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SELECTION AND INITIAL CHARACTERIZATION OF A SECOND BARRIER ISLAND
RESERVOIR SYSTEM AND REFINING OF METHODOLOGY FOR CHARACTERIZATION
OF SHORELINE BARRIER RESERVOIRS
By

M. Szpakiewicz, R. Schatzinger, 5. Jackson, B. Sharma, A. Cheng, and M. Honarpour

ABSTRACT

Generalization of shoreline barrier reservoir characteristics is a primary objective of the BET project,
*Reservoir Assessment and Characterization.” The Upper Cretaceous Almond formation in Patrick Draw
oil field, southweslern Wyoming, has been selected from 18 primary candidates for comparison with the
Lower Cretaceous Muddy formation in Bell Creek field, southeastern Montana (Milestone 1}. Both oll
productive reservoirs selected for broadening geological and engineering understanding of the system
represent a combination of "end-member" models of shoreline barriers deveioped under different
hydrodynamic conditions. The hydrodynamic conditions primarily involve changes in sea level and the

dominant tide and wave regime of a coastline.

The productive Muddy formation in Bell Creek field predominantly consists of fine-grained littoral
{intertidal) and neritic (shallow marine) sandstones deposited as shoreface and foreshore facies in a
shoreline barrier system, whereas the Almond formation in Palrick Draw field contains two distinct units
consisting of fine- to medium-grained estuarine sandstones deposited in a tidal channelftidal deilta
environment associated with migrating tidal inlets within a barrier-island coastline and some fine to very
fine-grained littoral and shallow neritic sandstones. For broadening comparative aspects of these ocil-
productive shoreline barrier systems, geologic information on a number of well documented outcrops and
several representatives of the Holocene barriers have also been collected.

The study of similarities and contrasts of the microtidai {Bell Creek) and mesotidal (Patrick Draw)
types of ancient oil-producing shoreline barrier deposits provides an improvement in quantification of a
generalized shoreline barrier model (Milestone 2). By incorporating the Patrick Draw field mode! into the
generalized barrier island model, the product will become more broadly applicable. A spectrum of

geologic and engineering data is being collected from Patrick Draw field and analyzed to reach that goal.

An integrated study was conducted to correlate geological heterogeneities with log signatures,
pressure, injection, and production characteristics (Milestone 3); and fractal distribution (Milestone 4).
This work provides an effective, efficient, and economical meth'odology for characterization of shoreline
barrier reservoirs.



EXECUTIVE SUMMARY

The broad objectives of the Department of Energy program for geoscience research are to develop
methods for determining mobile and immobile oil saturation distribution in reservoirs and evaluating
suitable methods for recovering oil. The specific objective is to develop a better understanding of
heterogeneity factors that influence the movement and trapping of fluids in reservoirs. Accurate
descriptions of the spatial distribution of critical reservoir parameters (e.g., permeability, porosity, pore
geometry, mineralogy, and oil saturation) were considered essential for improving sweep efficiency by
implementation of fluid diversion techniques and for reliable predictions of oil recovery. This information,
in the near- to mid-term, will assist producers to implement better reservoir management strategies such as
placing infill wells or planning fluid displacement methods. The methodology developed based on this
information will help operators determine which reservoir parameters are critical for reliable performance

prediction through mathematical simulation.

So far as we know, this project is the only one which systematically addresses the integrat'ion of
geological and engineering parameters for all genetic varieties of a depositional system.

Shoreline barrier depositional systems contain a substantial amount of petroleum resource in the
United States that can be the target of inill drilling and/or enhanced oil recovery.

Shoreline barrier depositional setlings encompass a variety of sandbody types. Shoals, spits,
barrier peninsulas, barrier islands, and sandy barrier bars attached to the mainland are subtypes of
shoreline barriers formed by long-shore currents and modified by movements of relative sea level,

direction of sandbody buildup, wave and/or tide action, loca! tectonics, and diagenetic processes.

In previous years, NIPER selected an example of a microtidal, wave-dominated, progradational
barrier island reservoir that was a prolific producer: Bell Creek {MT), field. An interdisciplinary team
approach was applied to characterize this field.

The scope of the work for FY90 consisted of three main areas. First, a mesotidal, tide-dominated
shoreline barrier/barrier island reservoir, Patrick Draw {WY) field was selected for expanding the
methodology for effective shoreline barrier characterization. Advantages and disadvantages of numerous
candidate reservoirs were used to rank them. A group of five fields with the greatest potential for
comparative study were selected as final candidates prior to selection of Patrick Draw field as the field

which best fulfills the criteria established to meet the objectives of the project.

The second area of FY90 work included the fundamental relationships between geological,
petrophysical, and reservoir production/injection characteristics. Much of the work in this area was
conducted using previously available data from Bell Creek field.




_ The third area of FY90 work Included investigation of more efficient and economical methods for
shorelme barrier/barrier island reservoir description and simulation (methodology). Bell Creek data and
’data from related outcrops were also used in this area of work.

FYQO Task 1 was the selection of a second shoreline barrier/barrier island reservoir for testing and
generahzmg the NIPER characterization methodology and collection of data. Preliminary geological
mvesllgat:on of Patrick Draw field indicates that mesolidal processes (1 to 3.5 m range) dominated the
deposmona! setting and that tidal inlet, tidal dela, and tidal channel facies are much more dominant than in
.a microtidal system such as the Muddy formation at Bell Creek field. Geometry of ihe various depositional
facies reflects the difierent depositional processes.

. FY90 Task 2 was analysis of fundamental relationships between geological, petrophysical, and
-'i':éServoir production characteristics to improve quantification of the barrier island model. Petrographic
analysis of rock samples indicates that feldspar content of the Almond formation at Patrick Draw field
'averages 8.5%, which is about 4 times the amount of feldspar present in the Muddy formation at Bell
Creek field. The abundance of detrital feldspar at Patrick Draw field is probably the source of much of the
" 'diagenetic kaolinite and is related io the origin of common secondary porosity within the producing
Almond formation sandsiones. Little interdayered illite/smectite is present in the upper Almond
sandstones and formation damage due to swelling clays is negligible; however, the small pore throat size
. associated with diagenetic kaolinite indicates that the forination is susceptible to mobile fines damage.

_ Improvement in methodology for reservoir characterization was made by identifying heterogeneities
5 through engineering analysis and evaluating the influence of these heterogeneities on production,
injection performance, and residual oil saturation. Once integrated with other sources of information, the
Hall plot method and water advancement monitoring provide dynamic, quantitative characterization of
geological heterogeneities. The Hall plot can be used as a diagnostic method for performance evaluation
of waterflood and EOR processes.

Comparisons of calculated ocil-in-place values from material balance equations (MBE) with those from
volumetric calculations on a well-by-well basis can provide information about geological heterogeneities
early in the life of a field.

FY90 Task 3 was to improve the quantitalive barrier island model from detailed correlation of log
signatures with geological heterogeneities. The log study found that among shoreline-barrier facies,
barrier beach has the highest average porosity and tidal channel, the lowest porosity. Because grain size
is similar for these two facles, the higher average porosily in the beach facies is attributed to better sorting.




FY30 Task 4 was 1o investigate the use of fractal distributions for improvement of the shoreline
barrier/barrier island model. NIPER developed and applied an aigorithm and a program for processing
many types of data using the fractal method 1o the recognition, quantification, and characterization of log
signatures.

Based on FY90 work, future directions for this project should include: detailed investigation of
external and internal geometry and spatial variation of reservoir rock properties in a mesotidal shoreline
barrier system (Patrick Draw field} and comparison with the same characteristics of microtidal shoreline
barrier systems (Bell Creek field).




CHAPTER I. - INTRODUCTION
Objectl { the Project

The overall objective of NIPER's Reservoir Characterization Program is to identify crilical reservoir

" heterogeneities and to develop a better understanding of the influence of reservoir heterogeneities on
. {he movement and trapping of fluids and develop a methodology for characterization of shoreline barrier
reservoirs. This deposystem-specific methodology should outline methods for prediction of the residual

oil saturation at interwell scales and the flow patterns of injected and produced fluids.

A quantitative geological/engineering model has been constructed and used to evaluate the
influence of heterogeneities found in microtidal shoreline barriers on primary, secondary, and tertiary
production; patierns of injected and produced fluids; and residual oil saturation distribution and
magnitude. An integrated methodology for constructing a quantified hydredynamic model for application
1o shoreline barrier reservoirs was developed based on Bell creek (MT) field, nearby analogous outcrops,
and the literature. Selection of a second shoreline barrier/barrier island reservoir for gharacterization was
an integral part of this project in FYS0.

In order o expand the developed methodology, a mesotidal shoreline barrier reservoir was selected
(a) to test the earlier methodology, (b) to generalize the geological/engineering medel of shoreline barrier
reservoirs, and (c) to improve the predictability of shoreline barrier production performance based on the
geological/engineering model. Patrick Draw {(WY) field, a mesotidal reservoir, was chosen as a second
reservoir for generalization of the methodology (Task 1).

Preliminary engineering and geological studies were conducted to investigate and identify
fundamental relaticnships belween heterogeneﬂies in shoreline barrier reservoirs and production,
injection, and pressure performance (Task 2).

Depositional facies were identified through crossplotting log signatures. Production, injection, and
pressure histories were integrated for identification of geological heterogeneities and their influence on
reservoir performance (Task 3).

The application of fractal geostatistics for improvement of a quantitative shoreline barrier model was
investigated by developing an algorithm and a program for processing many types of data such as log
signhature, core, and production data (Task 4).



2ral Che A 2eqimeniation In Shoreline Bagrler System

Prior to the 1970s, the prograding Galveston Island depositional model was considered by many
geologists as the "one and only" facies modei for interpreting ancient barrier-isiand sequences. Studies
conducted within the past 20 years indicate that the use of one normative model is unrealistic.! Three
generalized facies models to barrier island sequences can be recognized: (1) regressiife barrier, (2)
transgressive barrier, and (3) barrier-inlet! (see fig. 1). Most ancient shoreline barrier sequences can be
classified through comparative analyses with individual “end-member” models or a combination of them.

The shoreline barrier depositional sysiem consists of (1) supratidal sedimenis such as aeolian and
backshore (backbeach) facies, (2) intertidal sediments such as foreshore, tidal flat, and upper tidal delta
facies, and (3) subtidal sediments such as shoreface, shoal, tidal inlet, tidal channel, lower tidal delta, and
lagoonal/estuarine facies.

Hydrodynamic conditions such as wave and tidal action lead to reworking original barrier istand
sediments in a transgressive setting. Redeposition of sands brought about by migration and infilling of
tidal channels may become the single most important depositional process restructuring facies
arrangement in a barrier island system.2

Facies architecture depends much on the magnitude of tide action. Mesotidal conditions
predominate on contemporary shorelines except in polar regions (fig. 2). Tidal delta deposits attached to
frequent inlets, which are characteristic for mesotidal coasts, may create extensive and almost
interconnected lobate sand bodies on the backbarrier side {fig.3}. Isolated flood tidal delta bodies form on
coasts with long barrier islands and few, wide-space tidal inlets. Long barrier islands iypicaily form on
coasts with a micro-tidal regime. (fig. 3A). Coasts with short barrier islands and abundant, close-spaced
tidal inlets are normal on mesotidal coasts.3 In this setting, flood tidal deltas can connect to form a
continuous sheet (fig. 38).4

The anatomy of fiood tida! defta is shown in figure 4. Geometry of the wedge-shaped flood tidal
delta is exemplified by a 3-D reconstruction of sandstone exposures invesligated in northern Spain by
Cuevas et al.,° {fig. 5). Donselaar? provided synthetic models for vertical stacking of flood tidal deltas
attached 1o inlets of different spacing and dynamism (fig. 6). The delta deposits are schematically
represented by plano-convex lenses. The use of the plano-convex shape is justified by the preserved
geometries of the flood tidal della deposits in the Menefee formation, San Juan Basin, northwest New
Mexico. Formation of flood tidal delta deposits connected to ephemeral inlets (fig. 6A) takes place only
when the inlets are open. When the inlets are closed, the flood tidal delta deposits are covered with
lagoonal fines. In time, this resuits in the formation of isolated sandstone lenses. Permanent tidal inlets




(fig. 6B) either are fixed, or migrate lateral. A fixed position of tidal inlets is generally related to preexisting
depressions in the substrate, such as tlooded river valleys. Accumulation of flood tidal deita deposits
connected 1o fixed inlets, or to inlels that migrate within a limited zone only (fig. 6B.1), resuits in the
formation ot pillar-like sedimentary bodies. Close spacing of tidal inlets leads to the interconnection of the
sedimentary bodies. Accumulation of tlood tidal delta deposits adjacent to freely migrating permanent
inlets (fig. 6B.2) resulls in the formation of extensive tidal della belts.

The preservation potential of the barrier island depositional system in a transgressive setling is
higher on the barrier-sheltered lagoonal side. The best preservation potential represents facies
deposited in erosional depressions such as tidal inlet channel fills and tidal deltas including the distributary
channel fills of tidal deltas. This may lead to a hypothesis that in mesofidal transgressive settings the
barrier-sheltered and barrier-associated sandstones may predominate over the barrier island facies (in the

strict sense) such as those described in case of the Bell Creek field on a microtidal coast.8

The variety of ancient oil producing sandstones and morphologies that can be encountered in a
barrier island depositional system is illustrated by a diagrammatic map (fig. 7) showing the position of four
major Rocky Mountain oil reservoirs within a paleosystem.

The barrier island associated reservoir sandstones are from the Lower and Upper Cretaceous
formations in Powder River Basin and Green River Basin in Wyoming and Montana. The Muddy consists
of interbedded nonmarine to marine sandstone and shales in an overall iransgressive sequence. Recluse
field has an estuarine sequence from a basal fluvial-channel fill to overlying transgressive marine
sandstones. Bell Creek field displays a wave-dominated barrier-island sandstone and adjacent lagoonal
deposits on the microtidal coast. Hilight field has a coastal-marsh section succeeded by shoreline
sandstones that were parlly eroded or reworked during transgressions. The Almond formation in Patrick
Draw field consisis of esluarine sandstones deposited in a fidal channel/tidal delta environment
associated with migrating tidal infets within a barrier island coastline. Some shallow neritic shoreface
sandstones are also represented.

According to Donselaar,4-7 Cuevas et al.,® and Tillman® the dominant features of the flood tidal
deltas, which develop at the distal part of tida! inlets in response to flow expansion of the tidal current that
passed through the inlet, are as follows:

- Simple or multiple plano-convex, lobate or wedge-shaped geometry of sandstone bodies
- Bipolar transport direction resulting in the bimodal distribution of foreset dips with a
dominant landward component

- Arrangements of the internal structures such as:



- coarsening upward uniis; occasionally no vertical or lateral grain size variation within the
sandstone body

- the flat lower surface is only slightly erosive

- oceurrence of bundle sequences

- the uniform fandward inclination of set boundaries and reactivation surfaces

- the mud drapes on foresets and bottomsets

- the dominance of smaller, trough-shaped sets in the upper part of the bodies, as
opposed to higher, tabular 1o wedge-shaped sets and inclined laminane in the lower
part

- upper surfaces convex o undulating, often wave rippled

- often deep erosive scours in the upper part of sandstone body filled with cross-bedded
sandstones {flood tidal delta feeder channels).

Dominant features of the tidal inlet channel deposits (fills) are as follows according to the same sources as
above:

- erosive (scoured) base

- fining upward sequence

- shell lag layers common at base

- bi-directional flow structures (couplets present)

- poor sorting

- commonly consisls of high and low angle large scale tabular crossbeds

- drapes in low fiow velocity (silt dominated clayey mud)

- contrasting lithologies and sedimentory structures in tide-and wave dominated deposits due

to variations in modes of migration and channel abandonment.

Tidal deposits such as tidal deltas (flood and ebb), tidal inlet channels, and flood tidal deita
distributary channels may possess excellent reservoir properies within a barrier island system if preserved
in a transgressive setting and if not extensively cemented by postdepositional diagenetic processes.
Their geometry and internal architecture, however, significantly differ from a typical open marine shoreface

and foreshore facies; therefore, their performance as hydrocarbon reservoirs should also differ.

High confidence identification of certain facies in the shoreline barrier system such as, for example,
shoreface and tidal delta and their lateral correlation may be difficult in reservoir cores. Studying outcrops,
where directional features can be identified, should significantly increase the level of confidence. Figures
8 and 9 (Almond formation at Patrick Draw field) and figure 10 (Dakota Sandstone) illustrate characteristic




- gpquences of facies in shoreline barrier systems which differ considerably from those earlier described in

. the Bell Creek reservoir.

The previously studied Muddy formation in Bell Creek (MT) field and analogous Muddy formation
* outcrops in NE Wyoming (New Haven area) consist of a dominantly regressive {prograding) sequence of
facies with minor elements from a transgressive event at the base of the sequence.E"10 Thus to broaden
the range of studied end-members for barrier istand reservoir characterization (Task 1 of Project BE1,
FY90) and to make the geological/engineering model more broadly applicable to a wider range of
reservoirs, our attention was drawn to the selection of reservoirs where barier island and associated tidal
inlet sequences of facies dominate in productive intervals.

CHAPTER Il. - PROCESS FOR SELECTING A SECOND SHORELINE BARRIER
RESERVOIR SYSTEM (MILESTONE 1)
initial_Candldates

Eighteen candidates were chosen (table 1) among numerous shoreline barrier reservoirs based
on NIPER established criteria. A shoreline barrier literature data base has been continually updated and
now contains the collected references about the Almond formation, Patrick Draw field, siratigraphy,
sedimentology and petrography of barrier sediments, and references about the formations and specific
fields considered in our selection process (See appendix A.) A review of these cases indicated that a
similar spectrum of facies occurs in most barrier systems. The variations of processes, however, control
the predominance of the various facies. For example, in mesolidal deposition, tidal processes dominate,
and tidal inlet, tidal channel, and tidal delta facies are predominant; whereas, in a microtidal system, marine
processes dominate, and foreshore, shoreface, and washover facies are predominant. The data base was
supplemented by discussions with consuitants and specialists in industry, visits to core repositories, and
examinations of cores from various sources.

The following criteria were established for selection of a second reservoir:

1. The reservoir must comprise a shoreline barier that will expand the model
developed based on Bell Creek field.
It should be a prolific oil producer {OOIP>100 MM STB).

3. A complete suite of geological and engineering data from the reservoir should be
available to NIPER.
Nearby analogous outcrops should be available.
The reservoir should have a history of some primary and secondary production
and should be a potential EOR candidate.



6. The reservoir should be in the continental U.S, . preferably within
the Rocky Mountain Region.

Based upon the above criteria, the number of candidate reservoirs was reduced. A list of the top
five candidate reservoirs and a comparative summary of their reservoir properties with Bell Creek field are
shown in tables 2 and 3. Because shoreline barriers comprise a variety of genetic types,17 it was
necessary to know which type of barrier the candidates represented. [t was also important to select a
reservoir which is at a stage of oil recovery comparable with that of Beil Creek. The reported environments
of deposition are, therefore, summarized along with some other important parameters for each of the top
five candidate reservoirs {tables 2 and 3).

Sandbodies that are originally detached from the strandplain may through time become connected
io the mainiand by vertical accretion on the lee side of the barrier, or by bay-head delta progradation. An
example is provided by the Upper Cretaceous Gallup Sandstone within the San Juan Basin where a
lagoon became a coal swamp and the associated barrier island in the strict sense became attached to the
mainiand as the swamp replaced the lagoon.12 Such sequences that record the vertical (and therefore
temporal) shift from detached shorelines to attached shoreline sands actually may be very commeon and
play an important role in development and growth of strandplains and chenier plains such as seen on the
Gulf Coast. Knowledge of this natural complexity in the relationship between attached and detached,
submerged and emergent shoreline barriers meant that the search for barrier island reservoir setlings in
the strict sense must be de-emphasized. Instead, more emphasis was placed on determining the type of
shoreline barrier candidates represented and whether they would be the best reservoir for comparing and
contrasling the setting of Unit 'A’ at Bell Creek and for testing the reservoir characterization methodology.

Outcrop exposures and modern environments provide extremely useful information about
geomelry and lateral extent of facies for developing shoreline barrier models. Information on a number of
weil documented outcrops (table 4) and several representative modern shoreline barriers (table 5) were

collected and may be considered for future use in shoreline barrier model developments.

Ranking of Top Five Candidate Reservoirs

The top five candidate reservoirs of 18 which were considered are summarized in tables 2 and 3.
The first candidate reservoir is Patrick Draw field, located on the east side of the Rock Springs Uplift,
Greater Green River Basin, Wyoming. Barrier-reiated production is from the Upper Almond formation,
between 4,000 and 5,000 ft below surface. The reported depositional environment is barrier island
{probably prograding) and associated inlet fill.13 Patrick Draw field was selected as first choice because it
fulfills the criteria established to meet the objectives of the project (listed above} more than any of the
other reservoirs.
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The second candidate was Hifight field producing from the Muddy formation in Powder River Basin,
| south of Bell Creek field. The barrier island sandstones are the most prolific producers there, followed by
~ the underlying fluvial and delta front sandstones.’4 Analyses of facies and facies sequences in cores
* from Hilight field provide direct lithologic evidence of depositional paleoenvironments, but cannot reliably
* distinguish between some paleoenvironments with similar deposits; e.g. wave-dominated delta front vs.
shoreface, or lagoon vs. bay.'4 The top-most sandstone interval-Springer Ranch Member--is interpreted

. ag progradational barrier island/spit and tidal inlet deposits.

The third raled choice was West Ranch fleld, which produces from the Oligocene Frio formation

-~ between 5,100 and 5,700 ft in the Texas Guif Coast. This large field contains three barrier intervals
" developed under microtidal regime and classified as aggrading, transgressive, and progradational barrier
istands.1® The three producing intervals are responsible for an estimated 499 million barrels OOIP.
Unfortunately the amount of core available from these intervals is questionable. Much of the known core
was uhconsolidated and has become ciiszaggregated.16 Ranking of this reservoir was aiso somewhat
lowered because it is not located within the same general geological province (Rocky Mountain region) as

was the first study at Bell Creek.

The fourth candidate was Elk City tield, which produces from relatively deep (9,400 ft)
Pennsylvanian sandstones in the Anadarko Basin of southwesiern Oklahoma. This field is reported to
produce from deltaic and associated barrier bar deposits. The type of bar remains unclear at this ime, and

it is uncertain whether the barrier portion accounts for more than 10% of the reservoir.

The fifth candidate reservoir was Bisti field which produces from the Gallup sandstone in the San
Juan Basin of northwestern New Mexico. Based on the recent Iileralure,17 the depositional environment

for Bigti field does not appear to meet the requirements for a shoreline barrier.

In addition to the five reservoirs listed in tables 2 and 3, two cores from the Aimond formation at Sun
Ranch {TX) field, operated by Oryx Qil Co., were studied. One of the cores was 100 tight for consideration,
and barrier facies could not be identified in the other core. A third Oryx core was sent o NIPER for

analysis.

lecticn Alm F i P k Draw Fiel
Of the five reservoirs ihat showed the greatest potential for a comparative study and test of the
developed reservoir characterization methodology, Patrick Draw field is the highest rated candidate and
has been selected. Therefore, somewhat more detailed descriptions of the advantages/disadvantages of

the reservoir and geological characteristics are presented.
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Advantages/Disadvantages of Almond Formation/Patrick Draw Field

The advantages include the following:

1. Reservoir location. This field is located within a similar geographic area (Rocky Mountain region)
as was the reservoir in the previous work. Similarities between the reservoirs include geoclogical province,
age of the formation, and tectonic regime although Patrick Draw is located in a different basin {Powder
River vs. Green River). These similarities would ailow meaningful comparisons of the two sandbodies. In
addttion, our expertise in the Rocky Mountain region will facilitate the collection and interpretation of data

and the determination of similarities and differences between the two reservoirs.

2. Extensive outcrop exposure. Qutcrops of the upper Almond formation exist within 10 miles of
the subsurface production in Patrick Draw field (fig. 11). More than 100 miles of outcrop are available
along the Rock Springs Uplift which exposes a barrier island 60 miles long and 4 miles wide.1® Two core
holes were drilled behind the outcrop providing close to 200 ft of cores that are available to
NIPER for examination and normalization of shoreline barrier characteristics.

3. Avallable cores and logs. More than 80 cores from the Arch Unit of Patrick Draw field are available
from the USGS core repository for analysis, many electric and nuclear logs are available from Union Pacific
Resources Co.

4. Variation of shoreline barrier type. The Almond formation represents a different "end-member”
of barrier/island deposition (fig. 1) compared to the Muddy formation in Bell Creek field. Although both
formations were deposited in a shoreline barrier setting, the low tidal range during Muddy deposition
(microtidal) resulted in long, faterally uninterrupted barrier core sand bodies. In contrast, the higher tidal
range during Aimond deposition (mesotidal) produced short, drumstick-shaped barriers.’® The Almond
deposits are complicated with a mosaic of associated barrier system facies such as tidal deltas and tidaf
creek channels.

The similarities and contrasts of these two types of barrier shoreline deposits will indicate the extent
to which coastal barriers can be generalized in a meaningful manner. By adding models of Patrick Draw
field to that developed for Bell Creek field, the mode] will become more broadly applicable 1o other barrier
fields.
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' The disadvantages include the following:

1. The reservoir thickness within Patrick Draw is rather thin (20 ft); however, this is a2 common

i thickness for oqe—cycle shoreline barrier reservoirs and is nearly the same as that at Bell Creek.

"*I 2. No EOR processes have been implemented in the field although EOR is believed to be
under consideration. _

: 3.. Few foreshore and shoreface intervals have been identified in examined reservoir

cores.

Other Activities Related to Final Selection and Evaluation of
Almond Formation/Patrick Draw Field

The process used to select the second reservoir for testing NIPER reservoir characterization
methodology was presented 1o the BPO Project Manager in January 1990, and tentative approval for
studying the Almond formation at Patrick Draw (WY) field was obtained. A trip was made 1o the USGS core-
storage facility in Denver, and Upper Crelaceous Almond formation cores from Patrick Draw field were
examined. The objeclive of this examination was 1o evaluate the quality of 34 slabbed cores from wells
primarily in the Arch Unit of Patrick Draw field for the development of a generalized shoreline barrier mode!
and comparison with the Muddy formation at Bell Creek (MT) field. It was concluded that the Arch Unit of
Patrick Draw field was deposited in a mesotidal setting, whereas Bell Creek tieid is a microtidat shoreline
barrier.

Union Pacific Resources Co., the operator of Patrick Draw field, was visited to examine the quality
of geological and engineering data for the development of a generalized shoreline barrier model. It was
learned that adequate core analyses and production-injection data are available from both the Arch and
Monell Units. However, few well test data were collected in this field. A second meeting with the BPO
Project Manager was arranged in March 1930, for the purpose of sharing information about similarities and

differences between Patrick Draw and Bell Creek fields based on initial findings.

An agreement for releasing reservoir data from Patrick Draw field was reached with Union Pacific
Resources Co. Log and completion information about Patrick Draw field was received representing
virtually all the data that were available from the USGS. Compilation inte a computer data file of all the

collected data was continued in this fiscal year.

Data from Patrick Draw field were entered into a spreadsheet data file (appendix B). This
organized, digitized form allows easy access to digitized data for any purpose including direct input of
various parameters into computer mapping, log analysis, statistical analysis, graphics, and simulation
programs. Direct transter into a multi-use geological data base will be possible when the data base
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becomes avallable. Additional well, engineering, and production data will be added as they become
avaliable.

Currently the foliowing parameters for 200 wells have been input into the spreadsheet data file:

(1) Location (section, township, range, foolage from section lines);

{2} Elevation (ground level and Kelly bushing);

(3) Core information (slabbed or full, interval cored, photographs availableson hand,
percent core recovered, quality of core);

(4) Total depth and tops of formations:

{5) Logs run;

Well status (gas/oil producer, gasiwater injector, shutin, plugged and abandoned,

temporarily abandoned, dry and abandoned, never drilled);

(7) Initial production (rate, perforated zones, perforation density); and

(8) Qi gravity

—
(9]
o

—

Lithostratigraphic profiles and facies interpretation of two Almond formation cores from core holes
drilled behind outcrops on the eastern slope of the Rock Springs Uplift, about 40 miles apart,19 have
been reexamined by NIPER geologists at the Occide'ntal Petroleurn Co. research facility in Tulsa, OK. The
primary objective of the reexamination was to identity the sedimentologic criteria used by Meyers19 in the
late 1970s for identification of facies in the Patrick Draw area and to compare the criteria used by NIPER
geologists in tive late 1980s in the Bell Creek area. Such “calibration” Is necessary in comparative studies
based on facies interpretations by geologists representing different schools of thought but who must deal
with assemblages of facies representing the same general environment of deposition that is formed under
different dynamic conditions. Average grain size was measured on a foot-by-foot basis in a 300-ft interval
of barrier/shoreline in Almond core hole No. 2. Descriptions of sedimentary/biogenic structures were also
recorded. Alternative interpretations were suggested irom those concluded by Meyers for some intervals
and additional work is being conducted to resolve these differences.

CHAPTER IIl. - PATRICK DRAW FIELD; PRELIMINARY GEOLOGICAL AND
ENGINEERING ANALYSES (MILESTONE 2)

Paleagecqraphic Seiting oi_the Almond_Feormation

The Almond formation, the upper interval within the Mesaverde formation, was deposited during a
local regression in the overall transgression of the marine Lewis formation over the Mesaverde
formation.29 It ranges in thickness from 250 to 750 ft and can be divided into lower and upper members,
The lower Almond (100 to 600 it thick) contains a fresh water fauna including dinosaur, crocodile, turtle,
and fish and consists of small, lenticular channel sandstones; thin, finer-grained levee: overbank and
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:'ftbodp|ain sandstones, siltstones and mudstones; and carbonaceous shales and coal beds depositedin a
“tresh water, coastal swamp environment.2! The upper part of the lower Almond (125 to 250 ft thick)
consists of a cyclic sequence of coals deposited in a fresh-water coastal-marsh environment and
fossiliferous, slightly carbonaceous shales, mudstones, siltstones and thin sandstones deposited in a

:'-:' brackish-water, salt-marsh tidal flat, estuarine setting.

: The upper Almond (100 to 400 ft thick) produces prolific amounts of oil and gas in the Greater Green
* River Basin and has been interpreted as a shoreline/barrier deposit.13:18:21-24 |t contains two distinct
units consisting of fine-to medium-grained tidal channelfinlet deposits, and fine- to very fine-grained
- ghallow marine deposits. In the Rock Springs/Patrick Draw area, barrier islands were deposited at the
" head of an embayment (Rock Springs Embayment) in an inter-deitaic area between fhe Red Desert
delta2!: 24-28 g he north and an unnamed delta west of Craig in northwestern Colorado (fig. 11).
- Moderately high tides (greater than 3 ft) affected the development of the barrier islands and probably
resulted from a focusing of tidal currents as they flowed westward and became constricted toward the

head of the Rock Springs embayment.18

D itional virgpnmen
Tida!l channeliinlet deposits are commeon in mesotidal bariers (tidal range 3 to 12 )27 and are also
present in the upper Aimond formation in the Rock Springs area. Mesotida! channelinlet sand bodies are
associated with |aterally migrating barrier-isiand tidat infets (fig. 12). Inlet migration is the result of longshore
drift which transports sediment in one dominant direction (shoreline parallel) resulting in deposition on the
updrift side and erosion on the downdrift side of each inlet. In the upper Almond, three sand bodies can
be identified as components of the tidal inlet setting: (a) flood tidal delta, which forms on the landward
{lagoonal) side of the inlet, interfingers with tidal flat and salt marsh deposits, and commmonly contains
oysters (Crassostrea sp.) at the base ot the deposit; (b) tidal channel, characterized by scoured erosional
bases, shell lags of abraded oyster valves and bimodal ebb and fiood oriented cross-stratification; and
(c) ebb tidal delta, which formed on the seaward side of tidal inlets, and exhibit ebb oriented cross-strata
where associated with tidal channel sandstones, and in a seaward direction, become massive and grade

inio marine sandstones.

The shallow marine sandsiones were deposited on the seaward side of the barrier islands and
represent outer shelf, subshoreface, shoreface and foreshore {beach) dt—}posits.21 Quter shelf deposits
consist of commonly bioturbated shale and siltstones which grade upward into the subshoreface
environments of interbedded sandstone, siltstone and shale deposited below daily wave base and
commonly contain the trace fossils Thalassinoides and a miniature form of Opl‘nv'omor,cmeaz.21 The
shoreface sandstones were deposited below low tide and above effective wave base and commonly
contain burrows of deposit feeders in the lower part and low-angle cross-stratification and abundant
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Ophiomorpha burrows in the upper part. in the Rock Springs/Patrick Draw area, the laterally extensive
shallow marine sands are truncated by tidal inlet/channe! deposils resuiting in rapid lateral facies changes
and complex reservoir unit geometries.

Geology of Patrick Draw Field

The Almond formation is one of the most important hydrocarbon units in the Rocky Mountain
region. This Upper Cretaceous (Maestrictian) shallow marine and coastal, coal-bearing sandstone has
produced 100 million bb! of oil and 0.7 trillion cu ft of gas through 1986.23

Hydrocarbon production from the Almond formation is located in the Greater Green River Basin,
Sweetwater County, Wyoming and occurs on the easlern flank of the Rock Springs Uplift, northeastern
flank of the Washakie Basin, and Wamsutter arch., The major fields producing oil from the Almond
formation are Patrick Draw, Table Rock, and West Desert Springs. Desert Springs field produces gas. All
of the fields are straligraphic traps except Table Rock, which is a structural trap. Two hundred feet of
productive beach deposits have been reporied at Table Rock.29

Patrick Draw field is divided into two units, the northern Arch Unit and the southern Monelt! Unit (fig.
13). Table 6 presents reservoir properties and field data for Patrick Draw field. The Monell Unit, however,
has been successiully waterilooded for 10 1o 15 years, with current consideration of applying EOR
methods to further enhance production. Attempts to waterflood the Arch Unit were not as successful.

Oit production in Patrick Draw field is from the upper 60 ft of the Almond formation which consists of
two sands designated as the UA-8, the lower sand with an average thickness of 12 ft, and the UA-5.

The UA-6 is oil productive in West Desert Springs field (fig. 14) and in the northern part {Arch Unit) of
Patrick Draw field. 3! The sandstone is gray, very fine- to fine-grained, calcareous and ranges from a
wedge-edge to more than 25 ft thick. The UA-6 sandstone trends southwest to northeast and has been
interpreted as tidal creek channels and tidai flat sands deposited landward (west) of a shoreline sand trend
based on the erratic distribution of productive sandstone, the fine grain size, and the close association
above and below with coal beds and lagoonal shale.31 An alternative interpretation as a distributary
channel has also been suggested.30

A second sandstone fabeled UA-5 occurs near the top of the Almond formation and is the main ol
productive sandstone at Palrick Draw. The UA-5 sandstone is interpreted as a prograding, shoreline sand
that was deposited in a mesotidal regime {4 fo 8 ft tidal range).24 The UA-5 sandstone ranges in thickness
from 0 to more than 30 ft within Patrick Draw. The porous and permeable UA-5 sandstone zone occurs
over an area at least 20 miles long and 8 to 8 miles wide. The reservoir is sealed by the cverlying marine
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Lewis Shale, by oyster-bearing (Ostrea glabra) coquina layers in the central part of the field, or by 5to 10 ft
of carbonaceous shale and impermeable sandstone.

The UA-5 interval has at least two distinct bars and a resulting low-permeability zone which runs
mainly north-south and splits the Arch unit into two parls. Although the two bars are similar in lithologic
character,25 they are nearly separate reservoirs wilh different oil-water contacts, one having a gas cap
while the other does not. The permeability barrier represents a depositionally controlied heterogeneity
consisting of oyster coquina layers, carbonaceous shale and impermeable sandstone which probably
formed in a lagoonal setting.

The UA-5 also can be divided veriically into two main, mappable units in the Monell Unit (Champlin
Interoffice correspondence). The upper part (A) is present over most of the west half of the Monel Untt,
while the lower part underlies a consistent shale interval, and sometimes a coguina marker below the
shale, in both the Arch and Monell Units. The best part of both the Arch and Monelt Units is the lower UA-
5 (B) sand, which normally has three to ten times the permeability of the upper UA-5 (A) sand.

The UA-5 (A) sand is also present in the Arch Unit and is thought to be correlative with the sand in
the Monell Unit, but not hydraulically connected.23 This is supported by the fact that in the Arch Unit, the
sand is wet and nonproduciive.

A great portion of Patrick Draw field is unexplored beneath the UA-6 sandstone in both Arch and
Monell units.2% According to Union Pacific Resources Co. data®2 UA-8 sandstone producton has been

proven in imited areas.

Tectonics of Patrick Draw Field and Adjacent Area
Patrick Draw oil field is located in the Greater Green River Basin, east of the Laramide-Aged Rock
Springs Uplift, which divides the Green River sub-basin on the west from the Wasbakie sub-basin on the
gast. The Wamsutter Arch, which is an east-west structural nose on the east flank of the Rock Springs
Uplift, separates the Great Divide sub-basin on the north from the Washakie sub-basin on the south.
Thus, Patrick Draw field is structurally located on the eastern flank of the Rock Springs Uplift and on the
southern fimb of the east-west trending Wamsutter Arch dipping into the Washakie Basin.24

Post-Laramide tectonism affected the present position of the Wamsulter arch and subsequently
affected the position of oil and gas reservoirs exploited in the Patrick Draw area.18 Vitrinite retleclance
data,25 recent thermal modeling, and general reconstruction of structural developments clearly indicate
that the tectonic history in the Patrick Draw area played a decisive role in generation, original entrapment,

and relocation of oil to the present position after the axis of the Wamsutter Arch migrated in the mid-
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Tertiary to the north and the Almond formation developed a dip of about 4 degrees in the Patrick Draw
field area.

Post lower-Almond to early-upper Almond Uplift was an early positive expression of the present
Rock Springs Uplift-Wamsutter arch that caused truncation and westward thinning of lower Almond
strata.14 Structural downwarping west of Patrick Draw combined with the incipient Wamsutter Arch placed
the Patrick Draw sandstone in a structurally high position with closure to the west, south, and north by the
time the upper Almond strata were deposited.2! The structurally high position promoted early
hydrocarbon accumulation.33 Much of the present-day Cretaceous section near Patrick Draw is currently

in the oil window zone, aclively generating hydrocarbons from the marine, organic-rich Lewis Shales.34

A number of east to northeast trending normal faults have been documented in the outcrop belt of
Almond on the Rock Spring Uplift. Few of these faults, however, cut through Patrick Draw field (fig. 14).
The movements on these faults is thought 1o be dominantly vertical. Several faults have fault dips that
approach 45 degrees.?! Richers et al.34-35 studied a relationship between geochemical anomalies
observed in the Patrick Draw area and the distribution of faults and linaments (fig. 15). They concluded
that fractures and faults are the preferred migration pathways of hydrocarbons leaking from the subsurface
source beds and reservoirs to the surface.

Law et al. (1986)3€ pointed out that vitrinite reflectance "anomalies” in the region of northeast
trending fauits cutting across Patrick Draw field indicate the possibility that hydrocarbons have migrated
vertically along these faults from deeper basin pre-Almond source beds.

Weimer (pers. comm. in Van Horn, 1979)21 indicated that the oil produced from the overlying Fox
Hills formation as well as oil produced west of Patrick Draw migrated verlically from the Almond along east-
west trending fauits. The strong indications of lateral and vertical cross-formational flow through faults in
the Patrick Draw area should be confirmed by independent geochemical tools such as isotopy.

Geochemistry of Fluids in Patrick Draw Field

Patrick Draw oil is moderately mature and paraffin with 44.4° AP| gravity and density of 0.7977 g/cm?
at 25° C.34 The chemical composition of a Patrick Draw oil sample is shown in table 7. Whole oil
chromatogram analysis indicates a preponderance of lighter n-paraffin components, a large amount of the
isoprenoid pristane, and a composition supporting the premise that the oil is derived from terrigenous
rather than marine organic matter.34 Most geochemisis believe that pristiane to phytane ratios greater
than 3.0 characterize input from terrigenous material common to lacustrine, fluviatile, and deltaic
environments, which fits the local geology of Patrick Draw. Vitrinite reflectance anomalies in the region3®
indicate the possibility of the hydrocarbons migraling vertically along northeast-trending faults from
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deeper terrigenous facies. This finding may imply geochemical heterogeneity of oils in different sections
of Patrick Draw reservoir. Few data are available in the literature on lateral and vertical distribution of

chemical, physical, and isotopic propetties of oit irom the Patrick Draw field area.

Salinity and chemical composition of formation waler in the Almond formation east of the Rock
Springs Upliit vary significantly.37 In Patrick Draw field, the downdip oil productive section of the Almond
formation contains brackish waters with total dissolved solids (TDS) of 4 g/L and brines with a TDS of 70
g/L. occur in the updip section (fig. 16). Chemical composition of the waters is highly variable. Chlorides,
sulfates, or bicarbonaies may predominate locally as the major anions in wells located about 1 mile apart.37

Geochemical inversion can be readily seen on a hydrochemical cross section {iig. 16). At depths of
3,000 to 4,000 ft in the updip mostly non-hydrocarbon-productive portion of Almond, highly saline waters
(TDS = 50 to 70 g/L) overlay downdip formation waters associated with oit and gas accumulation having a
salinity as low as 2 o 20 g/l.. Mechanisms for forming these anomalies and heterogeneities can only be
speculated at this time. Analyses of the stable isotope content of fluids could provide more definite
answers. The problem is of more than acadermic nature because an anomalous inversion fike that in
Patrick Draw field seems to be a rule rather than exception in major petroliferous intermontane basins of
the U.S. Rocky Mountains.37 Little attention has been reported in the petroleum literature about the
geochemical inversions in petroliferous basins which seem to be widespread in geologically young
basins,

A definite reverse gradient in water salinity existing in both the Arch and Monell Units of Patrick Draw
field has been noticed by operators. Analyses of produced water also differ significantly in Monell and
Arch Units. All Arch Unit wellhead samples contain large quantities of sulfate icn (above 1 g/L}, and
bicarbonates predominate over chloride, whereas in Monell Unit water samples, suliates are virtually
absent, and chloride is a dominant anion. These facts strongly indicate that Almond waters in both uniis
are not in hydraulic contact and belong to two difierent genelic systemmns.

A systematic study of chemical and isotopic characteristics of oils, waters, and gases in the
geochemically heterogeneous Patrick Draw system could provide vital information for improvement of
further development of the field and proper selection of EOR strategy.

19



Mlneralogical Composition of the Almond Formation, Patrick Draw field

Bulk mineral composition based on X-ray diffraction (XRD) of sandstones and shales of the upper
portion of the Almond formation was presented by Keighin, Law, and Pollastro (1989).28 Their results,
reproduced here in table 8, indicate that sandstones in Patrick Draw reservoir tend to contain more
carbonate minerals and less quartz than do upper Almond sandstones which are buried to greater depths
east of Patrick Draw. Carbonates include calcite, dolomite, ankerite, and siderite. Keighin and others28
noted that the amount of carbonate in the sandstone varies greatly on the scale of a few inches. In
addition, ankerite is the most common carbonate cement in lightly cemented sandstones.

In a study of porosity occlusion in Upper Cretaceous sandstones from the Rocky Mountain Region
(including the Almond formation), Jacka3® noted that tops and bottoms of progradational barrier island
sandstone bodies commonly exhibit greater concentrations of calcite cement than middle {foreshore
beach and surfzone) intervals. It was noted that locally common concentrations of oyster shells in
backshore beach or lagoonal sediments of Upper Cretaceous Rocky Mountain barriers may be so tightly
calcite cemented that they could locally form seals to trap hydrocarbons. Where oyster shells are not
concentrated in lagoonal backshore (backbarrier) portions of barrier island sandbodies, porosity-occluding
calcite cement is lacking.38 It was concluded that calcite cement in the Upper Cretaceous barrier island
sandstones of the Rocky Mountains is a function of the abundance of calcite nuclei upon which the calcite
crystals can grow. Calcite nuclei may be provided by oyster fragments, disagregated /noceramus prisms,
and planktonic and benthic foraminifera.

Table 8 indicates that total feldspar content of the Almond sandstones averages 5%. The average
feldspar content of 10 thin sections analyzed for this project is 8.5%, with minimum and maximum values
of 2.0 and 17.7% respectively. However, as much as 30 to 40% feldspar has been reported.32 Much
detrital feldspar has been removed by dissolution, and some has been replaced by carbonate minerals.
Potassium feldspar (dominantly orthoclase) is more common in upper Almond sandstones at depths of
less than 6,000 ft in contrast to plagioclase feldspar which is more common in the more deeply buried
upper Almond sandstones.

Upper Almond sandstones contain between about 15 and 25 wt % clay minerals (fable 8). Mean
clay-mineral compositions in the less than 2p {clay size) fraction show that kaolinite is the most abundant
clay within the shallower reservoir sandstones. Kaolinite abundance decreases with increasing depth
{table 9) and is rare to absent in reservoir sandstones below 9,000 .28 Small amounts of chlorite were
detected in Almond shales, but none was detected in any sandstone samples.?® lliite dominates the clay
size fraction below 9,000 ft and includes discrete illite and interstratified illite/smectite. lllite/smectite is of
the ordered variety and contains less than 25% expanded layers.28 Little smectite is found in either the
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upper Almond formation sandstones or in the shales_. These characteristics of the ¢lay composition
indicated that even the shallowest upper Almond formation reservoir rocks, now at depths of
approximately 4,500 ft, may have been buried to depths where the temperature exceeded 212° F, or may
" have experienced a heating event.28

Four additional samples from Patrick Draw field have been analyzed by X-ray diffraction in this work,
The results (table 10) tend to support the results of Keighin et al.28 in that quartz is the dominant mineral
gxcept in sample 45-14-3 (50 ft), which was from an oyster rubble bed. K-feldspar is dominant over
plagioclase, kaolinite is the dominant clay mineral, and iliite and mixed-layer illite/smectile are present.

Excluding the sample from an oyster bed, calcite comprises less than 5 wt % of the samples;
however, combined dolomite and ferroan dolomite comprise up to 25% in one sample. Total carbonate
content ranges from 12 to 93 wt % of the samples and is dominated by ferroan dolomite. The amount of
dolomite from samples listed in table 10 is much greater than that indicated by Keighin et al.28 (table 9).
The greatest amount of dolomite plus ankerite (ferroan dolomite) reported by Keighin et al. was only 12%,
although the greatest amount of total carbonate was 20 wt %, which is in line with most of the values in the
Patrick Draw samples {table 10).

Interparticle cement crusts of high magnesium calcite up to 30 mm thick are presently forming in
coastal marsh and barrier island complexes of the Gulf Coast of Louisiana.3? If preserved, such crusts

could be responsible for laterally extensive calcite-cemented horizons in ancient barrier islands.

Petrographic analyses of Almond formation outcrop thin sections4? indicate a very similar
mineralogical composition as compared to analyses by Keighin et al.28 Point count analysis by Pryor30
indicates an immature chert arenite composition. Twenty-nine Almond reservoir samples examined4?
were classified as quartz arenite; however, chert and other quartzose rock fragments were plotted on the
same pole of a sandstone composition classification diagram. If corrections for rock fragments were taken
into account, the samples#? would plot in the sublitharenite to chert arenite range.42 Detrital matrix
contributed 16.5% of the rock volume while rock fragments contributed 25% of the total rock composition
in the samples.40 A generic classification of the rock fragments include the following: shale, 0.5%;
siltstone, 1.5%, chert,19.5%; and polycrystalline quartz, 3.5%. Van Horn21 noted that chert decreases
volumetrically with respect to feldspar in an up-section direction within the upper Almond formation. He
also concluded that the abundance of pelitic rock fragments in upper Almond sandstones places the
feldspar and lithic (rock fragment) content nearly equal. The finer grained sandstones (with an abundance
of pelitic rock fragments) fall into the litharenite o sublitharenite category, while the coarser sandstones
{which are relatively deficient in the pelitic rock fragments ) fall into the arkosic to subarkosic category. If,
however, the pelitic rock fragments are fecal pellets (which is not unlikely), then the coarser upper Almond

21



sandstones could all be classified as arkoses.42 Heavy mineral content was less than 0.8% for all
Mesaverde Group sandstones analyzed. Garnet and zircon comprised 94% of the heavy mineral
abundance in an Almond sample,40 indicating crystalline schists, gneiss, and acid igneous source rocks.

Petrographic analyses of Almond formation sandstone thin sections from cores from Patrick Draw
field indicate dominantly feldspathic litharenite, chert arenite, and sublitharenite compositions (fig. 17). In
only one case was feldspar more abundant than rock fragments, resulting in a lithic arkose composition.
Mineralogically the sandstones are quite immature as is reflected by the abundance and variety of rock
types and feldspars, including plagioclase. The dominant lithic fragments include chert and other
sedimentary rock fragments, although metamorphic and even sparse volcanic rock fragments were
identified. During these analyses the original (unaltered) grain types were interpreted to ensure that

original (syndepositional) rock composition was recorded.

The Almond formation sandstones examined from Patrick Draw field are generally texturaily

submature because they contain iess than 59, detriial clay, but sand grains are only moderately to well

sorted and not well rounded.
Texture of Almond Reservoir Sandsiones

Lower Almond formation (fluvial and freshwater coastal marsh?') reservoir rocks consist of pods of
poortly sorted, very fine-grained, siliy, agrillaceous (iliitic) sandstone. Lower Almond sandstones would be
moderately-well to well-sorted if it were not for the abundance of silt and clay matrix.2! In contrast, upper
Almond reservoirs consist predominantly of medium-grained sandstones.2! Visual scans of sandstone
thin sections from Patrick Draw field, however, indicate an average grain size of 188 pm (fine-grained sand)
with a distinct difference between samples from facies tentatively identified as lidal delta (average 210
microns, N=6) and abandoned inlet (average 145 um, N=3). These coastal and barrier
sandbodies!3:2543 consist of well sorted, linear belts containing much smaller percentages of authigenic
clay, which is dominantly kaolinite.41 The major carbonate mineral in upper Almond reservoirs is calcite or
dolomite, whereas it is frequently siderite in the lower Almond. Carbonate cement and compacted clay-
rich rock fragments significantly reduce porosity in most upper Aimond sandstones,?! and thinner, finer-
grained units are more tightly cemented by authigenic carbonate than are thicker upper Almond

sandstone units.

Fine-grained and medium-grained upper Almond sandstones have similar fabrics dominated by
point contacts and include many floating grains, suggesting that early cementation prevented later
compaction.2! In thin sections where dolomite cement comprises greater than about 25% of bulk volume,
permeability is less than 1 md and the resulting texture is undercompacted. Undercompacted textures are

not necessarlly the product of early cementation alone, as is evidenced by dolomite-replaced margins of
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quariz framework grains, dolomite-filled re-entrants in otherwise normal grains, grains with highly irregular
shape, "ghosts" of replaced grains within dolomite crystals, and “floating” silt fo very fine sand grains

encased in dolomite cement.

Lower permeability zones (< 30 md) in otherwise good reservoir quality sandstones are often
created by processes other than dolomite cementation. Four major causes for such low-permeability

zones have been recognized in samples from Patrick Draw fieid:

1. Preserved clay malrix seams.

2. Clay-cemented zones, particulary by kaolinite.

3. Altered and selectively leached zones where the collapsed remnants
tend to block pore throats. Processes involved include replacement by
kaolinite, corrosion and leaching, vacuolization, and sericitization.

4. Compaction, particularly after weakening of grains by alteration and
leaching. Compaction creates low permeability zones by rotating,
bending, breaking, and shattering grains; creating long contacts, sutured
contacts, interpenetrating grains, and stylolitic contacts between grains;
compression of softer grains and creating pseudomatrix.

Rock Structure and Anisotropy

Three slabbed rock samples from Patrick Draw cores well 49-1-3, 4,522 ft (fig. 18), 4,531 fi {fig. 19),
and well 7-18-1, 4,957 ft {fig. 20) were CT-scanned perpendicular to bedding to evaluaie the extent of CT
density variation within facies having different reservoir quality. Sample 7-18-1, 4,957 ft, has the best
reservoir quality (greatest apparent porosity based on visual scan) and has a CT densily that varies from
600 to 700 HU (Hounsfield Unit, a measure of X-ray attenuation where -1,000 HU = air, 0 HU = water, and
<1,000 HU = rock). This sample is a porous, cross-laminated fine-grained sandstone with a few partly
cemented thin laminae. The intermediate reservoir quality sample {49-1-3, 4,522 ft}, which is a thinly
laminated silty sandstone with more visible lamination, has CT density variation from 650 to 750 HU. The
sample with the poorest reservoir quality (49-1-3, 4,531 ft) comprises interlaminated silty very fine
sandstone and silly shale. It has a CT density variation of 750 to 850 HU. Note that CT density increases
- with generally decreasing reservoir quality and that even the "better" layers (lower CT values) in

. Successively poorer reservoir quality rock do not seem 1o overlap.

: This type of CT density variation reflects a high degree of vertical anisotropy related to interlayering
. of lithologies within the core samples. The CT density variation in the best reservoir quaiity sample is
© determined by relatively small amounts of clay cementation based on thin seclion analysis.
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A sample of black, coaly siltstone and shale (well 78-14-6, 4,344 ft) was also scanned {fig. 9) and
shows CT density increasing fram 0 to about 450 HU as one proceeds away from the thin pure coal layers
into dark-colored siltstone and shale. This transitional behavior, shown on the scan profile in figure 21,
refiects several coal-rich laminae that can be distinguished from the surrounding silty shale and indicales a
transitional or aiternating environment.

Diagenesis of Almond Reservoir Rocks

The diagenetic history of the Almond marine reservoirs is complex. Nine stages have been
evaluated (fig. 22).28 Quariz overgrowths on detrital quartz grains were found in all samples examined.
Most quartz overgrowths precipitated early in the paragenetic sequence; however, some were found to
reduce porosity within secondary pores. Five to 15% of the primary porosity in upper Almond formation
sandstones has been filled by silica cement. The diagenetic sequence for upper Almond sandstones
proposed by Thomas?! is somewhat more simplified; however, it is in very close agreement with the
scheme presented by Keighin et al.28

Much of the porosity in the Almond sandstones at Patrick Draw field has been created by the
dissolution of mineral grains and cement. Most intragranular and moidic porosity was formed by
dissolution of feldspars, chent, and shale rock fragments. Because the reservoir sandstones generally
contain a significant amount of leached feldspar and easily decomposed rock fragments (such as chert
and shale), these components also make the reservoir rock sensitive to compaction and subsequent
decrease in porosity and permeability.

In addition, 13 to 81% (average 58%) of all feldspar in examined Almond formation sandstone
from Patrick Draw field is altered or completely replaced {fig. 23), mostly by kaoclinite. Commonly, altered
margins or entire feldspar grains are partly leached resulting in a complex maze of secondary
microporosity, which contribute to high initial water saturation but little to permeability {fig. 24). In most of
the thin sections examined, both perfectly fresh feldspars and all intermediate stages of leached feldspars
are present in the same sample, often immediately adjacent to one another (fig. 25). The complex porous
remnants of feldspar remaining after more than 90% of the grain has been leached surely could not have
been transported to the site of deposition in that condition (fig. 26). The presence of fresh and leached
plagioclase and potassium feldspars, mainly orthoclase and microcline, in the same sample implies,
however, that some of the partially leached grains must have been incorporated into the sedimenis in the
altered state. Neither selective leaching of one type of feldspar nor a general leaching of all feldspars can
explain the preserved textures or the types of feldspars preserved in the upper Almond sandstones at
Patrick Draw field. The diagenetic history of the upper Almond formation feldspars is significant because
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mﬁfe' than one-third of the total porosity in many examined thin sections was created by corrosion or

eaching of part to all of the feldspar assemblage.

Ferroan dolomite is the most common cement in the more permeable upper Almond formation

sandstones examined. Dolomite locally replaces calcite and quartz and has also been identified as
syntaxial overgrowths on prior dolomite and calcite. Thin section analysis of Patrick Draw samples
indicates that dolomite can locally contribute up to 35% rock volume, thereby reducing permeability to less

than 1 md.

B Clay minerals play an imporiant role in the development of reservoir quality (fig. 27). Partial
dissolution and replacement of feldspar and rock fragments by clays is very common in Patrick Draw
“ sandstones where this process created abundant microporosity. The difference between laboratory-
* derived porosity and thin section point count derived porosity {always the smaller of the two) should give
an index of the amount of microporosity within a sample. The distribution of clays within the pore system
" indicates that the reservoir should be sensitive to migration of fines.44 Cemenlation and replacement of
detrital chert, quartz grains, shale rock fragments, and clay matrix by kaolinite is extensive in examined

sandstones from the upper Almond formation at Patrick Draw field.

lllite cementation is a major mid- to late-stage event in the Almond, particularly in the deeper (>8,000
fi) reservoir sandstones. lllite replacement of rock fragments was reported in Almond sandstones from
4,500 to 12,000 .28 Iliite with "tlame-like" and acicular habits is also present within secondary pores.
The development of authigenic illite in Almond reservoir rocks is thought to be partly due to the

conversion of smectite to illite®> and partly to earlier leaching of K-feldspars.

it may be expected that outcrop samples from analogous sandstones may have a somewhat
different diagenetic sequence which may, a least in part, be controlled by their more complicated tectonic
history. It has been suggested that as a result of uplift into the vadose zone, iron hydroxide may be
deposited as coalings or as "ironstone” concretions.38 Also, calichefication of calcite-cemented horizons
may occur upon uplift and exposure to vadose conditions. Distinguishing caliche created by outcrop
weathering from that produced by early re-emergence of calcite-cemented reservoir barrier sandstones

will require careful stratigraphic and petrographic studies.

Porosity
A plot of porosity versus depth for sandstone core samples from the Almond formation2® indicates

the expected relationship of decreasing porosity with increasing depth. There is, however, a much
greater scatter for data in the lower porosity rocks {<8%) that generally occur below about 9,000 ft. The
shallower sandstones are conventional reservoirs with porosities as great at 22% (Patrick Draw field), while
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the deeper sandstones have porosities that range from 3.5 to 8% and are generally unconventional {light)

reservoirs.

A plot of natural log of permeability versus porosity (fig. 28) for samples from the upper Almond
formation at Patrick Draw field displays a positive correlation with a relatively high correlation coefficient of R
= 0.83.

Based on vitrinite reflectance, there is also a generic relationship between decreasing porosity with
increasing thermal maturity.28 Another conclusion about the development of porosity in the Almond
formation is that Patrick Draw area fields had experienced a heating event. Law et al. (1986)36 concluded
that the unusually high levels of thermal maturity in the field and the area around Patrick Draw were due to
upward migration of hot fluids along faults and fractures. Such conditions may enhance or decrease
porosity depending on the composition of the fluids and the nature of their interaction with the reservoir

rocks,

Permeability and Pore Throat Slzes

Based on petrographic examination, permeability of upper Almond reservoir sandstone at F’atrick
Draw field is an inverse function of dolomite content (fig. 29). Interestingly, there is no statistical
relationship and only a weak visual trend for the relationship between permeability and clay cement plus
dolomite cement, the two dominant authigenic minerals in the better reservoir quality sandstones.

Porosity-permeability-depositional facies relationships are portrayed for a number of Patrick Draw
samples in fig. 30. Observations based on this figure include:

1. Two straight-line relationships become evident when the data for permeability are plotted using
an arithmetic scale as in fig. 30.

2. Permeability values greater than 1 or 2 md are present in those samples with more than 21%
porosity.

3. The two linear relationships are generally facies controlled: the more permeable samples tend
to be from facies tentatively identified as tidal della and abandoned inlet, whereas the low-
permeability facies include fidal creek and tidal flat facies. Thus distinction of facies groups
based on porosity-permeability makes us optimistic that with additional work major facies or
facies groups may be clearly distinguished using core-caiibrated wireline logs.

Thin section analysis of the two low-permeability tidal delta samples in fig. 30 indicates that
permeability has decreased in these samples because of diagenetic processes {cementation). Such
variations from the otherwise well delineated porosity-permeability-facies relationship illustrated in fig. 30
indicate that diagenetic heterogeneity may completely scramble well established permeability-porosity
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"__"trends based on depositional facies; therefore, log-derived facies designations must be verified with core

“whenever possible.

Porosity versus permeability for Almond formation sandstones show two distinct permeability
" regions. The more porous sandstones (>10% @, >1 md) show a well-defined trend of increasing
_3' permeability with increasing porosity.28 The data from lower porosity/lower permeability (generally less
~ than 1 md) rocks display greater scafier and a much more poorly defined trend. Based on mercury
 injection-capillary pressure data®® and thin section examinations, the pore throats in Almond formation
sandstones are frequently smaller than 1 micron in diameter. Effective pore throat size (where mercury
begins to enter the pore throats) for samples from Patrick Draw field is generally between 10 and 15 um,
whereas efiective pore throat size for deeper Almond sandstones is much more variable and generally
smaller. The variations in pore throat size for deeper samples is contralied by grain size, amount of
carbonate cement and presence or absence of microfractures.

The distribution patiern and continuity of sandstones and other stratigraphic units of the upper
Almond formation in Patrick Draw field were investigated from a dip-oriented stratigraphic section in the
north central part of the field (see fig. 13 for location). The stratigraphic section fig. 31) was constructed
from available induction and spontaneous potential logs (SP), but other logs, such as sonic and density,
were also studied when available. Preliminary lithological description of cores performed by NIPER
geologists and earlier workers were available from a few wells along this section for calibration of log
signatures with the dominant geological features.

Stratigraphlc Units
The following stratigraphic units are important to the oil and gas accumulations and could be
differentiated on the stratigraphic section (fig. 31).

1. The lowermost unit of upper Almond formation consists of a cyclic sequence of shales,
sandstones, and coals each of which has a typical log signature. Parlicularly, the numerous coal beds are
distinguishable by their sharp resistivity ‘kicks' on induction log and very high transit time 'kicks' on the
sonic logs. Three distinct cycles in this sequence were previously distinguished.43 out of which cycle Il is
imporlant because it contains the oil producing UA-6 sandstone. The UA-6 sandstone is either absent or
is very thin (4 ft or less as shown in fig. 31) and is not always easily distinguishable on logs from the few
other thin sandstone beds in this area. The UA-6 sand has good development slightly north of the
section such as at well 64, section 11.
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2 The lowermost of the shale units in this sequence can be easily distinguished and correlated on
electric logs across the entire stratigraphic section. This unit has been called the ‘marker shale’ 42 and is

indicated in figure 31.

3. Above the ‘marker shale' and separated from it by another cycle of sandstones, shales and coals
in most parts of the stratigraphic section is the producing UA-5 sandstone, which has been interpreted to
be a shoreline/barrier deposit. The UA-5 sandstone is the principal reservoir in Patrick Draw field and is
gasily distinguishable on electric logs. It may be seen in fig. 31 that the UA-5 sandstone deposit is
composed of two distinct 'bars', (the so-called ‘western’ and the 'eastern' bar) separated from each other

by a zone where the sandstone is absent.

4. All along the westemn bar and partly along the eastern bar, an oyster-bearing layer of shales and
sandstones overlie the UA-5 sandstone. This oyster-bearing layer is thickest where it fills the low between
the two bars (about 30 ft) and is easily distinguishable on electric logs by ils characteristic sharp response.

5. Directly overlying the Almond formation are the marine ‘Lewis' shales. The contact between the
Lewis and the oyster layer is easily distinguishable and correlatable on all the logs in the study area.

Petrophysical and Reservoir Properties of UA-5 Sandsione
The oil and gas accumulation in UA-5 sandstone at Patrick Draw is the result of a stratigraphic trap
formed by updip pinchout of the bar westward into impermeable lithologies. Generally the UA-5
sandstone is well sorted, fine-grained, and has uniform texture and composition with a miner degree of
stratification. X-ray diffraction and clay/mineral analyses (tables 8-10) show that the UA-5 sandstone
consists of (in decreasing order) guartz, carbonate minerals, clay minerals, and feldspar. Substantial

amounts of authigenic clays are also present as pore-lining and pore-filling material.

The distribution of porosity and permeability along the entire thickness of the UA-5 sandstone can
be studied from the type of logs such as the ones from wells 10-A and 102 {figs. 32 and 33) located close
to the stratigraphic section (see fig. 13 for location). Typically the average porosity is around 20% which is
sometimes drastically reduced at the top of the sand due to dolomite cementation (well 102, fig. 33). lf the
upper cemented zone is excluded, the amount of cement in the remaining sandbody is small. The
uniform distribution in porosity is sometimes also disturbed by the presence of bioturbated zones and
‘shell beds’ which drastically reduce porosity and permeability (fig. 32). The verical distribution of
permeabiiity follows the same trend as the porosity but its variation is more drastic, and in the two wells

(figs. 32 and 33) permeability values range between 0 and 150 md.
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The distribution of grain sizes in the UA-5 sandstone, on which the petrophysical properties
éepend to a large extent, is usually fairly uniform in the vertical direction, except that in many of the weils
(“he sand is coarsest at or very near the base of the sandstone.#3 This increase in the grain sizes at the
base of the sandstone is reflected by high permeability values in well 102 (fig. 33) at a depth of around
3.895 to 4,898 ft. From a few feet above the base, where the sandstone is finest, the grain size generally
increases upward, suggesting deposition in progressively shoaling water. Laterally, the UA-5 sandstone
becomes finer and less well sorted3 to the east of the eastern bar where the sandstone grades laterally
into marine shales in that direction. Presumably the petrophysical property will also continue to deteriorate
in that direction.
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The core and log data available from two wells drilled through outcrops in the Rock Springs (WY)
area located about 14 miles west of the producing Patrick Draw field were analyzed to determine the
characteristics of sandstones deposited in the area under a variety of depositional environments. A few of
the sandstones in the outcrop wells were from barrier island system of depositional environments;
therefore, the characteristics of these sandstones could also be compared with the barrier island
sandstone deposit in Bell Creek (MT) field.

Characteristics of Sandbadies
The induction, spontaneous potential, gamma ray, and density logs available from the two wells
drilled through outcrops were interpreted to determine the characteristics of sandstones deposited under
different environmental conditions in the area. A geological interpretation of depositional environment of
the different sandstones in the two cored wells was already available!® from core data interpretations of
trace fossils, sedimentary structures, sand size distribution, and polymorphs in the core samples.
Information from wireline log responses was inlergrated with the geological information to determine the

fluid flow characteristics and the geological heterogeneities of the different types of sandstones.

The sandstones encountered in the two outcrop wells were deposited under a wide variety of
depositional environments,!® such as, fluvial, distributary channel, tidal flat and tidal channel, shallow
marine barrier island, and beach. Sandstones from each environment were analyzed using gamma ray,
density, and induction log data. Because of fresh water penetration, the SP logs were featureless for the
most part in the two wells. The results of analyses of seven sandstones from core hole 1 (fig. 8) and three
sandstones encountered in core hole 2 are shown in figure 8 and tables 11 and 12. The depositional
environments of these sandstones are known from geological studies.’® The mean and standard
deviations of vertical distribution of clay content and porosity of the different sandstones calculated from
gamma ray and density logs are given in (tables 11 and 12). Because gamma ray logs do not respond
sufficiently to potassium-deficient kaolinite clay, the clay figures will not effectively reflect the presence of
kaolinite. The vertical distribution of grain sizes from which the mean and the range were calculated were
obtained from visual examination of cores.

From tables 11 and 12, the barrier beach and/or distributary channel seem to have the highest
average porosity and the tidal channel the lowest. The grain sizes and clay content in these two
sandsiones are quite similar; therefore, the significantly higher average porosity in the beach/distributary
channel sandstone must be attributed to better sorting of grain sizes in this sandstone. All the marine
sandstones in this area show high clay content compared to that of other current dominated sandstones,
and since these sandstones also have appreciable porosities it must be concluded that the grain size
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sorting in these sandstones usually is also fairly good. The significantly larger spread (high standard
deviation) in clay content and porosity in the barrier beach/distributary channel sandstone in core hole No.
2 is due to the large range in particle size distribution (125 to 350 y) of this sandstone. The smallest
average particle size was encountered in the marine sandstones and the largest in the current dominated
channel sandstones and the beach depoesit. The large grain sizes of the channel sands in this area should
make these sandstones more permeable compared to the marine sandstones which have a much larger
amount of clays.

Compatison of Grain Size Distribution of Barrler Iisland Sandstones In
Bell Creek and Patrick Draw Fields

From this limited study, the grain sizes in the barrier island sandstone in the studied core holes was
found to vary from 115 to 250 microns; the lower value was observed in a particularly clayey sandstone
and the higher value in sandstones which had a particularly clean barrier beach component. The dominant
grain size in the barrier island facies appeared to be around 170 microns at Patrick Draw field. At Bell Creek
field also, the mean grain size in the main barrier island facies (foreshore, middle and upper shoreface),
varied between 144 to 18148 microns which is quite comparable to the size distribution observed in
Patrick Draw field.

Comparison of Facies Distribution and Petrophysical Properties of Sandstones at
Patrick Draw and Bell Creek Flelds

The producing Muddy sandstones in Bell Creek field were primarily shallow marine barrier island and
non-barrier valley fill deposits. A method to distinguish the dominant facies of the Muddy sandstones
using a crossplot technique was previously discussed.4847 To determine if the shallow marine
sandstones from the two outcrop wells also have similar facies distribution in the two crossplots (porosity
vs. resistivity and porosity vs gamma ray), porosities were calculated from density logs and plots for
porosity against deep resistivity (from induction log), and porosity against gamma rays were constructed
for a number sandstones whose depositional environments were determined from previous geclogical
studies.!® Figs. 34 and 35 show the two crossplots for the shallow marine sandstone at a depth of 140 ft
from outcrop corehole #1. Clear separation of the upper and lower shoreface facies is indicated in the two
crossplots just as in the case of Bell Creek field. The porosity, resistivity plot for well no. W-4 from Bell
Creek field is shown in figure 36 for comparison.

Crossplots for sandstones from other environments were also constructed but the porosity,
resistivity and gamma ray values for these sandstones were observed to have a larger spread (large
standard deviations) compared to those from the shallow marine environments, which is a consequence
of the processes involved in the deposition of these sandbodies.
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Reservoir History

Patrick Draw fieid is located in townships 18 and 19 norih, ranges 98 and 99 west, Sweetwater
County, in southwestern Wyoming. The field was discovered on April 11, 1959, with the completion of
the discovery well, E! Paso Natural Gas Co., Patrick Draw Unit 1. Initial production rate for this well was 638
BOPD. Average well diameter Is 8 inches. Most wells were completed with 5 1/2-inch casing and 2-inch
tubing and were perforated at four {most frequentiy used) or two shots per foot. All wells were stimulated
by using acidization and hydraulic fracturing. The reservoir drive mechanism for primary production was
mainly solution-gas, and no active water encroachment was reported. Gas was generally not produced but
reinjected through five injection wells for reservoir pressure maintenance. Waterflooding was initiated in
1963 and 1966 for the Monell and Arch Units, respectively. A full-scale waterflood was implemented on
80 acres with a 5-spot pattern along with water injection at the gas-oil contact for improving injectivities.
About 239 wells have been drilled, and about 128 of these have been water injection wells. Both initial
reservoir and saturation pressures were 1,790 psig. A comparison of reservoir properties of Patrick Draw
and Unit ‘A’ Bell Creek field is shown in table 6. Lower wateriflood recovery from Patrick Draw field indicates

a higher degree of reservoir heterogeneities as compared to that of Bell Creek field.

Oil-in-Place
The total original oil-in-place (OOIP) for both the Arch and Monell units was estimated to be between
200 and 250 MMSTB3! from volumetrics, and between 140 and 150 MMSTB from material balance
calculations. A total of approximately 78.5 MMSTBO has been produced through primary and secondary
operations. Table 6 also shows the primary and secondary reserves for Arch and Monell Units. These
data indicate that the Monell Unit has a higher recovery efficiency than the Arch Unit. As of July 1983, the
daily oil production for the Arch and Monell Units was 180 and 1,300 BOPD, respectively,

Core Analyses

From reported studies,3 the average permeability of the UA-5 sandstone ranges between 10.4
and 54.4 md. Routine core analyses conducted at NIPER on core samples from well 120 in the, Arch Unit
show that the average vertical permeability measured on full-diameter core {10 md) is about half as much
as the horizontal permeability (18.6 md) of plugs samples using air. Similar conclusions were reached
when a 6-inch-long core from higher energy facies of well 7-18-1, Arch Unit was CT scanned (fig. 20). The
density profile along the long axis of the core indicates that CT density fluctuation due to lamination in the
core is not very significant. The average grain density of core plugs from this well is 2.65 g/icm?®.

Table 13 shows results of permeability tests conducted on 154 samples from 26 wells in Patrick
Draw field.4® Results indicate moderate formation sensitivity to fresh water flow. The reduction of

32




permeability to fresh water is attributed to fines migration resuiting from Illite and kaolinite presence in
Patrick Draw field.

An imbibition and drainage oil-water relative permeability analysis conducted on a core sample from
well 1 (Core Laboratories Scale 303-81274) is shown in figure 37. The residual water and oil saturations
are between 51 and 58% and 18 and 20%, respectively. The water relative permeability at residual oi
saturation is 3.5%. The preservation and core preparation is not known at this time; however, the fluid flow
performance of the core indicates that the wetting preference is strongly water-wet.

Typical mercury injection measurements performed on five core samples from Arch Unit of Patrick
Draw field are shown in figure 38. More than half of the pore throat diameters of productive sandstone
cores from that study are between 2 and 20 microns, which is in agreement with previously published
results.28

A correlation between porosity and depth of burial showing decreasing porosity with increasing
depth, has been reported.28 Porosity reduction of as much as 20% with increase in the net confining
pressure up to 2,750 psi has also been reported.  Pore volume compressibility associated with the
porosity reduction is between 4x10-8 and psi.

CHAPTER IV. - GENERIC ENGINEERING METHODOLOGY FOR RESERVOIR
CHARACTERIZATION (MILESTONES 3 AND 4) '

Improvement in methodology for reservoir characterization was made by identifying heterogeneities
through engineering analysis and evaluating the influence of these heterogeneities on
production/injection performance and residual oil saturation. Readily available data from Bell Creek field
were analyzed using conventional methods such as Hall Plot analysis, comparison of material balance and
volumetric methods of oil-in-place calculation, and core-log correlation. These methods of analysis
provided insight into the nature of heterogeneities and their influence on fluid flow and trapping.

A new approach 1o reservoir characterization was initiated. This method, fractal analysis, was applied
to log signatures in an effort to quantity distribution of heterogeneities within the reservoir.

Introduction
A comprehensive reservoir description has been recognized in recent years as an important
prerequisite for successful design and operation of both secondary and EOR projects. However, a
comprehensive reservoir description, usually a multidisciplinary team or synergislic approach, ¢can be very
expensive and lime consuming. Thus, it is very desirable 1o develop a reservoir description technique
that is effective, efficient, and economical.
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The primary objective of this engineering study was to show that through integrated analysis of well
testing and production/injection/pressure monitoring methods an improved reservoir evaluation is
obtainable. Thus, the influence of various geological heterogeneities on fluid flow during primary,

waterflooding and the implementation of chemical flooding can be identified.

Front advancement monitoring and Hall plot analysis were effective and useful tools for evaluating
performances of injection wells and identifying interwell geological heterogeneities.49-50 |n conjunction
with production/injection data, periodic pressure falloff tests and pulse tests provided adequate

information for refined analysis of in situ reservoir properties.

A new method was developed to quantify the effect of reservoir heterogeneities on oil production
by examining the differential oil-in-place (OIP) of each well in a given reservoir. A well differential oil-in-
place, DOIP is defined by the equation: DOIP = volumetric OIP at a given spacing - material balance
equation QIP. This method only requires readily available production and basic petrophysical data and can
be applied at or before the end of primary reservoir production. Main applications of this method (DOIP)
are to determine: (1) remaining oil reserves, (2) geological heterogeneities, (3) well drainage area and
efficiency, (4) optimal well spacing, and (5) best injection and production well sites for waterflood, infill, and
EOR programs. Resuits of the method can be used independently or integrated with other information for
optimal reservoir production planning. These methods were tested using the fairly complete geological

and engineering data of Bell Creek field (MT), Unit ‘A",

Injection/Production Monitoring: An Effective Method for Reservoir Characterization

Many infill drilling, completion, stimulation, and enhanced oil recovery operations are inefficient
because of insufficient reservoir characterization. Refined knowledge of the distribution of reservoir
properties, critical heterogeneities, and potential formation damage is needed to reduce risk and improve
productivity.49 The main challenge of reservoir characterization is to obtain information about reservoir
architecture, continuity, and interwell fluid flow patlerns within a reservoir through integrated
geologicaliengineering analysis of reservoir data, so that a plan can be developed for selecting the most

favorable location and optimum completion and injection methods for maximum resource utilization.

The development of reliable geological and engineering models requires data collection,
organization, evaluation, reconcilation, and integration of geological, petrophysical, diagenetic, rock-fluid,

production, injection, and pressure data.®

Volumes, rates, pressures, cuts, fluid samples, fluid level monitoring, pressure transient testing,
tracer lesting, and production logging have been used for determination of productivity/injectivity indices,
location of fronts, transmissivities, reservoir discontinuities, distance to fronts, and interwell pressure
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communication.31 Regular systematic and consistent production/injection monitoring and testing have
provided a basis for decisions involving field development, more effective reservoir management, and
impraved recovery efficiency.52'54 Because each of these technigues provides an average property
around a well, in the drainage area of a well, or between wells, the data represent the combined effect of
several reservoir parameters in a heterogeneous reservoir.55-56 Complementary techniques must be
utilized and integrated to identify the influence of various heterogeneities on fluid flow.

Integrative analysis of well tests has not received adequate attention®@ even though this type of
approach is needed for improved characlerization of a reservoir. Integrative analysis of well tests is
necessary to identify and evaluate the effects of various heterogeneities on fiuid flow in a reservoir at
various stages of production. The integrative approach is most effective when it is based on a detailed
geological model of a reservair.

Bell Creek (MT) field was selected for characterization using production/injection monitoring and
pressure transient testing (see fig. 39). Fairly complete production/injection and welthead pressure data
were recorded while the field was under primary and secondary recovery and chemical flooding. Good
geological data of the central part of Unit ‘A’ were already available based on detailed core descriptions and
analyses.10 Several falloff and pulse tests for evaluation of reservoir anisotropy were conducted in the
(TIP) area prior 1o the initiation of a chemical flood project. However, no integrative analysis was available in
the literature to evaluate in situ flow behavior and identify the role of various heterogeneities on waterflood
and enhanced oil recovery (EOR )performance.

Injection and production data over 10 years of linedrive waterflooding and 6 years of micellar-
polymer injection for Unit "A' of Bell Creek (MT) field were analyzed using front advancement monitoring
and Hall plot analysis. The results were integrated with geological information to characterize a project area
for geological heterogeneities and to determine their influence on waterflood and chemical EOR
performance.

Preflush waterflood performance and late waterflood performance of chemical injection wells were
compared with the performance of surrounding water injection wells to evaluate the overall performance of
these wells as compared 1o that of simifar injection wells in the TIP area. Component parts of this study
include analysis of front advancements at low and high water cuts (20 to 70%), production, injection,
wellhead pressure information, pressure transient data, and mathematical simulation. The production and
injection data are analyzed in light of a thorough geological model of the reservoir which was
developed!0.55.57-58 through a detailed analysis of cores and wireline logs. The geological and
engineering information about Bell Creek field is discussed in references 10, 48, 52, 54, and 55 ang
provide a basis for analysis of production, injection, and pressure data.
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The Muddy formation in Unit ‘A" of Bell Creek field generally strikes in a NE-SW direction and dips
northwest on an average of 100 ft/mile. Detailed structural analyses has revealed, several faults in the TIP
and adjacent are (fig. 40). The faulis are disconlinuous and are generally parallel to the NW and NE
trending lineaments recognized throughout Powder River Basin. Fig. 40 shows two cross sections of the
Muddy sandstone along the dip (X - X') and the strike (Y - Y'} in the TIP area (see fig. 39). The most
common verlical displacements of these postdepositional faulls are from 10 to 20 ft although
displacements greater than 40 ft were also identified in section 27. Separation of the barrier island
reservoir into small tectonic blocks has influenced the continuity of flow paths. Naturaf fractures have not
been reported from core examination, but their presence has been inferred from exceptionally high
productivity and injectivity of some wells, as well as pressure analyses of well test data. For these wells,
the measured permeabilities on core samples do not in themselves justify such behavior. 10

Analyses of Waterilood Data During Linedrive Water Injection
An attempt was made to relate water advancement information to geological helerogeneities in the
TIP area. A water advancement map was constructed on the basis of the monthly production data from the
whole Unit 'A". Construction of a fault map was based on more detailed core data and wireline log data and
regional geology data that were available after infill drilling in the TIP area.55

Advancement of the 20 and 70% water-cut production In Unit 'A' of Bell Creek field from the
initiation of linedrive injection in the western part of the field through January 1981 was examined. The
water movement in the 4-section area which contains the TIP area ranged from 0 to 14 ft/d. The fault map
was superimposed with the 70% waterfront advancement information (lig. 41). This map clearly
demonstrates that southwestern-northeasternly faults have locally acted as sealing/semisealing
discontinuities and have impeded fluid communications toward the southeast, whereas northwesterly
eriented faults have enhanced the advancement of the water front. Fig. 41A also indicates that faults and
associated flow conduits extend laterally beyond the faulls as they appear in the background fault map.
This may be taken as evidence for faults and flow conduits which extend beyond the zones of formation
offset that cannot be demonstrated by log correlations.

Mathematical simulation of linedrive waterflooding in this region confirmed the presence of flow
barrier and associated flow conduits.58 The simulated waterflood advancement based on matrix
permeability alone proved to be faster than the actual water advancement in the TIP area. This means that
flow barriers associated with faults played an important role in impeding waterfront advancement in the TIP
area. Fig. 41B shows results of mathematical simulation of the linedrive waterflood based on 10 years of
history matching with the inciusion of one sealing fault in the northwest corner of the TIP area in the
model. A closer correspondence between simulated and actual front advancement was cbserved in the
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western part of the TIP. Moreover, the eastem part of the TIP shows faster simulated front advancement
than the actual one (fig. 41B), meaning that semi-sealing faulls have definitely slowed the waterlront

movement.

The 1980 residual oil saturation for the TIP area was obitained from areal field simulation without {fig.
42A) and with (fig. 42B) the inclusion of one sealing fault in the northwest corner of the TIP area in the
model. Comparison of the spatial distribution of the residual oil saturation for the two cases indicates that
the presence of faults has influenced the residual oil saturation distribution in the TIP area. Accurate
distribution of residual oil saturation requires the inclusion