain areas appear to contain chan-
nel remnants or sand bodies that may have been re-
worked by strong currents in a relatively narrow, wind-
ing depositional trend.

FACIES MAPPING

Depositional environments, as illustrated in Figure
44, were interpreted from spatial distribution patterns
of sandstone from isopach mapping and by comparing
wireline-log signatures, particularly the GR and resis-
tivity logs. Two distinctly different facies are interpreted
in NW Russell field for productive Bartlesville sandstone,
although they do not appear to represent two different

depositional episodes. The two sandstone facies in-
clude channel and marginal marine (tidal-mouth bar?).

Channel Facies

Within the depositional limit of the Bartlesville
sandstone, ~30% of the wells contain sand beds that
have log signatures somewhat resembling channel de-
posits (i.e., sandstone beds having a relatively sharp
basal contact with shale and an overall shaling-upward
textural profile). These log signatures are generally
much different than bar or nonchannel deposits,
which have a distinctive upward-coarsening textural
profile. Although these two facies occur simultaneously
throughout the field, they seem to interfinger, and pro-
duction is not necessarily facies related. The channel
facies do not occur as incised deposits of a unique dep-
ositional event. They have a general log appearance of
upward fining but may also have a rapid basal transi-
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Figure 41. Gross sand isopach map of the Bartlesville sandstone in the NW Russell field study area. Gross sand includes all
sandstone, regardless of porosity, in the interval from the base of the inola Limestone to the top of the Mississippi lime. Con-
tour interval is 5 ft. See Figure 35 for well names. See Figure 36 for type log. See Appendix 4 for explanation of symbols.

tion from shale to sand, which can be interpreted as
upward coarsening. The channel sands do not have
distinctive shale breaks in the upper half of the sand
zone, which is typical of point bars; and lateral facies of
flood-plain environments, such as channel-margin or
abandoned-channel deposits, are not present. Addi-
tionally, channel-like sand beds are more prevalent in
the eastern part of the study area, whereas to the west,
in R. 3 W,, the Bartlesville sand zone shales out with
little, if any, indication of channeling. In the absence of
clearly delineated flood-plain sediments, the “channel
sands” may represent areas of deposition more af-
fected by current-induced sedimentation, such asin a
tidal-inlet channel or a proximal tidal-mouth bar (estu-
ary). This distinction is important for exploration pur-
poses, as there is no indication from subsurface-map-
ping techniques of a delta front or a delta plain extend-
ing farther west along the NW Russell field trend.

Marginal-Marine or Tidal-Mouth-Bar Facies

Sandstone that is interpreted to have an upward-
coarsening textural profile, as indicated from GR, resis-
tivity, and porosity logs, is considered to have origi-
nated from different depositional processes in com-
parison to the channel-like deposits previously de-
scribed. Sandstones having these characteristics are
productive within NW Russell field as well as in Bar-
tlesville fields extending farther east (Fig. 43). The inter-
fingering spatial relationship of nonchannel deposits
with sandstone beds that resemble channel deposits is
ubiquitous. This concept can be envisioned in a tidal
inlet where closely related depositional processes that
prevail in high-current areas occur adjacent to envi-
ronments where deposition results from the emana-
tion of suspended sediments in lower current areas.
The nonchannel sandstone beds are probably not de-
tached offshore bars.
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Figure 42. Net sand isopach map of the Bartlesville sandstone in the NW Russell field study area. Net sand is considered to be
sand with log porosity >8%. Contour interval is 3 ft. See Figure 35 for well names. See Figure 36 for type log. See Appendix 4

for explanation of symbols.

CORE ANALYSIS

Principal operators of the Bartlesville oil pool were
contacted about core availability and analysis for the
Bartlesville sandstone in the NW Russell field study
area. Evidently, no cores were recovered in this area.

FORMATION EVALUATION

The identification and evaluation of Bartlesville
sandstone in NW Russell field are fairly straightfor-
ward, even though the sand zone has a highly variable
clay content (as interpreted from GR logs). In fact, only
a portion of the sand zone may actually be classified as
sandstone (>50% sand fraction) versus sandy-silty
shale. However, the productive interval that is gener-
ally perforated is relatively clean (i.e., GR and resistivity
logs are not significantly affected by interstitial clay or
mica). Porosity determinations of the sandstone from
density or density-neutron logs (run on a standard 2.71

matrix density) were generally in the range of 8-14%
and averaged ~12%. Based on core data from nearby
Paradise field (this publication), these porosity values
are probably only 1-2 percentage units higher than
those of the actual reservoir rock. Reservoir character-
istics of the Bartlesville sandstone in NW Russell field
are shown in Table 7.

The deep or “true” resistivity of productive intervals
ranges from about 15 to 32 ohm-meters and is usually
about 20-30 ohm-meters. The higher resistivities occur
in sandstones within the eastern part of the field, which
is up to 100 ft higher structurally than the western part.
Sandstone in the eastern part of the field (R. 2 W.) also
has better reservoir properties (cleaner sand with high-
er porosity). A relatively strong separation of about 20-
30 ohm-meters exists between the shallow and deep
resistivity readings in the producing interval, whereas
these two measurements generally “track” one another
in the more shaly zones. The separation of the shallow
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and deep resistivity curves indicates the presence of
permeability, which has not been measured from cores
in the study area. Nevertheless, on the basis of the rela-
tively small initial-potential and low flowing-pressure
data from two wells initially completed in the Bartles-
ville (Fig. 45), the permeability is probably rather low,
possibly <10 md. Additional evidence regarding reser-
voir quality is interpreted from the caliper log (CAL). As
shown in all the cross-section wells (Figs. 37, 38), the
borehole diameter through-the Bartlesville sand zone
is not reduced by mud-cake buildup. Such reduction
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generally happens in reservoirs having a permeability
of at least 15-30 md (see Ohio-Osage field study cross
sections, Figs. 53, 54). :
Water-saturation (Sy) calculations for the Bartles-
ville sandstone ranged from ~22% to 60%. The higher
values appear to be adversely affected by low porosity.
The S, in most productive sandstones averaged ~37%.
Calculations were made by using the equation S, =
VFX R,/ R;. The formation-water resistivity (R,) was as-
sumed to be 0.035 ohm-meters at formation tempera-
ture. The Archie equation for formation factor (F=1/¢?2)

B Bartlesville

b Bar sand, possibly tidal or near-shore marine

ch Channel sand, possibly tidal influenced

b-ch Sand deposits having log profile resembling both

a channel and marine bar (rapid basal transition
from shale to sand but not sharo), and upward-
tinning textural profile in upper part of sandy body.
Sand commonly occurs in two beds.

sh Predominantly shale

Figure 44. Depositional-facies map of the Bartlesville sand in the NW Russell field study area.
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TABLE 7. - Reservoir/Engineering Data for the Bartlesville
Sandstone in NW Russell Field, Logan County, Oklahoma

Reservoir size

Depth

Well spacing (oil)
Bartlesville completions

Oil-water contact

Gas—oil contact

Porosity (in net sand}

Permeability

Water saturation (calculated)
Thickness (net sand ¢ >8%)

Reservoir temperature

Oil gravity

Initial reservoir pressure

Initial formation-volume factor

Initial average GOR (first year)

Final GOR (last full year O&G production)
OOIP (volumetric)

Cumulative primary oil prod. (to 1/97)

Primary recovery efficiency (oil)
Primary recovery (oil)
Cumulative gas production

~2,650 acres

~5,400 ft

80 acres, irregular

27, usually commingled with
Mississippian production

None observed; formation
water not produced during
primary production; load
water recovered during IP
tests

None observed

Generally 8-14% (avg. ~12%)
Unknown, probably <10 md
Generally 22-60% (avg. ~37%)
Generally 3-9 ft (avg. ~6.1 ft)
120°F

39°-42° API

Unknown

1.35 RB/STB (est.)
2,135-3,407 (SCF/BBL)
3,254-63,500 (SCF/BBL)
5,817,000 STBO

Probably <350,000 STBO;
10-20 MBO per Bartlesville
completion (est.)

<6%
<25 BO/acre-ft

Probably <2,000,000 MCF;
50-100 MMCEF per Bartles-
ville completion (est.);
some wells >200 MMCF

53 b

a few wells have single-zone completions in
the Bartlesville, and other wells were com-
pleted sequentially over long time periods,
which enabled the interpretation of Bar-
tlesville production. As an example, pro-
duction data for three wells having single-
zone completions exclusively in the Bar-
tlesville are presented in Table 8. These
three wells have typical sand develop-
ment in the nonchannel facies and average
about 17,500 BO and 176,000 MCFG per
well. These values are reasonable except for
the gas production, which is probably high,
as the eastern part of the field is more
prone to gas production versus the western
part (R. 3 W.). Assuming average produc-
tion from 20 wells (there are 27 within the
field), oil production would have been
about 350,000 BO. Gas production, how-
ever, is likely less than about 2 billion cubic
feet (BCF), because cumulative gas produc-
tion from all wells completed in the Bar-
tlesville (including commingled wells) is
less than ~3.3 BCF. As a comparison of well
performance with regard to producing
zone, cumulative-production values for oil
and gas are posted in Figure 46. Some wells
are completed only in the Mississippian,
others only in the Oswego. Many wells have
commingled production from the Bartles-
ville and one or more of these zones. A few
wells have production attributed only to
the Bartlesville.

0Oil production from the Bartlesville de-
clined rapidly after the first full year of pro-
duction. Of the three wells included in
Table 8, annual oil production fell between
52% and 60% after the first full year. The

was used because it seemed more reasonable for this
particular reservoir. Using a modified F equation
generally resulted in calculated S, values that were
unrealistically low and, conversely, oil-saturation de-
terminations that were too high. R;, true resistivity, was
taken directly from the deep resistivity log. Porosity
values were also taken directly from density logs and
reduced about 1 porosity unit to reflect actual reservoir
conditions. Neutron porosity was not used for cross-
plot porosity determinations because of the highly

variable clay content in the sandstone, which causes -

the neutron-log porosity to be too high. Log density
porosity was calculated by using a matrix density of
2.71g/cm?.

OIL AND GAS PRODUCTION

The estimated cumulative oil and gas production
from the Bartlesville sandstone in NW Russell field is
unknown, despite good production records for all wells
or leases in the study area. This is because production
from several reservoirs was commingled. Nevertheless,

rapid decline in oil production is illustrated by the pro-
duction decline curve in Figure 47. Gas production was
much more stable and actually increased after the first
full year of production, then declined gradually (Fig.
48). Cumulative production does not appear to be to-
tally related to the date of first production; rather, res-
ervoir quality is the most important factor for good pro-
duction.

Initial oil-production rates of wells initially com-
pleted in the Bartlesville ranged from 18 to 44 BOPD
(Fig. 45). The low rates and small range in initial pro-
duction probably are due to low reservoir permeability
with little natural fracturing. The general paucity of test
data made it impossible to interpret any type of local
pressure depletion over time. Flowing-tubing-pressure
data were sparse and ranged from 25 to 130 PSI.

The API gravity was measured in many wells in the
field having commingled production and varied from
39° to 42° API (Fig. 45). The single API gravity measure-
ment of Bartlesville oil from a single-zone completion
was 41.6° APIL.
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TABLE 8. — Annual Production and GOR for Three Wells
Completed Exclusively in the Bartlesville Sandstone

SE SW 20, 18N-2W NE SE 29, 18N-2W SE NW 29, 18N-2W
Year #1 Dunsmore #2 Acton #1 Miller
Oil (BBL) Gas (MCF) GOR| Qil (BBL) Gas (MCF) GOR| Oil (BBL) Gas (MCF) GOR
1978 0 0 0 0 0 0
1979 5,214 15,134 2,903 4,859 10,376 2,135 6,593 22,465 3,407
1980 2,523 2,016 799 6,868 28,952 4,215 2,911 45,004 15,460
1981 1,322 5,912 4,472 2,757 29,963 10,868 1,330 32,959 24,781
1982 750 6,070 8,093 1,462 21,921 14,994 724 15,370 21,229
1983 532 8,014 15,064 1,263 14,615 11,572 757 14,122 18,655
1984 691 4,578 6,625 866 17,560 20,277 738 13,806 18,707
1985 205 3,992 19,473 864 16,086 18,618 540 11,424 21,156
1986 300 2,096 6,987 574 14,992 26,118 543 11,113 20,466
1987 260 2,203 8,473 345 9,720 28,174 360 10,321 28,669
1988 262 1,631 6,225 517 10,268 19,861 352 8,205 23,310
1989 332 2,434 7,331 351 10,520 29,972 181 8,712 48,133
1990 396 1,774 4,480 350 9,597 27,420 364 8,107 22,272
1991 364 1,830 5,027 350 8,668 24,766 178 7.417 41,669
1992 227 1,425 6,278 126 5,675 45,040 180 6,519 36,217
1993 264 1,350 5,114 333 7,538 22,637 179 5,589 31,223
1994 397 1,730 4,358 87 5,625 63,506 175 5,633 32,189
1995 0 1,399 0 6,656 171 3,712 21,708
1996 327 1,064 3,254 (0] 5,518 0 0
Cumulative
14,366 64,652 4,500 21,972 234,150 10,657 16,276 230,478 14,161

Most wells initially produced a significant amount of
gas, regardless of structural position (Fig. 45). Initial
gas/oil ratios (IGOR) for wells having commingled pro-
duction were mostly in the range of 1,000-3,500 SCF/
BBL and were commonly ~1,500 SCF/BBL. Of the wells
completed originally or solely in the Bartlesville, the
IGOR during the first full year of oil and gas production
was between 2,135 and 3,407 SCF/BBL (Table 8). The
final GOR calculated for single-zone completions in the
Bartlesville during the last full year in which gas and oil
were produced varied from 3,254 to 63,506 SCF/BBL.
Overall, the GOR increased significantly during the first
4 years of production and then stabilized. The trend of
annual GOR for the three wells completed only in the
Bartlesville is plotted in Figure 49. Two of these three
wells had an overall increasing GOR during the life of
the well. The No. 1 Dunsmore (SEV4SWY sec. 20, T. 18
N., R. 2 W.), however, actually had a decrease in the
GOR during the last 10 years of production. Altogether,
the increase in GOR during production indicates that a
significant amount of gas evolved following depressur-

ization of the reservoir and that significant oil shrink-
age probably occurred within the reservoir.

WELL COMPLETION

Operators set 4.5-in. production casing at or very
near the bottom of the hole. In most productive wells,
the high-resistivity zones (>20 ohm-meters) were per-
forated, which encompassed essentially the entire
sand-bed thickness. The wells were acidized and then
flushed with potassium chloride (KCl) water. They
were then stimulated with a fracture treatment (in
stages for multizone completions). Fracture treatments
in single or multiple zones regularly used 10,000-
15,000 bbl of formation water and no sand. In some
wells, 1,000 bbl of versa-gel or gelled KCl was used to
mobilize sand as a proppant. This practice used some-
thing on the order of 20,000~-40,000 Ib of sand. Most of
the wells responded fairly well after stimulation, but, as
mentioned previously, oil production fell rapidly from
the onset of well completion.
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Figure 47. Oil-production decline curves, showing annual production from three wells having single-zone completions exclu-
sively in the Bartlesville sandstone.
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Figure 48. Gas-production decline curves, showing annual production from three wells having single-zone completions exclu-
sively in the Bartlesville sandstone.
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stone. Data presented in Table 8.
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Ohio-0Osage Field
(Bartlesville oil pool in sec. 28, T. 21 N., R. 9 E., Osage County, Oklahoma)

by

Richard D. Andrews and Robert A. Northcutt

INTRODUCTION

Ohio-Osage field is located in southern Osage
County in north-central Oklahoma (Fig. 50). This part
of the State is characterized by small anticlinal struc-
tures and is near the center of the Cherokee platform
province (Pl. 1). The Bartlesville oil pool in Ohio—Osage
field was discovered in 1984, although field designation
was the result of much earlier development of the shal-
lower Layton reservoir (Upper Pennsylvanian, Missou-
rian). Consequently, many of the wells along the east-
ern boundary of the study area do not penetrate the
older Bartlesville interval. The depositional trend of the
Bartlesville is speculative at some places, and the field
is prone to oil production, as little or no gas was re-
ported.

Within the area mapped, the Bartlesville sandstone
occurs primarily in deeply incised channels. The sand-
stone accumulated in relatively thick, elongated longi-
tudinal bars that are typically 50 to >75 ft thick. These
fluvial sediments are flood-plain deposits that extend-

ed basinward, owing to a fall in eustatic sea level. As
with most of the younger Cherokee events, this type of
channel system resulted in deltaic environments far-
ther basinward as they entered a marine environment.
The incised channels and enclosed sandstone reser-
voirs cut across older Bartlesville marine sediments
deposited during an earlier marine depositional event.
These marine sediments consist of shale and dirty
sandstone interpreted to be delta front and prodelta in
origin.

0Oil production was first established in the Ohio-
Osage field study area in mid-1930 with the completion
of several wells in the SW sec. 27 and the NW% sec.
34, T. 21 N,, R. 9 E. These wells were completed in the
younger Layton sandstone, which is about 1,300 ft
uphole from the Bartlesville. The first deeper drilling in
the area came in 1959, when Jet Petroleum drilled the
No. 1 Mills well in the SE¥4SE“4NWY sec. 28, which is
near the center of the Bartlesville oil pool. This well
fully penetrated the Bartlesville interval but was aban-

| ROE
I R
] #A
/\,r‘ OSAGE 20 / 21({22
N 29 / 28(27
( COUNTY *

hio-Osage Bartlesville

/ Apgroximate known limits of
oil pool

‘.,
zZN 4
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B»

Figure 50. Map showing location of the Bartlesville oil pool in the Ohio—~Osage field area, Osage County, Oklahoma.
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doned despite favorable log signatures that indicated
hydrocarbon saturation in the upper part of the lower
Bartlesville channel sandstone. No tests were com-
pleted in the Bartlesville interval in the Jet well. The
area remained inactive for about 16 years, when in
1975 Tesoro drilled the No. 1 Drummond in the NEY4
NW4 sec. 28 and encountered significant gas from a
Bartlesville channel sandstone during a drillstem test.
About 3 years later, in 1978, an updip well was drilled
by Riddle Oil in the SEvaSW% sec. 21. This well had
shows of oil and gas from the same Bartlesville interval,
but the sandstone was that of a marine bar. This rela-
tionship should have made it obvious that the channel
trended in the direction of the Jet well to the southeast
into sec. 28, although no further drilling took place for
6 more years.

Probably with the assimilation of information men-
tioned above, Petroleum Resources discovered the
Bartlesville oil pool in the Ohio—Osage field in Septem-
ber 1984 with the completion of the No. 1 Hess (NW¥
NEY%SWWY sec. 28). This well had an initial potential
(flowing) of 28 BO, 32 BW, and no gas. The shut-in tub-
ing pressure was measured at 840 PSI, which is prob-
ably very close to the initial reservoir pressure. Field
development occurred mostly during the following 1.5
years, although some development wells were drilled
as late as August 1987. A total of 16 wells were com-
pleted in the Bartlesville sandstone, along with two dry
holes. It seems likely that one or two additional drilling
locations exist in the southeastern part of the field, al-
though the likelihood of high water production may be
a compelling reason to leave well enough alone. The
Bartlesville oil has a gravity of 39° API. Although gas
was recovered during many Bartlesville tests in the im-
mediate area, no gas cap has been identified in the
field, and no associated gas production has been re-
ported. Current production information indicates that
only one well is shut in, although most wells currently
average only about 1 BOPD. The Bartlesville reservoir
has produced about 183 MBO and an unknown
amount of water from a relatively shallow depth of
~2,400 ft.

This field study was completed with the use of stan-
dard wireline well logs and production information
from the National Resources Information System
(NRIS). A map identifying producing reservoirs, well
locations, operators, well numbers, and principal
leases within the field area is shown in Figure 51.

STRATIGRAPHY

A typical log from the Ohio-Osage field and the
stratigraphic nomenclature are shown in Figure 52. On
this log, the Bartlesville interval is identified as the
strata extending from the top of an overlying “hot”
shale marker bed to the top of the underlying “Missis-
sippi chat.” Although this sequence is easy to see on
the type log, the precise stratigraphic boundaries may
be difficult to identify, as both the Inola Limestone and
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the Brown lime are absent. (Most geologists interpret
the Bartlesville interval to include the strata between
the base of the overlying Inola Limestone to the top of
the underlying Brown lime.) The approximate strati-
graphic position of the Inola Limestone, however, can
be determined, as it characteristically lies within a low-
resistivity shale zone just above the “hot” shale marker.
Therefore, the top of the Bartlesville interval is very
near the top of the 2-3-ft-thick “hot” shale marker. The
top of the Bartlesville (sand) zone is at the base of the
“hot” shale marker bed. These stratigraphic relation-
ships are shown in Figure 52.

The base of the Bartlesville interval is more difficult
to identify precisely, partly because of the absence of
the underlying Brown lime. The reported presence of
pre-Savanna lithologies, such as the Burgess sand and
the “Mississippi chat,” also make the determination of
the basal Bartlesville interval questionable. The base of
the Boggy shale (the base of the Bartlesville interval in
the type well) was therefore determined on the basis of
changes in resistivity and porosity above the Missis-
sippi lime, and a significant departure of the “clean”
GR response above the Mississippi lime toward the
shale base line. For surface mapping purposes, the
base of the Boggy Formation is picked at the base of the
Bluejacket (Bartlesville) Sandstone.

The Bartlesville interval is ~225 ft thick and can be
informally divided into an “upper” and a “lower” sand
zone. The upper Bartlesville zone is not productive
within the study area except in two wells in the SEY
sec. 29 that contain marine-sandstone facies. The iden-
tification of this zone, however, is important in order to
recognize the different depositional systems that occur
within the Bartlesville interval. Normally, the upper
zone consists of marine sandstone and shale having an
upward-coarsening textural profile, which in turn is
overlain by a persistent coal bed, and finally by ~30 ft of
shale and sandstone (Fig. 52). The top of the Bartles-
ville zone is identified by a resistivity spike just below
the “hot” shale marker bed. This horizon is used for
structural-mapping purposes because of its clarity
throughout the study area. The upper Bartlesville zone
is incised by a thick channel sequence just southeast of
the study area. Although this channel does not produce
oil or gas in the study area, it provides a clue regarding
the timing of major fluvial cycles and corresponding
sea-level changes that occurred during Bartlesville
time.

The lower Bartlesville sand zone is productive in this
field study area and generally consists of sandstone
deposited within an incised fluvial-channel system.
The sandstone is generally 50 to >75 ft thick and has an
excellent porosity of about 16%. The lower sandstone
thickens and thins greatly, and basal scour of atleast 20
ft can be interpreted from well-log correlations. Signifi-
cant thinning of sandstone also occurs within the up-
per part of the lower sand zone, which causes a paleo-
topographic effect along the upper boundary of the
sandstone deposit. Thinning within the upper part of
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the sand body is an important trapping component
within the field, particularly along the northern, east-
ern, and western pool limits. Where the incised chan-
nel is not present, the lower Bartlesville sand zone is
composed of marine sediments such as thin bar depos-
its and open-marine shale. The marine bars of the low-
er Bartlesville zone are not productive within the study
area except in two wells in the SEV sec. 29.

The stratigraphy of the Bartlesville interval is sShown
by detailed structural-stratigraphic cross sections A-A’

615>

(Fig. 53, in envelope) along the depositional trend of
the field, and B-B’ (Fig. 54, in envelope), which is trans-
verse across the incised channel. In both cross sections,
the highly variable spatial relationship of sandstone is
interpreted from the various log traces provided.

In weli 1, cross section A-A’, the Bartlesville interval
is shown to consist mostly of shale with thin sandstone
beds in the lower sand zone. This lithology is inter-
preted to be of very shallow-marine origin except for
the coal bed in the upper part of the section. About 0.25
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Figure 51. Well-information map, showing operators, well names, well numbers, producing reservoirs, completion dates, and

total depths for wells in the Ohio—Osage field study area. See Appendix 4 for explanation of symbols.
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Figure 52. Ohio—Osage field area type log, showing stratigraphic section, nomenclature, and typical log signatures of the
Bartlesville sand. In the study area, the “Bartlesville interval” encompasses the strata from the base of the “hot” shale underlying
the Red Fork interval to the top of the Mississippian. The Inola Limestone, which normally separates the Red Fork and Bartles-
ville intervals, is absent in this area. CAL = caliper; GR = gamma ray; SP = spontaneous potential.
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mi southwest of well 1, the marine sediments in the
lower Bartlesville zone are incised by a large fluvial
channel (well 2). The sandstone here appears to occur
in a relatively continuous stratigraphic section about
52 ft thick without any major shale breaks. The sand
body represented in well 2 is wet and appears to be
mostly separated from the producing reservoir, which
is in the center of sec. 28. This relationship is illustrated
in well 3, where the lower Bartlesville sand zone is com-
posed of considerably less sand, especially in the upper
part of the zone. Along the depositional strike, the
lower Bartlesville sand thickens to 72 ft at well 4. This is
near the center of the incised channel, and the stratig-
raphy of the sand body is most apparent. The bottom
part of the sand body (~40 ft) is considered the basal
channel facies, and throughout most of the field this
part of the lower sand zone is generally wet (see resis-
tivity profile in well 4). The water saturation gradually
decreases higher in the section, where the inferred oil-
water contact is interpreted where the S, approaches
50% (at about -1,540 ft, well 4). The upper part of the
lower channel deposit appears to represent a different
depositional episode, but it is still within the same
depositional system. Variations in log profiles are most
apparent in the upper part of the lower Bartlesville
sandstone, and this stratigraphic section is most likely
to have compartmentalization rather than the lower
part of the sand body. Carrying the cross section an-
other 850 ft to the east shows the sandstone to thin
considerably along the lower part of the sand interval
here. The incised channel is interpreted to be discon-
tinuous only a short distance farther east, perhaps only
a few hundred feet, and this is the major trapping com-
ponent along the eastern part of the field. Notice that
in well 5, the oil-water contact is not definitive on the
resistivity-log trace, so its position is inferred on the
cross section. Calculated S, values in the depth tract
more clearly show evidence of increasing water satura-
tion lower in the section, but lithologic changes and
large variations in porosity make water-saturated
zones more difficult to identify.

Cross section B-B’ (Fig. 54) is oriented diagonally
across the longitudinal axis of the field. The end well (1)
is outside the incised channel, and the Bartlesville in-
terval is characterized by sandstone sequences having
a distinct upward-coarsening textural profile. About 0.5
mi to the east, at well 2, the lower Bartlesville zone con-
tains sandstone and shale interpreted as channel-mar-
gin facies. This well proved to be the discovery well for
the Bartlesville oil pool and is at the very western edge
of the sand body. Water-saturation calculations shown
in the depth tract of this well are relatively high (~56%),
and the sand zone is interpreted to be largely below the
oil-water contact. The spatial relationship between
marine facies in well 1 and fluvial facies in well 2 is in-
terpreted to be abrupt, as shown in the cross section.
Farther to the east, the channel sandstone thickens to
72 ft at well 3 (type well) and reaches more than 80 ft at
well 4. Well 4 was not completed as an oil well, but log
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calculations indicate that the uppermost part of the
sand zone (upper 12 ft) is probably just above the oil-
water contact, as shown, and therefore within the lim-
its of the Bartlesville oil pool. At well 5, there is very
little sandstone in the lower Bartlesville zone; however,
a thick channel sequence is present higher in the sec-
tion. This channel sequence incised through the entire
upper Bartlesville zone subsequent to the marine se-
quence previously described, and the upper Bartles-
ville sequence, including the coal, are all eroded. As
shown in the depth tract for well 5, this sandstone is
wet. Therefore, the chronology of main depositional
events is as follows (oldest to youngest): (1) lower Bar-
tlesville coal and shale sequence (below incised chan-
nel), (2) lower Bartlesville marine sequence, (3) lower
Bartlesville incised channel, (4) upper Bartlesville coal
and marine sequence, (5) upper Bartlesville incised
channel. The incised channels identified in the field
study terminate in a deltaic sequence several town-
ships to the south (see regional sand trend map, Pl 1).

STRUCTURE

The regional dip of the Bartlesville sandstone in
north-central Oklahoma is to the west-southwest at
~50 ft/mi or ~0.5° (Fig. 16). In the study area, this trend
is similarly represented by a structure map (Fig. 55)
that depicts the top of the Bartlesville zone. This datum
is the most consistent marker horizon in the area. As
shown on this map, the oil pool is largely contained
within the limits of a small anticlinal structure having
at least 15 ft of closure. The highest position within the
field, about -1,407 ft, occurs very near the center. The
lowest part of the field is in the southern part of sec. 28,
where the Bartlesville zone lies at -1,436 ft. A well at
this location was abandoned; yet the upper part of the
lower Bartlesville sandstone is above the oil-water con-
tact and therefore is considered to be within the oil
pool. The small structure represented in Figure 55 is
typical of numerous Pennsylvanian structures that are
present in this area. Had this structure been present
during Bartlesville deposition, the channel system
surely would not have gone directly over its top.

As structure is a major component in hydrocarbon
entrapment in the study area, it was necessary to ap-
proximate the paleotopographic surface of the channel-
sand body. Figure 56 is a structure map depicting the
top of the lower Bartlesville channel sandstone. With
the combined effects of structural nosing and sand-
stone thinning within the upper part of the sand body,
the extent of the oil pool is more evident. To a large de-
gree, the oil-water contact along the updip (east) and
downdip (west) edges of the oil pool are approximately
equal to the limit of net (reservoir) sandstone.

BARTLESVILLE SANDSTONE DISTRIBUTION
AND DEPOSITIONAL ENVIRONMENT

Figure 57 shows the gross thickness of the lower
Bartlesville sandstone for all wells in the study area.
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The gross sand thickness is the total thickness of sand-
stone, regardless of porosity, determined from the GR
and resistivity logs. The zero-thickness line is the limit
of sand deposition but not necessarily the limit of the
Bartlesville reservoir, which is almost always smaller in
areal extent. The spatial limits of the incised valley are
generally somewhat larger than the gross sandstone
distribution, as areas within the channel may not have
sandstone.
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The gross thickness of the lower sandstone, regard-
less of facies, ranges from only a few feet to >80 ft but
generally is in the range of 50-75 ft in the channel.
Areas along the channel edge have considerably less
sandstone and more shale, yet the quality of sand pres-
ent is still good. The channel sandstone thins appreci-
ably in the NW sec. 28 to <30 ft but thickens to >50 ft
farther northwest. This variation in sandstone distribu-
tion probably resulted in compartmentalization of the
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Figure 55. Structure map of the top of the Bartlesville zone (base of “hot” shale) in the Ohio-Osage field study area. This da-
tum is a regional stratigraphic and structural marker and lies only a few feet beneath the top of the Bartlesville interval. Contour
interval is 5 ft. See Figure 51 for well names. See Figure 52 for type log. See Appendix 4 for explanation of symbols.
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two sand bodies. The gross sandstone isopach map
shows values for all wells having data, although the
sandstone thicknesses are contoured only within the
channel facies.

A net sandstone isopach map (Fig. 58) shows the
thickness of sandstone with >10% porosity. This value
was selected because it best identifies the distribution
of reservoir-quality sandstone at the producing depth.
The thickness of net sandstone within the channel fa-
cies ranges from 14 to 83 ft, although net productive

RSE
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sandstone above the oil-water contact is much thin-
ner. This was determined by comparing the net sand-
stone distribution map with the structure map of Fig-
ure 56. The closure identified in Figure 56 within the
limits of the net sandstone defines the approximate
sandstone thickness above the oil-water contact. The
maximum productive reservoir thickness was therefore
interpreted to be ~20 ft. Unlike the sandstone mapped
within the NW Russell field (Figs. 41, 42), the basic dis-
tribution pattern of net sand is nearly identical to that
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Figure 56. Structure map of the top of the lower Bartlesville sandstone in the Ohio—Osage field study area. Contour interval is
10 ft. See Figure 51 for well names. See Figure 52 for type log. See Appendix 4 for explanation of symbols.
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of the gross sand, which indicates good reservoir qual-
ity regardless of sandstone thickness.

The depositional pattern of the lower Bartlesville
sandstone in the Ohio—Osage field is highly suggestive
of a longitudinal bar. There is no indication from well
logs or isopach mapping that sandstone in this field
was deposited in a point bar. As in most deposits of this
type, however, the upper sandstone beds appear to

ROE
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represent a different depositional episode as interpret-
ed from the well-log signatures. The channel bar is
elongated, with a width of ~0.5 to 0.75 mi. The length of
the bar was not determined, as the bar extends south of
the area mapped, but its length is probably at least
twice its width. In an exploration sense, mapping this
channel to the south could result in additional pro-
spective areas where structural closure or stratigraphic

o
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Figure 57. Gross sand isopach map of the lower Bartlesville channel sandstone in the Ohio—Osage field study area. Gross sand
includes all sandstone, regardiess of porosity. Contour interval is 10 ft. Thickness values for nonchannel Bartlesville sandstone
is indicated on the map but not contoured. See Figure 51 for well names. See Figure 52 for type log. See Appendix 4 for expla-

nation of symbols.
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irregularities occur. This fluvial trend continues off the
Cherokee platform and eventually enters a marine en-
vironment. At this point, prospective Bartlesville sand-
stone deposits would have shallow-marine atiributes,
such as those found in distributary-mouth bars, shelf
bars, or tidal-mouth bars. Some of these facies types
are found in outcrop at Robbers Cave State Park, and
some of the slides shown during the introduction to
this workshop were taken there.

R9E
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FACIES MAPPING

Depositional environments were interpreted from
wireline-log signatures, particularly GR and resistivity
logs (Fig. 59). Two distinctly different depositional en-
vironments are interpreted for Ohio-Osage field and
include incised channels (flood-plain channel sand-
stone and shale) and shallow marine shelf (nearshore
bars, distributary-mouth bars).
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Figure 58. Net sand isopach map of the lower Bartlesville channel sandstone in the Ohio—Osage field study area. Net sand is
considered to be sand with log porosity 210%. Contour interval is 10 ft. See Figure 51 for well names. See Figure 52 for type

log. See Appendix 4 for explanation of symbols.
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Figure 59. Depositional-facies map of the lower Bartlesville sand zone in the Ohio—Osage field study area. See Appendix 4 for

explanation of symbols.

Incised (Channel) Facies
The depositional origin of these sediments appears
to be a simple, nonmeandering river system contained
within a flood plain (rather than a delta plain). This
distinction is important for exploration purposes, as
no delta front underlies the channel facies, and there-

fore no progradation has occurred—i.e., no deposi-
tion extended basinward into a marine environment
(definition of a delta!). Within the fluvial (channel)
facies, sediments either are predominantly sandstone
or are shale with thin interbedded sand layers and coal.
Because of the blocky well-log signatures, simple elon-
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TABLE 9. — Reservoir/Engineering Data for the Bartlesville
Sandstone in Ohio-Osage Field, Osage County, Oklahoma

Reservoir size

Depth

Well spacing (oil)

Bartlesville completions
Oil-water contact

Gas-oil contact

Porosity (in net sand)
Permeability

Water saturation (calculated)
Thickness (net sand ¢ 210%)

Reservoir temperature

Oil gravity

Initial reservoir pressure

Initial formation-volume factor

Initial average GOR

OOIP (volumetric)

Cumulative primary oil produc-
tion (to 12/96)

Primary recovery efficiency (oil)
Primary recovery (oil)

~230 acres

~2,400 ft

10 acres

16 in fluvial facies

About -1,540 to ~1,550 ft below sea level
None observed

13-25% (avg. ~16%)

Unknown

About 37-50% above oil-water contact

Avg. ~46 ft (avg. 19 ft above oil-water
contact)

101°F
39°API
~850 PSI

1.10 RB/STB (est. from GOR, BHT, oil
and gas gravity)

Assumed <50 SCF/BBL, as no gas re-
ported in sales

1,986,000 STBO

183,063 STBO; about 10-15 MBO per
Bartlesville well (est.)

~9.2%
~42 BO/acre-ft
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to “follow” the retreating shoreline. This is
what is meant by an “induced” fluvial sys-
tem and is the principal mechanism for the
formation of most incised channels within
FDD plays in the Cherokee platform prov-
ince.

CORE ANALYSIS

No cores were reported in completion
reports for any well drilled within the study
area.

FORMATION EVALUATION

The identification and evaluation of the
Bartlesville sandstone in Ohio—Osage field
is straightforward. The productive sand-
stone is relatively clean (i.e., GR and resis-
tivity logs are not significantly affected by
interstitial clay or mica). Porosity determi-
nations from the density-neutron logs run
on a 2.71 matrix density (used on most po-
rosity logs in the study area) are estimated
to be about 1 to 2 percentage units higher
than those of the actual reservoir sand-
stone. Therefore, porosity determinations
used in water-saturation (S,) calculations
were adjusted downward by about 1.5 po-

Cumulative gas production None reported

rosity units, as indicated on the density-
porosity logs. Neutron-porosity values

gate bar shape, and linear channel outline, the fluvial
sandstone is interpreted to be part of a longitudinal-
bar complex. Therefore, porosity and permeability are
expected to be good in a transverse direction across the
bar as well as in a longitudinal or downstream direc-
tion. Sediments deposited within the fluvial regime
that are predominantly shale are interpreted to be
channel-margin or abandoned-channel deposits and
are not part of the reservoir. They are, however, im-
portant in delineating the marine from the nonmarine
facies and appear uniquely different on electric logs.

Shallow-Marine-Shelf Deposits
(Nearshore Bars, Distributary-Mouth Bars)

Sandstones that are interpreted to have an upward-
coarsening textural profile, as indicated from GR, resis-
tivity, and porosity logs, are considered to have origi-
nated from different depositional processes in com-
parison to fluvial channel-sandstone deposits. Sand-
stones having these characteristics are not productive
within Ohio-Osage field except in the SEV sec. 29. The
marine-bar facies in the lower Bartlesville zone have
been incised by a younger channel complex that forms
the main producing Bartlesville reservoir within the
study area. This indicates that after deposition of the
marine sediments, sea level fell, causing fluvial systems

were not used for cross-plot porosity deter-

minations because of their sensitivity to

clay, which results in the neutron log’s po-
rosity being too high. Reservoir characteristics are
shown in Table 9.

The deep or “true” resistivity of productive intervals
in the channel facies ranges from about 3 to 7 ohm-
meters. Channel sandstones with values below 2.5
ohm-meters are always water wet and not productive.
Higher resistivities generally occur in the upper part of
the sand zone, and generally there is no sharp oil-wa-
ter contact. This is shown in well 4, cross section A-A’
(Fig. 53), in which the resistivity within the sandstone
gradually decreases from 6 ohm-meters at the top of
the sand body to only 1.5 ohm-meters at the base. The
corresponding calculated water saturation increases
from 53% to about 72% within this interval. Changes in
porosity also greatly affect the deep resistivity and ap-
parent water saturation. This situation is identified in
well 4, cross section B—B’ (Fig. 54), where, at a depth of
2,372 ft, the deep resistivity changes from 1.4 (above) to
0.4 ohm-meters (below). Although the calculated water
saturation does increase where the resistivity de-
creases, part of the reason is that the porosity also
changes from 18% to 26% at this same depth. All the
channel-sandstone zones have a strong separation of
about 10-40 ohm-meters between the shallow and
deep resistivity readings, although this varies greatly
depending on structural position of the sandstone and
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corresponding water saturation. The separation of the
shallow and deep resistivity curves indicates the pres-
ence of good permeability, as does the presence of
mud-cake buildup. As shown for some of the wells in
which caliper logs (CAL) were run (cross sections A-A’
and B-B’ (Figs. 53, 54), the borehole through the Bar-
tlesville sandstone has at least 0.5 in. of mud-cake

Bartlesville Play

buildup, as the hole diameter has been reduced by 1 in.
or more through this interval.

Water-saturation (S,) calculations for the Bartles-
ville channel sandstone range from about 37% to 100%.
The S, in most of the lower (nonproductive) part of the
sandstone was generally above 70%. Water saturations
in the upper producing part of the Bartlesville sand
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1, 2, and 4 Mills.
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zone were generally between 40% and 50%; the higher
value was chosen to approximate the inferred oil-wa-
ter contact. Calculations were made by using the equa-
tion Sy = VF X R,/ R;. The formation-water resistivity
(Rw) was assumed to be 0.035 ohm-meters at forma-
tion temperature. The equation used for formation

PART li: The Bartlesville Play

factor (F) was a modified Archie equation (F=0.81/¢2)
so as to reflect the average reservoir lithology (consoli-
dated sand). Using the Archie equation of F=1/¢?
would have resulted in water-saturation calculations
considerably above 100% in many of the wet zones,
which is unreasonable. R;, true resistivity, was taken di-
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Figure 63. Map showing initial potentials (IP), completion dates, API oil gravity, shut-in tubing pressure (SITP), shut-in casin

g

pressure (SICP), and well numbers for wells in the Ohio—Osage field area. Drillstem-test (DST) data and production-test (PT)

data are presented for three nonproductive wells along the edges of the field. See Figure 51 for well names. See Appendix 4

for explanation of symbols.
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rectly from the deep resistivity log. Porosity values were
also taken directly from density logs and reduced about
1.5 porosity units to reflect actual reservoir conditions.
Log density porosity was calculated by using a matrix
density 0of 2.71 g/cm3.

OIL AND GAS PRODUCTION

The estimated cumulative oil production from the
Bartlesville sandstone in Ohio—Osage field from Sep-
tember 1984 through December 1996 was 183,063 BO
(Table 9). No Bartlesville gas production was reported
from any of the wells within this field. With the possible
exception of one well, production information for indi-
vidual wells was not available, as lease-production
records involve more than one well; also, it was not al-
ways possible to extract individual well performance.
All lease-production information was taken from from
NRIS data and is summarized in Figure 60. From this il-
lustration, three leases are shown to have oil produc-
tion of 44 MBO to 54 MBO each. Since these leases
have from 3 to 5 wells each, average individual well
production is estimated at about 11 to >15 MBO. The
lease attributed to single-well production is in the
NWNWWSEY sec. 28 and has produced 16,351 BO.

Lease-production records for two leases are plotted
in the decline curves shown in Figures 61 and 62. Fig-
ure 61 is the production-decline curve representing the
No. 1 Frontier Shores lease, NW“4NW¥4SEY sec. 28, T.
21N, R.9E, and is believed to be for a single well. The
production history has no large production spikes
within the chart, although several periods are identified
as being shut in. Cumulative production for this lease
(or well) is 16,351 BO. Figure 62 is the production-
decline curve for the Mills lease in the NWY sec. 28.
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Based on completion dates of wells within the same
quarter section, three wells are believed responsible for
the production history of this lease, the Nos. 1, 2, and 4
Mills. Cumulative production for this lease is 53,297
BO, an average of about 17,765 BO per well.

Initial oil-production rates ranged from 11 to 64
BOPD (Fig. 63). All the wells in the field except the Nos.
1 and 4 Hess (SW¥ sec. 28) were on pump from the on-
set of completion. The two Hess wells flowed initially
after completion. The No. 1 Hess is the discovery well
and had the highest initial tubing pressure (840 PSI) in
the field. The range in initial production rates is sur-
prisingly small and may be due to the relatively low res-
ervoir pressure or similar reservoir properties. Some of
the wells recorded a trace of gas during completion,
but none of the wells reported any gas production. All
the Bartlesville wells reported water production follow-
ing completion, and all the wells except one produced
oil with an API gravity of 39°. Only the No. 3 Frontier
Shores in the SEY sec. 28 produced oil with a different
gravity (42°).

WELL COMPLETION

Operators set 4.5-in. or 5.5-in. production casing at
or very near the bottom of the hole. In most productive
wells, only the upper part of the sand interval was per-
forated to avoid the ever-present water-saturated
zones deeper within the sand sequence. The wells were
acidized with 1,500 to 3,000 gal of 15% hydrochloric
acid (HCI) containing clay stabilizers and iron inhibi-
tors. Fracture treatment consisted of the use of 25,000-
56,000 Ib of sand, 16,000~-23,000 gal of gelled foam, and
175,000-424,000 SCF of nitrogen.
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APPENDIX 1 — Size Grade Scales

APPENDIX 1

Various Size Grade Scales in Common Use
(from Blatt and others, 1980)

U.S. Corps Eng.,

) German scalet USDA and Dept. Army and Bur.
Udden-Wenrworth values  (after Arterberg)  Soil Sci. Soc. Amer. Reclamationt
(Blockwerk)
Cobbles —200 mm— Cobbiles Boulders
80 mm 10 in.
64 mm —6 Cobbilcs
Pcbbles G”.WCI 3in.
(Kies) Gravel
4 mm -2 Gravel
——4 mesh
Granules N e
Coarse sand
2 mm —1 2 mm 2 mm —10 mesh
Very coarse sand Very coarse sand
I mm 0 I mm
Coarse sand Suand Coarse sand Medium sand
0.5 mm 1 0.5 mm
Medium sand Mecdium sand ——40 mesh
0.25 mm 2 —0.25mm
Fine sand Fine sand Fine sand
——0.125 mm 3 —0.10 mm
Very finc sand Very fine sand 200 mesh——
—0.0625 mm—— 4 —0.0625 mm—
——0.05mm
Silt Silt
Silt Fines
——0.003% mm—- 8
—0.002 mm— ——0.002 mm
Clay Clay Clay
(Ton)

tSubdivisions of sand sizes omitted.

+Mesh numbers are for U.S. Standard sieves: 4 mesh = 4.76 mm, 10 mesh = 2.00 mm, 40 mesh

= 0.42 mm, 200 mesh = 0.074 mm.
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API]
BCF
BCFG
BCPD
BLWPD
BO
BOPD
BHP
BLWPD
BWPD
CAL
COF
COND
cp
D&A
DST
GeoSystems
GL
GOR
GR

gty

P

IPF

PP

KB
MBO
MCF
MCFGPD
md
MMBO
MMCF
MMCFG

APPENDIX 2 - List of Abbreviations

APPENDIX 2
Abbreviations Used in Text and on Figures, Tables, and Plates

American Petroleum Institute
billion cubic feet (of gas)
billion cubic feet of gas
barrels of condensate per day
barrels of load water per day
barrels of oil

barrels of oil per day
bottom-hole pressure

barrels of load water per day
barrels of water per day
caliper

calculated open flow
conductivity

centipoise (a standard unit of viscosity)
dry and abandoned

drill stem test

Geo Information Systems
ground level

gas to oil ratio

gamma ray

gravity

initial potential

initial production flowing
initial production pumping
kelly bushing

thousand barrels of oil
thousand cubic feet (of gas)
thousand cubic feet of gas per day
millidarcies, or 0.001 darcy
million barrels of oil

million cubic feet (of gas)
million cubic feet of gas

MMCFGPD
MMSCF
MMSTB
MSCEF/STB

MSTB
NRIS
OA
OGS
OO0IP
owC
Oowwo
perf
PSI
PSIA
PVT
RB

RB/STB

RES
SCF/STB
SICP

SITP

Sp

STB or STBO

STB/DAY
Sw

TD

TSTM

million cubic feet of gas per day
million standard cubic feet (of gas)
million stock tank barrels

thousand standard cubic feet per stock
tank barrel

thousand stock tank barrels

Natural Resources Information System
over-all (gross interval of perforations)
Oklahoma Geological Survey

original oil in place

oil-water contact

oil well worked over

perforation interval

pounds per square inch

pounds force per square inch, absolute
pressure volume temperature

reservoir barrels (unit of measurement
of oil in the subsurface where the oil
contains dissoived gas); see STB or STBO

reservoir barrels per stock tank barrels
resistivity

standard cubic feet per stock tank barrel
shut in casing pressure

shut in tubing pressure

spontaneous potential

stock tank barrels of oil (unit of measure-
ment for oil at the surface in a gas-free
state rather than in the subsurface reser-
voir where the oil contains dissolved gas);
see RB

stock tank barrels (of oil) per day
calculated water saturation

total depth

too small to measure
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APPENDIX 3
Glossary of Terms
(as used in this volume)
Definitions modified from Bates and Jackson (1987), Sheriff (1984), and Van Wagoner and others (1990).

allogenic—Formed or generated elsewhere.

anastomosing stream—A fluvial depositional system
characterized by a branching network of shallow chan-
nels. Similar in form to braided river systems except that
anastomosing rivers have alluvial islands covered by
dense and permanent vegetation that stabilizes river
banks.

authigenic—Formed or generated in place.

avulsion—A sudden cutting off or separation ofland by a
flood or by an abrupt change in the course of a strearn, as
by a stream breaking through a meander or by a sudden
change in current whereby the stream deserts its old
channel for a new one.

bar finger—An elongated, lenticular body of sand under-
lying, but several times wider than, a distributary channel
in a bird-foot delta.

bed load—The part of the total stream load that is moved
on or immediately above the stream bed, such as the
larger or heavier particles (boulders, pebbles, gravel)
transported by traction or saltation along the bottom; the
part of the load that is not continuously in suspension or
solution.

braided stream—A stream that divides into or follows an
interlacing or tangled network of several small branching
and reuniting shallow channels separated from each
other by branch islands or channel bars.

capillary pressure—The difference in pressure across the
interface between two immiscible fluid phases jointly
occupying the interstices of a rock. It is due to the tension
of the interfacial surface, and its value depends on the
curvature of that surface.

centipoise—A unit of viscosity equal to 10-3kg/s.m. The
viscosity of water at 20°C is 1.005 centipoise.

channel deposit—An accumulation of clastic material,
commonly consisting of sand, gravel, silt, and clay, in a
trough or streamn channel where the transporting capac-
ity of the stream is insufficient to remove material sup-
plied to it.

clay drapes—Layers of clay and silt deposited on lateral
accretionary surfaces of point bars during periods of de-
creased river discharge.

crevasse-splay deposit—See splay.

delta—The low, nearly flat, alluvial tract of land at or near
the mouth of a river, commonly forming a triangular or
fan-shaped plain of considerable area, crossed by many
distributaries of the main river, perhaps extending be-
yond the general trend of the coast, and resulting from
the accumulation of sediment supplied by the river in
such quantities that it is not removed by tides, waves, and
currents. See also: delta plain, delta front, prodelta, lower
delta plain, and upper delta plain.

delta front—A narrow zone where deposition in deltas is
most active, consisting of a continuous sheet of sand, and
occurring within the effective depth of wave erosion (10
m or less). It is the zone separating the prodelta from the
delta plain, and it may or may not be steep.

delta plain—The level or nearly level surface composing
the landward part of a large delta; strictly, an alluvial plain
characterized by repeated channel bifurcation and diver-
gence, multiple distributary channels, and interdistribu-
tary flood basins.

diagenesis—All changes that affect sediments after initial
deposition, including compaction, cementation, and
chemical alteration and dissolution of constituents. It
does not include weathering and metamorphism of pre-
existing sediments.

diapir—A dome or anticlinal fold in which the overlying
rocks have been ruptured by the squeezing-out of plastic
core material. Diapirs in sedimentary strata usually con-
tain cores of salt or shale.

distributary channel—(a) A divergent stream flowing
away from the main stream and not returning to it, asin a
delta or on an alluvial plain. (b) One of the channels of a
braided stream; a channel carrying the water of a stream
distributary.

distributary mouth bar—The main sediment load of a
distributary channel in the subaqueous portion of a delta
(also called the delta front). It consists predominantly of
sand and silt; grain size decreases seaward.

eustatic—Pertaining to worldwide changes of sea level
that affect all the oceans.

facies—(a) A mappable, areally restricted part of a litho-
stratigraphic body, differing in lithology or fossil content
from other beds deposited at the same time and in litho-
logic continuity. (b) A distinctive rock type, broadly corre-
sponding to a certain environment or mode of origin.

fluvial—(a) Of or pertaining to a river or rivers. (b) Pro-
duced by the action of a stream or river.

formation-volume factor—The factor applied to convert
a barrel of gas-free oil in a stock tank at the surface into
an equivalent amount of oil in the reservoir. It generally
ranges between 1.14 and 1.60. See also: shrinkage factor.

highstand—The interval of time during one or more cy-
cles of relative change of sea level when sea level is above
the shelf edge in a given local area.

highstand system tract (HST)—The stratigraphically
higher (or younger) depositional system(s) in a succes-
sion of genetically related strata bounded by unconform-
ities or their correlative counterparts.

incised valleys—Entrenched fluvial systems that extend
their channels basinward and erode into underlying
strata.
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infilling—A process of deposition by which sediment falls
or is washed into depressions, cracks, or holes.

isopach—A line drawn on a map through points of equal
true thickness of a designated stratigraphic unit or group
of stratigraphic units.

lacustrine—Pertaining to, produced by, or formed in a
lake or lakes.

lower delta plain—Depositional environment within a
delta which extends from the subaqueous delta frontto
the landward limit of marine€ (tidal) influence.

lowstand—The interval of time during one or more
cycles of relative change of sea level when sea level is be-
low the shelf edge.

lowstand system tract (LST)—The stratigraphically lower
(or older) depositional system(s) in a succession of ge-
netically related strata bounded by unconformities or
their correlative counterparts.

meander—One of a series of regular freely developing
sinuous curves, bends, loops, turns, or windings in the
course of a stream. See also: meander belt.

meander belt—The zone along a valley floor across
which a meandering stream shifts its channel from time
to time; specifically the area of the flood plain included
between two lines drawn tangentially to the extreme lim-
its of all fully developed meanders. It may be from 15 to
18 times the width of the stream.

meteoric water—Pertaining to water of recent atmo-
spheric origin.

millidarcy (md)—The customary unit of measurement of
fluid permeability, equivalent to 0.001 darcy.

mud cake—A clay lining or layer of concentrated solids
adhering to the walls of a well or borehole, formed where
the drilling mud lost water by filtration into a porous for-
mation during rotary drilling.

natural water drive—Energy within an oil or gas pool,
resulting from hydrostatic or hydrodynamic pressure
transmitted from the surrounding aquifer.

offlap—A term commonly used by seismic interpreters
for reflection patterns generated from strata prograding
into deep water.

onlap—The progressive submergence of land by an ad-
vancing sea.

point bar—One of a series of low, arcuate ridges of sand
and gravel developed on the inside of a growing meander
by the slow addition of individual accretions accompany-
ing migration of the channel toward the outer bank.

prodelta—The part of a delta that is below the effective
depth of wave erosion, lying beyond the delta front, and
sloping gently down to the floor of the basin into which
the delta is advancing and where clastic river sediment
ceases to be a significant part of the basin-floor deposits.

progradation—The building forward or outward toward
the sea of a shoreline or coastline (as of a beach, delta, or
fan) by nearshore deposition of river-borne sediments or
by continuous accumulation of beach material thrown
up by waves or moved by longshore drifting.

proppant—As used in the well completion industry, any
type of material that is used to maintain openings of in-
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duced fractures. Proppants usually consist of various
sizes of sand, silica beads, or other rigid materials, and
they are injected into the formation while suspended in a
medium such as water, acid, gel, or foam.

regression—The retreat or contraction of the sea from
land areas, and the consequent evidence of such with-
drawal (such as enlargement of the area of deltaic deposi-
tion).

residual 0il—OQil that is left in the reservoir rock after the
pool has been depleted.

ribbon sand—See: shoestring sand.

rip-up—Said of a sedimentary structure formed by shale
clasts (usually of flat shape) that have been “ripped up”
by currents from a semiconsolidated mud deposit and
transported to a new depositional site.

river bar—A ridge-like accumulation of alluvium in the
channel, along the banks, or at the mouth, of a river.

shoestring sand—A shoestring composed of sand or
sandstone, usually buried in the midst of mud or shale;
e.g., a buried distributary mouth bar, coastal beach, or
channel fill.

shrinkage factor—The factor that is applied to convert a
barrel of oil in the reservoir into an equivalent amount of
gas-free oil in a stock tank at the surface. It generally
ranges between 0.68 and 0.88. See also: formation-vol-
ume factor.

splay—A small alluvial fan or other outspread deposit
formed where an overloaded stream breaks through a
levee (artificial or natural) and deposits its material on the
flood plain or delta plain.

stillstand—Stability of an area of land, as a continent or
island, with reference to the Earth’s interior or mean sea
level, as might be reflected, for example, by a relatively
unvarying base level of erosion between periods of
crustal movement.

subaerial—Said of conditions and processes, such as ero-
sion, that exist or operate in the open air on or imme-
diately adjacent to the land surface; or of features and
materials, such as eolian deposits, that are formed or
situated on the land surface. The term is sometimes con-
sidered to include fluvial.

tabular cross-bedding—Cross-bedding in which the
cross-bedded units, or sets, are bounded by planar, es-
sentially parallel surfaces, forming a tabular body.

thalweg—The line conecting the lowest or deepest points
along a stream bed or valley, whether under water or not.

transgression—The spread or extension of the sea over
land areas, and the consequent evidence of such ad-
vance.

transgressive system tract (ITST)— A depositional epi-
sode that is bounded below by the transgressive surface
and above by sediments representing a period of maxi-
mum flooding. The depositional environment of a TST
becomes progressively deeper upward in the section.

transverse river bar—A channel bar deposit which is
generally at an angle across the channel but prograding
on the downstream side. This type of river deposit may be
lobate, straight, or sinuous in map view.
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trough cross-bedding—Cross-bedding in which the
lower bounding surfaces are curved surfaces of erosion; it
results from local scour and subsequent deposition.

upper delta plain—Depositional environment in a delta
that extends from the down-flow edge of the flood plain
to the effective limit of tidal inundation of the lower delta
plain. The upper delta plain essentially is that portion of a
delta unaffected by marine processes.

815

unitized—Consolidating the management of an entire oil
or gas pool, regardless of property lines and lease bound-
aries, in the interest of efficient operation and maximum
recovery.

valley fill—Sediment deposited in a valley or trough by any
process; commonly, fluvial channel deposition is implied.

water leg—A water-saturated zone that extends below an
oil- or gas-saturated zone.
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APPENDIX 4

Well Symbols Used in Figures and Plates

EXPLANATION

Oil well
Gas well

Oil & gas well
Dry hole

Dry, show of oil
Dry, show of gas

G H 4o KX e

Dry, show of oil & gas
"SWo  water-supply well

/ Water-injection well

# Oil well, plugged & abandoned
/\ Discovery well

(O Type log

NL No log

NDE Not deep enough

no No data

A Sand absent

Producing Formations

@)
Sk
B
M
Mz
\

Sm

Oswego

Skinner
Bartlesville
Missississippian
Misner

Viola

Simpson
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APPENDIX 5

Core Descriptions, Well Logs, and Digital Images
of Select Rock Intervals for Two Wells:

1. Appleton Oil Company No. 1 Graves
CNW%SWY: sec. 32, T.18 N., R. 2 E.
Bartlesville, marine bar
Cored interval: 4,412—4,443 ft

2. Shell Oil No. 10-C Bayless
C SEY4SEY4 sec. 30, T.24 N, R. 12 E.
Bartlesville, marine bar
Cored interval: 4,412—4,443 ft
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Appleton Oil Company No. 1 Graves

C NW%SW¥ sec. 32, T. 18 N,, R. 2 E.

Bartlesville sandstone core
Marine bar (delta front?)

Log depth = Core depth * a few feet

Described by: Richard D. Andrews

Core depth
(in feet)

4,412-4,413.3

4,413.3-4,418.0

4,418.0-4,421.8

4,421.8-4,423.3

4,423.3-4,425.9

4,425.9-4,426.6

Lithology and sedimentary structures

Core depth
(in feet)

Interbedded sandstone and shale. Sand

is very fine grained, mostly greenish but,
in places, rusty in color. Bedding is hori-
zontal to wavy. Shale is silty, slightly mi-
caceous, with no carbonaceous material.

TOP OF UPPER SAND BED

Upper marine-bar facies. Sandstone,
fine-grained; sharp upper contact with
interbedded sequence described above.
Massive bedding and, in places, medium-
angle cross-bedding. Oil staining occurs
throughout sand interval. Sand becomes
increasingly interbedded with thin shale
layers with depth. Sand has excellent
porosity and permeability and is rela-
tively clean, with little mica. Burrowing
and bioturbation at 4,417.4 ft.

Bar transition. Sandstone with inter-
bedded shale. Sand is very fine grained,
has good porosity, but occurs in thin
beds 0.25 in. to several inches thick or in
thin lenses or pods between shale layers.
Shale occurs in thin beds or lJaminae and
is slightly micaceous, with small amounts
of carbonaceous material.

Sandstone, very fine grained, with some
thin shaly interbeds or laminations.

Sandstone and interbedded shale. Sand
occurs in thin layers or lenses <0.5 in.
thick. Horizontal and ripple bedding pre-
dominates. Shale is slightly micaceous
and has only small amounts of carbon-
aceous material. Possible burrows at
4,424 9 ft.

Sandstone, very fine grained, with car-
bonaceous shale laminations.

4,426.6-4,427 .4

4,427.4-4,429.5

4,429.5-4,430.5

4,430.5-4,434.3

4,434.3-4,443

Lithology and sedimentary structures

Shale and interbedded sandstone lenses
with ripple and horizontal bedding.

TOP OF LOWER SAND BED

Middle to upper marine-bar facies.
Sandstone, very fine grained, with shale
laminations between 4,428.1 and 4,428.5
ft. Sandstone has faint ripple bedding or
is massive, and has very good porosity.
Shale beds are moderately micaceous
and have numerous small pieces of
organic debris.

Interbedded sandstone, very fine grained,
and shale. Shale is silty to sandy, occurs
in thin beds or laminations, and is some-
what carbonaceous, with moderate
amounts of mica. Bedding is mostly hori-
zontal. ’

Sandstone, very fine to fine-grained,
irregular to slightly ripple bedded, with
numerous interbedded shale laminations
that increase with depth. Sandstone has
good porosity. Dark-colored intervals are
oil stained, whereas light-colored layers
are tightly cemented with calcite. Shale
partings are slightly micaceous and have
abundant small pieces of carbonaceous
debris.

Bar transition. Interbedded sandstone
and shale. Sand is very fine grained, in
thin layers <1 in. thick, and is wavy to
horizontal bedded. Shale as above. Bio-
turbation and burrowing are evident
below 4,440 ft.
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Appleton Oil Company No. 1 Graves (C NW¥%4SWYi sec. 32, T. 18 N,, R. 2 E.)

Reservoir: Bartlesville sandstone
Depositional environment: Marine bar, possibly

Log depth: 4,412-4,443 ft + a few feet

Core depth: 4,412-4,443 ft
distributary-mouth bar
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Appleton Oil Company No. 1 Graves (C NW¥SW¥ sec. 32, T. 18 N., R. 2 E.)

Coredepth: 4,413.4-4,413.91t

Log depth:

Upper marine-bar facies (upper sand bed). Sand-
stone, fine-grained, sharp upper contact with shale
(not shown). Excellent porosity and permeability.
Massive bedding, owing to rapid deposition. Faint
shale lamination in bottom part of sample shows
uneven bedding. This well-sorted sandstone occurs
in the upper part of the sandstone bed but is increas-
ingly interbedded with shale lower in the section. No
bioturbation or burrowing is apparent. The upward-
coarsening textural profile and lack of rip-up clasts
characterizes this sand bed as being a marine-bar
rather than a fluvial-channel deposit.

about 4,413.4-4,413.9 ft

Core depth:
Log depth:

4,427-4,427.5 ft
about 4,425-4,425.5 ft

Bar-transition facies. Sandstone and interbedded
shale. Faint ripple bedding in upper 2 in. Rhythmic
pattern of subhorizontal beds of shale and very fine
grained sand is most unlike that of sand-shale
sequences in channel facies. Most apparent in this
sample is the lack of interbedded sandstone lenses
having small-scale cross-bedding, which is more
characteristic of facies within the upper part of
channel deposits in fluvial environments (see Shell
core at 1,601-1,601.5 ft in this Appendix). The bar-
transition facies probably grades upward into the
clean sandstone of the marine-bar facies described in
left column.



APPENDIX 5 - Core Descriptions 87 &>

Appleton Oil Company No. 1 Graves (C NW¥%SWY; sec. 32, T. 18 N., R. 2 E.)

Coredepth: 4,433-4,433.25 ft
Logdepth: about4,433-4,433.25 ft

Marine-bar facies of lower sand bed. Sandstone, very
fine to fine-grained, with irregular to slight ripple
bedding. Shale laminae are moderately carbonaceous
and micaceous and are more numerous with depth. The
light-colored sandstone (upper three-fourths of sample)
is tight and calcareous. The darker sandstone in the
bottom part of sample is not cemented with calcite and
is slightly more porous, hence the visible oil staining.
Overall, the lower marine-sand bed has less porosity
and permeability and considerably more shale as
compared to the upper marine-sand bed.

Core depth: 4,442-4,442.6 ft
Logdepth: about4,442-4,442.6 ft

Lower bar-transition facies. Shale and interbedded
thin sandstone lenses. The indistinct bedding through-
out this sample and small, numerous, inclined, light-
colored areas appear to be the result of bioturbation
and burrowing. A few feet lower in the section, shale
predominates, which may be analogous to prodelta
facies of a subaqueous delta front.
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Shell Oil No. 10-C Bayless
C SEY4SEY sec. 30, T.24 N, R. 12 E.
Bartlesville sandstone core
Incised Channel

Log depth = ~5 ft lower than core depth Described by: Richard D. Andrews

Core depth Core depth
(in feet) Lithology and sedimentary structures (in feet) Lithology and sedimentary structures
UPPER CHANNEL FACIES 1,599-1,602.1 Shale parting. Shale and sandstone.
1,570-1,572.2 Sandstone, very fine grained; medium- Sand is very fine grained, has small-
to high-angle cross-bedding, possible scale ripple- and cross-bedding, and is
slumping at 1,571.2 ft. Very porous, interbedded with numerous black-shale
relatively clean sand with few shale !am}natlons. Shale partings are slightly
laminations. inclined and have small amount of
1,572.2-1,575 Sandstone and shale. Sand is very fine mica and little organic debris.
grained with small-scale cross-bedding 1,602.1-1,605.5 Lower channel facies (top of lower
or indistinct bedding, with some inter- [main] sand bed). Sandstone, fine-
bedded black-shale laminations. Ripple to very fine grained, with horizontal
bedding is present but not common. an(} l(;lwl- angle CrOSS-bEdlclillngl. Sand is
. . . is slightly micaceous with little or no
1,575-1,575.9 Sandstone, very fine grained, with shale laminations.

1,575.9-1,577.2

1,577.2-1,580.1

1,580.1-1,580.6

1,580.6-1,587.6

1,587.6-1,590

1,590-1,599

scattered rip-up clasts. Mud clasts are
elongate, ~0.1 in. high and ~0.5 in. long.
Bedding is mostly horizontal with scat-
tered ripples. Climbing ripples poorly
developed at 1,575.5 ft.

Shale parting. Shale, black, and inter-
bedded sandstone, very fine grained;
mostly horizontal bedding.

Sandstone, very fine to fine-grained;
slightly inclined bedding. Relatively
clean sand with few shale laminations.

Shale parting. Shale, black, with inter-
bedded very fine grained sandstone.
Low-angle to horizontal bedding.

Sandstone, fine- to very fine grained;
upper part has medium-angle cross-
bedding and few shale laminations.
Lower part is coarser (fine grained) and
has horizontal bedding and scattered
shale laminations. All sand is relatively
clean, with little mica, and has excellent
porosity. Sand has sharp basal contact
with shale.

Shale parting. Shale and interbedded
sandstone. Sand is very fine grained and
has horizontal and small-scale cross-
bedding. Shale occurs in thin beds and
laminations. Small pieces of organic
debris are scattered throughout the
shale layers.

Sandstone, fine-grained, with medium-
angle cross-bedding. Sand is relatively
clean, with few shale laminations, and
has excellent porosity. Sharp basal
contact with shale.

1,605.5-1,606.5

1,606.5-1,625.2

1,625.2-1,626

1,626-1,636.2

1,636.2-1,637.3

1,637.3-1,639

Sandstone and interbedded shale. Sand
is very fine grained, with horizontal
bedding. Shale beds have minor to
moderate amounts of mica.

Sandstone, fine- to medium-grained.
Continuous sand section with down-
ward-coarsening grain-size texture.
Medium-angle cross-bedding predom-
inates, with some horizontal bedding.
Good to excellent porosity. Relatively
clean sand is nearly all quartz. A few
rounded mud clasts occur at 1,614.5 and
at 1,615.8 ft.

Sandstone, fine- to medium-grained;
contorted bedding (flowage).

Sandstone, fine- to medium-grained;
low- to medium-angle cross-bedding.
Widely scattered shale laminations are
coaly and highly carbonaceous. A small
amount of carbonaceous debris (in very
small pieces) occurs throughout the
bottom part of this interval. Sandstone
is mostly quartz, with a small amount
(<10%) of rock fragments. Possible
flowage at 1,628 ft.

Basal conglomerate with rounded,
orangish mud clasts up to 2 in. in
diameter. Sharp basal contact with
underlying shale.

BASE OF CHANNEL

Black shale, fissile to finely bedded;
little or no mica or carbonaceous
debris.
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Shell Oil No. 10-C Bayless (C SEY4SEY sec. 30, T. 24 N.,R. 12 E.)

Reservoir: Bartlesville sandstone Log depth: about 1,575-1,644 ft
Depositional environment: Incised fluvial channel Core depth: 1,570-1,639 ft
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Shell Oil No. 10-C Bayless (C SEV4SEY sec. 30, T. 24 N, R. 12 E)

Core depth: 1,601-1,601.5 ft
Log depth: about 1,606-1,606.4 ft

Shale parting. Sandstone and interbedded shale. Sand
is very fine grained and has smali-scale cross-bedding.
Possible climbing ripples just above right-center part of
sample. Shale laminations have a small amount of mica
and little organic debris. This core interval appears to
correlate with a distinct shale break on the gamuma-ray
log and represents either the upper facies of the main,
basal sand bed or a shale parting (clay drape?).

Core depth: 1,615.7-1,616 ft
Logdepth: about 1,620.7-1,621 ft

Lower sand-zone facies. Sandstone is fine grained
but gradually increases to medium grained several
feet lower in the section. Porosity is good to
excellent. This sample shows mostly horizontal
bedding with scattered mud clasts in the center
and lower parts of the sample. In the lower part of
the sample, medium-angle cross-bedding is well
developed and shows erosional truncation.
Textural and bedding features such as these are
characteristic of strong current energy in a fluvial
environment.



APPENDIX 5 — Core Descriptions 91 >

Shell Oil No. 10-C Bayless (C SEx4SEY% sec. 30, T. 24 N, R. 12 E.)

Coredepth: 1,625.3-1,625.8 ft
Logdepth: about 1,630.3-1,630.8 ft

Lower sand-zone facies. Sandstone, fine- to medium-
grained, showing contorted bedding (flowage). Bed-
ding such as this is common in most environments
experiencing rapid deposition, including channel-
mouth bars and fluvial channels. The association of
other textural features of this lower sand bed, includ-
ing downward-coarsening grain size, interbedded
coaly layers, conspicuous presence of rock fragments,
and sharp basal contact, supports a fluvial-environ-
ment interpretation.

Coredepth: 1,636.6-1,637.1 ft
Logdepth: about1,640.6-1,641.1 ft

Basal channel facies. Conglomerate with rounded
mud clasts up to 2.5 in. across. Smaller mud clasts
(up to ~1 in. across) are elongate parallel to bedding.
These coarse fragments are rip-up clasts deposited
along the river bottom as the result of bank erosion
during highest relative stream current. The sharp
basal contact of this sequence with the underlying
shale is evidence of significant scouring.
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APPENDIX 6
Stratigraphic Column for the Fluvial-Dominated Deltaic (FDD) Reservoirs Project

FORMAL TERMINOLOGY ‘
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Fluvial-Dominated Deltaic (FDD) Oil Reservoirs
in Oklahoma: The Bartlesville Play
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Reservoir Simulation of the Bartlesville Sand Reservoir,

Paradise Field, Payne County, Oklahoma

R. M. Knapp, C. Xie, and Z. Samad
School of Petroleum and Geological Engineering
University of Oklahoma

ABSTRACT.—A three-dimensional, three-phase oil-reservoir model was constructed to
estimate the original oil in place (OOIP), simulate historical field production, and inves-
tigate strategies to improve oil recovery from the Bartlesville sandstone in the Paradise
field, southwestern Payne County, Oklahoma. The Bartlesville sandstone comprises
fluvial-channel and point-bar deposits. The reservoir descriptions were based on geo-
logic interpretations of reservoir-sandstone distribution structure, depositional history,
and correlation between well-logging and core data.

The estimated OOIP from the geological study was 3,650,000 stock tank barrels of oil
(STBO), and the OOIP from the simulation model is estimated to be 4,000,000 STBO.
After 10 years of primary production, nearly 11.2% of the OOIP (409,000 STBO) had
been recovered, as of April 30, 1994. The primary reservoir-energy source appears to
have been solution-gas drive. A water-injection project was started in May 1994, and it
achieved some oil-production response. The volume of unproduced mobile oil, about
42% of the OOIP, is a strong incentive to consider additional oil-recovery opportunities
from this field by improving waterflood sweep or expanding operations. After compar-
ing three 5-year development strategies, it appears that converting the No. 2 Longan
well to an injector would be an attractive choice. We believe there is a target of addi-

tional oil recovery of about 460,000 STBO (or 13% of the OOIP).

INTRODUCTION

Paradise oil field, in southwestern Payne County,
Oklahoma, lies in sec. 4, T. 17 N., R. 1 E,, and secs. 33
and 34, T. 18 N., R. 1 E. This field produces oil and gas
from fluvial-channel and point-bar deposits in the
Bartlesville sandstone in two areas, an east sand body
and a west sand body. It appears that the eastern and
western parts produce from different channel paths
and that little or no hydraulic continuity exists between
them. The boundaries of the channels were assumed to
be no-flow boundaries. The Bartlesville sand in this
reservoir lies at a depth of 4,800 ft and covers a total
area of 314 acres, the eastern part comprising 164 acres
and the western part 150 acres. The average net sand
thickness in the whole study area is 16.6 ft, 17.3 ft in the

east and 15.9 ft in the west. A complete discussion of
the field can be found in Part II of this volume.

The major objectives of this study were (1) to use ex-
isting data to develop a reservoir-simulation model of
Paradise field for use in BOAST3 (Mathematical &
Computer Services, Inc., 1995); (2) to analyze past field-
production performance, especially the results of water
injection; and (3) to identify potential strategies to im-
prove oil recovery using the developed reservoir model.

OVERVIEW OF FIELD DEVELOPMENT

The Bartlesville oil pool in Paradise field was acci-
dentally discovered in March 1986 when Canadian Ex-
ploration tried to extend a Misener sandstone (Devon-
ian) play toward the south. The discovery well was the
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No. 3 Downey (SEYaSW%4SW'% sec. 33, T. 18 N.,R. 1 E.).
The field was developed on 10-20-acre spacing.
Through July 1990, 13 wells had been drilled and com-
pleted in the Bartlesville sand. The reported cumulative
oil and gas production through July 1997 was 444 mil-
lion stock tank barrels (MMSTB) and 489 million stan-
dard cubic feet (MMSCEF), respectively. No gas produc-
tion was reported from three of the wells.

The development of this field was relatively slow and
continued to the east until July 1990. The primary
source of reservoir energy was solution-gas drive. Oil-
and gas-production rates continually decreased until
water injection began in 1994. In March 1994, the east-
ern half of the field was unitized by Pinnacle Oil. One
well, the No. 2 Boyce, in the extreme eastern part, was
converted to a water-injection well, and a waterflood
began in May 1994. In mid-1995, the first significant
response in oil production occurred. Two wells in the
western part were plugged and abandoned in 1995,
and one well in the center of the field was converted to
a water-supply well.

DATA AVAILABILITY

Data used for reservoir characterization and simula-
tion included depths to the top of the sandstones, net-
sand thickness, porosity, permeability, lithology, and
initial water saturation. Values for these parameters
were obtained from well logs and core analyses.

Richard D. Andrews (Part I, this volume) inter-
preted the depths to the top of each zone and net-pay
thicknesses for each zone. Porosity and absolute per-
meability were evaluated from the core analysis of the
No. 2 Longan. The initial water-saturation data were
calculated, using Archie’s equation and data from the
deep-resistivity log. The initial reservoir pressure of
1,888 PSIA and the initial gas/oil ratios (GOR) of 479
SCF/STB were obtained from Andrews (Table 3, Part II,
this volume). Individual well records of oil, gas, and
water production, plus water injection,
were provided by Andrews and Pin-

Part lI: Reservoir Simulation

permeability of 60 md was assumed for the simulation
model. An average initial water saturation of 35% was
used for the simulation blocks. A residual-oil saturation
of 30% was assumed. Initial relative permeabilities
were estimated, using Honarpour's method (Honar-
pour and others, 1986).

The average reservoir temperature reported from
well logs was 120°F. The specific gravity (1.165) and sa-
linity (200,000) of the formation water were estimated
from Bradley (1987). Different saturation functions and
pressure-volume-temperature (PVT) regions were es-
tablished for the east and west sand bodies, since the
fluids and rocks appear to be different. The reported oil
gravity ranged from 340 to 380 API (east sand) and from
37° to 40° API (west sand). An average oil gravity of
37.8° API was chosen for the east sand, and 39° API for
the west sand. The initial GOR was reported as 250
through 800 SCF/STB. Average values of 653 SCF/STB
for the east and 611 SCF/STB for the west were used in
the simulation studies. The fluid properties were esti-
mated from the Standing correlations (Craft and oth-
ers, 1991), using the data above as reported by Andrews
(Part II, this volume). Specific gas gravities of 0.99 (east)
and 0.88 (west) were selecied to match the average ini-
tial gas/oil ratios. The original saturation pressure was
assumed to be the initial reservoir pressure of 1,888
PSIA. The estimated average initial oil formation-vol-
ume factors were 1.37 reservoir barrels per stock tank
barrels (RB/STB) (east) and 1.33 RB/STB (west), and
initial oil viscosities at reservoir conditions were 0.61 cp
(east) and 0.57 cp (west).

HISTORY MATCHING

For confidence that the reservoir model adequately
represents the behavior of Paradise field, history-
match runs were used to test the reservoir model’s abil-
ity to reproduce observed field performance. Oil pro-
duction was chosen as the specified history production
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nacle Oil. Data that are useful for reser- 500
voir studies but were not available for
this study include (1) reservoir-pres- CU)) 400}
sure data during production, (2) rela- s
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sure data, and (3) production data for 300r
individual wells. g
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reservoir-simulation model are based
on data provided by Andrews and re- 0
ported in Table 3 (Part II, this volume).
Wells completed in Paradise field were
usually acidized and then stimulated
with a fracture treatment. An average
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Figure 64. Curves showing measured and simulated cumulative gas production
from the Bartlesville sand reservoir in Paradise field.
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variable, as these data were considered to be the most
reliable of those that were available. As water- and gas-
production data were also available, the goals in simu-
lating production history were to match (1) the gas-
production rate and cumulative gas production before
and after water injection began, and (2) the cumulative
water production by lease by specifying oil-production
rates and water-injection rates in the injector up to July
1997. No pressure data were available for the depletion
or the injection period. History-match parameter ad-
justments for the field included the following: (1) the
relative permeability functions for gas were partitioned
by each region and were modified to allow
for higher gas mobility; (2) the critical gas
saturations, the minimum saturation re-

500
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base case, and the other two, additional cases for wa-
terflooding. The predicted 5-year results for the three
cases are listed in Table 10.

Base Case (Case 1)

The base-case simulation assumes no changes in
the July 1997 well configuration and well-operating
conditions. There was no injection at that time. The
field is assumed to exhaust its reservoir energy in 1
year. Additional oil recovery is expected to be 120
MSTB (3% of the OOIP), water cut should be 30%, and
no wells are expected to produce beyond 1 year. Simu-

quired for “free”” gas flow, were selected
to match historical gas production; (3)
water injection amounts were decreased
to keep reservoir pressure at a reasonable

S
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o
T

level; and (4) permeability in the area 300t
around the No. 5 Graham well was locally
increased from the average permeability 200}

to match its response to water injection.
To match water production, the water-

injection rates were reduced to one-fourth

the reported amounts. This resulted in a

-
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cumulative injection of 223 thousand
stock tank barrels (MSTB) to July 1997.
The simulated water front had just arrived
at the nearest producer by that time. Fig-
ure 64 shows the simulated cumulative
gas production and the reported cumula-
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tive gas production for the field.

ESTIMATION OF RESERVES AND
OIL-RECOVERY FACTOR

The estimated total original oil in place
in this field was 4.0 MMSTB, based on an
initial water saturation of 35%, and the
maximum theoretical recovery could be
2.2 MMSTB, or 54% of the OOIP. This as-
sumes no change in the oil formation vol-
ume factor, and a residual-oil saturation
of 30%. The cumulative oil production
(primary and waterflood) for this field
through July 1997 was 444 MMSTB, or
11% of the OOIP. About 42% of the OOTP
in the field is unrecovered mobile oil and
is a target for additional recovery.

EVALUATION OF FUTURE
DEVELOPMENT OPPORTUNITIES

Based on inspection of the response of
the reservoir model to 2.5 years of water
injection, and comparing the simulated
performances with different water-injec-
tor locations, three cases were investi-
gated for Paradise field. One represents a

Figure 65. Curves showing simulated daily oil production from the Bar-
tlesville sand reservoir in Paradise field for case (base case), case 2, and
case 3.
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Figure 66. Curves showing simulated cumulative oil production from the
Bartlesville sand reservoir in Paradise field for case | (base case), case 2,
and case 3.
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TABLE 10. — Production Data for Bartlesville Sand Reservoir in Paradise Field, Payne County, Oklahoma

At end of 5 years
Cum. prod. Cum. prod. 5-year prod. Oil Water Cum. Avg.
Primary (%0O0IP) Waterflood (%O0O0IP) (%00IP) rate cut inj. press.
(MSTB) (MSTB) (MSTB) (STB/D) (%) (MSTB) (PSI)
Case 1 406 (11) 444 (12) 123 (3) 0 29 223 1,200
Case 2 406 (11) 444 (12) 500 (13) 130 68 1,300 1,250
Case 3 406 (11) 444 (12) 590 (15) 190 62 1,700 1,360

lation results are shown in Table 10 and Figures 65 and
66. The saturation output indicates a large area with
high oil saturation and suggests that water-sweep effi-
ciency is not high.

Case 2

For this case, the No. 2 Longan well in the east sand
body would be converted to inject water at the rate of
800 B/D, with a bottom-hole pressure (BHP) not ex-
ceeding 2,000 PSIL. The No. 2 Longan well should be the
best injector in comparison to the No. 1 or 3 Tomlinson
well. After 5 years of simulated production, the ex-
pected additional recovery of oil for this case is 500
MSTB (13% of the OOIP), with daily oil production of
130 STB and a water cut of 68%. The cumulative in-
jected water would be 1,300 MB. Simulation results are
shown in Table 10 and Figures 65 and 66.

Case 3

The third case uses the No. 2 Longan and retains the
No. 2 Boyce as injection wells, with the 800 B/D rate
and 2,000 PSI BHP controls. The simulated oil produc-
tion for the 5-year period is 530 MSTB, or 15% of the
OOIP. After 5 years, the cumulative injected water for
the field should be 1,700 MB, the water cut 62%, and
the daily oil production 200 STB. The results are shown
in Table 10 and Figures 65 and 66.

CONCLUSIONS AND RECOMMENDATIONS

The 2.5-year history match of waterflooding indi-
cates that only one-fourth of the injected water had

entered the formation just as the water front arrived at
the nearest producer. Because the recovered oil was
only about 12% of the OOIP by that time, additional oil
should be producible by effective waterflooding.

Both cases 2 and 3 support the above point. Case 2,
with one water injector, increases oil recovery signifi-
cantly (9.0% of the OOIP over the base case). Case 3
achieves the best simulated result, with two water in-
jectors forming an effective sweep of the reservoir (12%
of the OOIP over the base case).

Apparently, no more than one-fourth of the injected
water entered the formation. Thus, it is important to
monitor the performance of a waterflooding operation to
assure that it efficiently recovers as much oil as possible.

The west sand body is a candidate for oil recovery by
waterflooding. If an exploitable oil reserve in the north
sand body can be confirmed, a well may be appropri-
ate in that area.
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Figure 38. Structural and stratigraphic cross section B-B’ and index map, Bartlesville oil pool, NW Russell

field area. Datum: sea level; no horizontal scale.
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Figure 53. Structural and stratigraphic cross section A-A’ and index map, Bartlesville oil pool, Ohio—
Osage field area. Datum: sea level; no horizontal scale. Calculated water saturation (S,) is shown in
the depth tract. See Figure 50 for location map.
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Figure 54. Structural and stratigraphic cross section B—B’ and index map, Bartlesville oil pool, Ohio—
Osage field area. Datum: sea level; no horizontal scale. Calculated water saturation (S,) is shown in
the depth tract. See Figure 50 for location map.
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