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RESEARCH SUMMARY

Secondary Natural Gas Recovery: Targeted Technology Applications for
Infield Reserve Growth in Fluvial Reservoirs, Stratton Field, South Texas

Bureau of Economic Geology, The University of Texas at Austin, GRI
Contract No. 5088-212-1718, titled “Secondary Natural Gas Recovery:
Targeted Technology Applications for Infield Reserve Growth”

Robert J. Finley and Raymond A. Levey
January 1990-April 1993 |

The primary objective of this report is to better enable natural gas
producers to develop additional natural gas resources in fields with
conventional permeability and porosity. Integrated geologic, geophysical,
reservoir engineering, and petrophysical evaluations in mid-Oligocene-
age fluvial reservoirs are evaluated from Stratton field, a mature gas field
located in the Frio Fluvial-Deltaic Sandstone along the Vicksburg Fault
Zone play (FR-4) in South Texas. This multidisciplinary field study serves
as a testing area and model in its approach to incremental resource.
development for other gas fields.

A major goal of the Infield Natural Gas Reserve Growth Joint Venture
project is to assess the potential for maximizing economic recovery of
natural gas, mainly in reservoirs with conventional porosity and
permeability. Secondary or incremental gas may be contained in
reservoirs that are untapped or bypassed or have incompletely drained
compartments that are primarily a function of depositional facies and
diagenetic heterogeneity and secondarily are dependent upon structural
heterogeneity. Multiple stacked reservoirs deposited in thick
stratigraphic intervals such as the FR-4 play and other fluvially dominated
units can be affected by variations in sandstone stacking patterns and
contain opportunities for identifying reserve appreciation in existing
fields. Remaining natural gas in these fields can be contacted either by
recompletion of existing wells that have bypassed these reservoir
compartments or by infield wells that contact compartments not
effectively drained at the current well spacing. Exploration for new
reservoirs, incompletely drained compartments, or bypassed gas zones in
old fields can be improved using detailed geologic studies that integrate
engineering, petrophysical, and geophysical methods.

This report summarizes the results of research designed to evaluate the
effectiveness of extensive infield development accomplished by drilling
new wells or by recompleting in previous wells for secondary gas
recovery in fluvial reservoirs in the middle Frio Formation in Stratton
field. These reservoirs consist of channel-fill and splay deposits that are
bounded by nonreservoir floodplain, levee, and abandoned channel-fill
siltstones and mudstones.
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Technical
Approach

Implications

Significant natural gas reserve appreciation opportunities exist in
heterogeneous fluvial reservoirs that are prone to multiple
compartments. Reserve appreciation potential of 100 percent is
documented for a large contiguous area in Stratton field after 40 years of
prior development.

Project analysis indicates that an additional technically recoverable gas
resource of 48 Bcf is present in the Wardner lease study area. However,
part of that gas resource is found in the middle Frio interval, where
reservoir permeability is often affected by diagenetic alteration and may
need hydraulic stimulation.

- Using the Gas-Wizard (G-WIZ) compartmented gas reservoir simulator,

3 classes of compartment sizes were delineated from 10 groups of Frio
reservoirs. Forward stochastic modeling of maximum gas recovery
indicates that well spacings of 340, 200, and 60 acres (or less) provide the
maximum gas-contact efficiency in large, medium, and small compartment
size reservoirs, respectively.

Application of currently available geophysical techniques, including 3-D
surface seismic, vertical seismic profiling, amplitude-versus-offset, and 2-D
seismic inversion, were used to image subtle changes in reservoir
topology and compartment boundaries at depths as deep as 6,800 ft.

The research integrated geologic subsurface mapping, engineering
analysis of project-designed well tests, open- and cased-hole
petrophysical techniques, and both surface and downhole geophysical
methods to evaluate the impact of both depositional and diagenetic
reservoir heterogeneities on the recovery of incremental gas. The

‘technical approach included:

(1) Subsurface mapping of lithostratigraphic units corresponding to
operator-designated regulatory gas reservoirs in the middle Frio
stratigraphic interval.

(2) Calibration of core and rock properties to well logs to determine
genetic depositional units, reservoir variability, and stacking patterns.

(3) Determining the statistics of primary pore volume and transmissibility
for each of 10 reservoir groups and then defining 3 classes of reservoir
compartment sizes (large, medium, and small) delineated from a spectrum
of fluvial reservoirs.

(4) Forward stochastic modeling of abundant Stratton field data to analyze
gas recovery versus well spacing for infill development of different types
of meandering fluvial systems.

(5) Acquisition and interpretation of 3-D surface seismic and high-
resolution vertical seismic profiles to image seismic thin beds
corresponding to high reserve growth gas reservoirs.

This report summarizes the results of the integrated geological,
geophysical, petrophysical, and engineering research as part of a broader
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project to investigate technology applications for infield reserve growth
in fluvial-deltaic reservoirs. Analysis of gas reservoirs in stratigraphically
complex Tertiary fluvial deposits in Stratton field indicates that .
significant reserve appreciation potential exists in heterogeneous and
compartmentalized fluvial reservoirs.

Continued operator access to reserve appreciation in the FR-4 play and
other similar gas plays in the lower 48 states will require application of
SGR technologies and concepts. The Secondary Natural Gas Recovery
project is continuing to transfer technology and reporting results from
this research to the gas industry through publications, short courses, and
workshops.
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EXECUTIVE SUMMARY

This research is vpiart of a‘broaderkmultiyear, multifield research program designed to
investigate targeted technology applications for infield reserve growth. Stratton field, in the
Frio Fluvial-Deltaic Sandstone along the Vicksburg Fault Zone play (FR-4) in South Texas, is used
as a natural lai)oratory to identify and measure the resource potential within fluvial reservoirs
and to focus on the results of various technical approaches enhancing incremental gas o
recovery. Stratton field is an ideal natural laboratory because the field is more than 50 years old
and is one of the largest onshore Gulf Coast gas fields (grééter than 2 Tcf cumulative gas
production) that has undergone extensive infield development.

Results from the 1992 National Petroleum Council study (1992) indicate that-a total of
1,295 Tcf of technically recoverable resources at a wellhead price of $2_.SO/MMBtu or less are
available in the lower 48 stateé. A large part of these total resources (an estimated 216 Tcf of
nonassociated reserve appreciation resources) will come from infield reserve growth within
existing gas fields like Stratton. Technology advancement will probably be crucial both to
developing this incremental resource and to reducing costs of this gas production.

Results from operator-rnitiated infield drilling and recompletions in Stratton field indicate
that reserve replacement of 100 percerrt was achieved when adjusted for reserves projected in
1979, after more than 40 years of prior development history from 1937 ro 1979. Fifty percent
of this reserve appreciation occurred in reservoirs less than 7,000 ft with more than 80 ‘percent
of original reservoir pressure. The reserve replacement occurred primarily among 37
operational reservoirs in the middle Frio. The replaced reserves were achieved primarily from
reservoirs in the lower part of the middle Frio that had ofterr beer1 penetrated by prior
development during the 1937 to 1939 period, in contrast to the reserve appreciation in the
deeper pool reservoirs of the lower Frio and Vicksburg Formations. In 1979 tﬁe co(_mpletion

spacing among the 37 reservoir intervals that were less than 7,000 ft ranged from a maximum of



343 to a minimum of 91 acres. In 1990, before the implementation of fieldwide commingling
rules, the completion spacing ranged from a maximum of 249 to a minimum of 65 acres.

Examining reservoir flow units across a spectrum of fluvial depositional channels indicates
that even in reservoirs with moderate to high (10 to 100 md) permeabilities, depositional facies
boundaries associated with crosscutting channels are more likely to be effective baffles to gas
flow in thin (S to 20 ft), narrow (200 to 1,000 ft), high sinuosity (>1.3) fluvial channel systems
that are typical of small compartment size class reservoirs.

The personal-cdmputer-based Gas-Wizard (G-WIZ) compartmented gas reservoir simulator is
a product of the infield gas reserve growth project. The G-WIZ simulator was used to determine
the distribution and variation of primary pore volume compartment size and transmissibility
from 256 separate gas completions in fluvially dominated reservoirs in Stratton ana Agua Dulce
fields. Three compartment sizes were characterized from 10 reservoir groups across a spectrum
of fluvial reservoirs in multiple stacked reservoir intervals. Reservoir compartment size
distributions were delineated from a spectrum of fluvial reservoirs. Three classes characterized
as large, medium, or small reservoir compartment sizes were delineated from 10 groups of Frio
reservoirs stacked over a 2,000-ft interval in Stratton-Agua Dulce field. Producing rate and static »
pressure data were used to determine three fundamental reservoir parameters: primary drained
pore volume, supporting pore volume, and barrier transmissibility. Statistical distributions of the
primary pore volume and transmissibility were found to be closely approximated by a log-
normal distribution in each of the 10 reservoir groups. Forward stochastic modeling of gas
recovery from the three compartment size classes indicates that well spacing of 340, 200, and
60 acres (or less) provides méximum gas contact efficiency. The correlations developed should
be transferable to other fields with similar fluvial facies architecture. Two reservoir simulation
examples are presented in which the G-WIZ compartmented gas reservoir simulator has been
used to identify incompletely drained resources. The G-WIZ simulator was capable of hindsight
prediction of incremental resources that resulted in 2.0 to 5.7 Bcf incremental resource

volumes. These incompletely drained resources represent 40 percent of the 100 percent



reserve appreciation in the Wardner lease study area and are considered illustrative of the
potential for reserve growth in other fields of similar geological character.

Analysis of 3-D seismic imagery in a 7.5-mi? grid, coincident with multiple well tests in
Stratton field, was used to investigate reservoir compartment boundaries identified by geologic,
engineering, and formation evaluation techniques. Data volume flattening and seiscrop slicing
above and below reference horizons were used to reveal depositional topography and to
determine the extent of structural influence on reservoir horizons. Seiscrop imagery has
revealed fluvial channels aS narrow as 200 ft and as thin as 10 ft at depths as deep as 6,750 ft.
Some reservoir compartment boundaries were seismically im#ged within individual channel
systems. Because many Stratton reservoirs are only 10 to 15 ft thick and occur within seismic
time windows as thin as 2't-o 4 milliseconds (ms), careful calibration of subsurface sfratigraphy
with the surface seismic response is required to accurately locate these narrow time windows in
the reflection waveforms. The Stratton field study has_ demonstrated that a properly calibrated
3-D seismic data volume provides a cost-effective tool for imaging fluvial reservoir topology in
the interwell space.

On the basis of the character of pressure buildup test data in middle Frio fluvial reservoirs,
project-designed well tests identified long and narrow drainage shapes in 10 of 26 wells. These
channel-like drainage shapes have an average width of 220 ft and range from a minimum of
S0 ft to a maximum of 600 ft, matching the dimensions’and morphology of seismic narrow thin-
bed reservoirs imaged on seiscrop slice maps. These well tests have confirmed geologic-based
reservoir characterization models and indicate that significant incremental gas resources are
trapped by reservoir compartments in fluvial-channel systems. Close completion spacing (40 to
80 acres per well) is required to access these reserve additions in selective fluvial erdsitional
systems characterized by small compartment size classes.

Results from the SGR project analysis of Stratton field should be applicable for maximizing
the recovery of gas from fluvial reservoirs in other gas fields in the FR-4 gas play and in other

gas plays with similar depositional settings.



OBJECTIVES

The primary objective of the research by the Secondary Gas Recovery project is to
develop, test, and verify tools and techniques for maximizing the recovery of natural gas
resources from conventional reservoirs in existing fields. The supporting detailed objectives
addressed in this report include the following:

(1) To verify that incremental gas resources exist and to document reserve appreciation in
normally pressured depletion drive reservoirs (in contrast to rate acceleration), from an infield
development program in a 50-year-old gas field.

(2) To test the concept of stratigraphic compartmentalization in gas reservoirs resulting
from differences in fluvial depositional facies, including channel-channel contacts,
intrachannel heterogeneity, and channel-splay contacts that cause reservoir
compartmentalization and hence inhibit the recovery of natural gas.

(3) To evaluate the capability of the G-WIZ compartmented gas reservoir simulator,
previously developed by this project, in analyzing the variability of a broad spectrum of fluvial
reservoirs, and to apply this PC-based tool in evaluating well-documented examples of
incremental gas resources.

(4) To design and analyze transient well tests to identify compartment boundaries and
determine drainage shapes, confirm pressure variations, and quantify reservoir permeability.

(5) To determine the capability of 3-D surface seismic data, vertical seismic profiling,
amplitude versus offset responses, and 2-D seismic inversions for imaging fluvial compartment

boundaries and reservoir topology.



INTRODUCTION

A diverse and vast resource base of 1,295 Tcf of ktechnically_ recoverable natural gas
resources is estimated by a recent ‘analysis of domestic petroleum supplies by the National
Petroleum Coundil (1992). Over 200 Tcf of this resource base is-expected to be recoverable by
reserve appreciation in existing fields in the lower 48 states. The' integrated application of cost-
effective technologies from the disciplines of geology, engineering, geophysics, and
petrophysics will be required for oroduction of these resources. The Secondary Natural Gas
Recovery (SGR) project aims to develop and disseminate cost-effective technological |
applications in each of these disciplines; which will help maximize the economic recovery of ’
this important infield gas ‘r‘esource. |

An increasing trend in the lower 48 states during the past five years has been toward
reexploration and redeveloprnent in large known fields with an existing‘infrastructure. The
viability of this trend has important implications for our future domestic gas supply as both
major integrated companies and independents seek to recover the substantial remaining gas
resources identified in the 1992 resource assessment completeci by the National Petroleum
Council (1992). Fifty percent of the cumulative natural-gas production in ’Te)ras is derived from
siliciclastic reservoirs.in existing fields. Evaluation of gas resources in sandstone reservoirs is'part
of a continuing research initiative at the Bureau of Economic Geology»focus}ing on strategies to
maximize the producibility of the natural gas resource base in the lower 48‘>state.§. This topicai
report focuses on the impad of the reservoir comoartmentalizétion in natural gas reservoirs and
the potential for infield reserve growth through reexploration in a marure field. Tne Secondary
Natural Gas Recovery (SGR): Targeted Technology _Applicarions for Infield Reserve Growth is a

joint venture research project sponsored by the Gas Research Institute (GRI), the

- U.S. Department of Energy (DOE), and the State of Texas, with the cofunding and cooperation

of the natural gas industry. The SGR project is a field-based program using an integrated

multidisciplinary approach that integrates geology, geophysics, engineering, and petrophysics.



A major objective of this research project is to develop, test, and verify those technologies and
methodologies that have near- to mid-term potential for maximizing recovery of gas from
conventional reservoirs in known fields. Natural gas reservoirs in the Gulf Coast Basin are
targeted as data-rich field-based models for evaluating infield development. Fluvial-deltaic strata
of the Frio and Vicksburg Formations in the onshore South Texas Gulf Coast Basin are the site
of geologic and engineering investigations of multiple stacked reservoir horizons in a mature gas
field (fig. 1).

The SGR research program focuses on sandstone-dominated reservoirs in fluvial-deltaic
plays within the onshore Gulf Coast Basin of Texas. Geologic and engineering screening of
14 major gas fields in the onshore Gulf Coast Basin indicated that both Stratton apd Seeligson
fields were potential candidates for detailed investigations within the Frio Fluﬁal-Deltaic
Sandstone along the Vicksburg Fault Zone gas play (FR-4) (Kosters and others, 1989; Finley and
others, 1990). Seeligson field was the first SGR research field study site in the Frio Formation.
Geologic and engineering evaluation of Seeligson’s middle Frio gas reservoirs indicated that
well-connected fluvial sandstones have been effectively drained by dense well and completion
spacing (Ambrose and others, 1992). Starting in mid-1990, with the cooperation of Union
Pacific Resources Corporation, the SGR project focused its research efforts in quantifying
secondary gas resources in middle Frio gas reservoirs on Stratton field in Nueces, Kleberg, and
Jim Wells Counties, Texas. The emphasis of the SGR project is on studying the influence of
depositional systems on reservoir heterogeneity and the resulting degree of nonstructurally
induced compartmentalization in sandstone gas reservoirs.

Stratton field is an excellent candidate for detailed analysis because (1) it has a
development and production history exceeding SO years, (2) an aggressive infield drilling and
recompletion program during the late 1980’s provided a strong basis for using a histbrical
approach to resource assessment, and (3) deyelopment of the Stratton field gas cap has
provided a densely drilled “natural laboratory” that is not commonly available in other Frio

fluvial-deltaic fields. Stratton field natural gas production is presented as an example of the
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Figure 1. Location map showing Stratton field within the Frio fluvial-deltaic play.



significant additional gas reserves that were achieved through conventional drilling and
completion methods using existing technology in a fluvial-deltaic (dominantly fluvial)
depositional setting. Stratton is one of several mature South Texas fields with both fluvial and
deltaic gas reservoirs. This study documents the effect of depositionally controlled reservoir
heterogeneity from that part of the field with fluvially dominated reservoir architecture.
Stratigraphic and production analysis of natural gas reservoirs within the fluvial-facies tract of
the Oligocene-age middle Frio Formation is used to demonstrate the importance of evaluating

gas-well completion spacing in areas with multiple stacked reservoirs.

Regional Structural and Stratigraphic Setting

The Oligocene Frio Formation is one of the major progradational offlapping stratigraphic
units in the northwest Gulf of Mexico basin (fig. 2). The Frio Formation is a sediment-supply-
dominated depositional sequence characterized by rapid deposition and high subsidence rates
(Galloway and others, 1982; Morton and Galloway, 1991). Thickness of the Frio Formation
varies from less than 2,000 ft near the Vicksburg Flexure to greater than 9,000 ft downdip
toward the central part of the embayment. The structural style in the Rio Grande Embayment is
characterized by discontinuous belts of strike parallel to growth faults and deep shale ridges and
massifs. Underlying salt is thin or absent (Galloway and others, 1982). The Oligocene Frio
Formation of Texas is volumetrically the largest gas-productive interval of eight major
depositional episodes of the Cenozoic onshore Gulf Coast Basin (fig. 3). The middle Oligocene
section was deposited during the Catahoula-Frio depositional episode described by Galloway
(1977). The entire Frio Formation is divided into 10 gas plays on the basis of regional variations
in structure and depositional setting (Kosters and others, 1989). Stratton field is within the gas
play known as the Frio Fluvial-Deltaic Sandstone along the Vicksburg Fault Zone (FR-4), which

had a cumulative gas production of 11.8 Tcf as of January 1, 1987 (Kosters and others, 1989).
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The FR-4 gas play, ranked third largest of all 73 gas plays in Texas, is the largest nonassociated
gas play in the Gulf Coast.

Stratton field lies within the Rio Grande Embayment structural province (fig. 4). The Rio
Grande Embayment is one of several entry points for major river systems draining the ancestral
Gulf of Mexico. Variation in the structural framework of Frio and Vicksburg reservoirs in
Stratton field is illustrated by a dip-oriented 2-D cross section based on an analysis of subregional
reflection seismic lines crossing the Vicksburg Fault Zone and extending across the study area
(figs. S and 6). Structural attitude of the gas reservoirs in the Vicksburg and lower Frio
Formations is affected by a series of normal faults that sole out into the Vicksburg detachment
zone within the Jackson shale. The relatively undeformed and flat-lying stratigraphic interval of
the middle and upper Frio Formation is structurally much simpler than the underiying
Vicksburg and lower Frio, both of which show the effects of structural rotation into the
Vicksburg décollement surface, including antithetic faulting.

The upper and middle Frio is characterized by a relatively gentle north-to-south elongated
subsurface domal closure. The structural relief typical of the upper and middle Frio reservoirs is
shown by the structure map on one of the fieldwide extensive shale markers in the middle Frio
Formation (fig. §). There is about 200 ft of relief from the crest to the maximum depth along
the outer limits of the study area boundary. Thi; structural relief of 200 ft also approximates the
maximum height of the gas cap above the oil rim that is present in the E-41 and F-11 reservoirs.
Many of the completions in the Wardner lease study area are above the gas-oil contact of these
reservoirs. Analysis of both well log correlations and 2-D reflection seismic data indicates that
only a few faults extend upward into the middle Frio, and that the amount of fault throw in the
middle Frio is usually small and fault block rotation is minimal. A largé part of the middle and
upper Frio is relatively undeformed across Stratton field. Expansion of the middle Frio section
from east to west results in stratigraphic thickening between shale marker horizons separating

individual reservoir intervals. This minor expansion is visible on the 2-D seismic reflection lines

that are parallel to structural dip across the field (fig. 6).
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The dominant trapping mechanism for reservoirs in the FR-4 gas play is controlled by a
combination of structural and stratigraphic factors, with faulted anticlinal closure, facies change,
and reservoir pinch-outs (Kosters and others, 1989). Most of the gas production in the
FR-4 play is from middle Frio reservoirs. Middle Frio reservoirs in Stratton field are part of the
Gueydan fluvial system (fig. 7), updip from the Norias delta system (Gallbway and others,

1982). Middle Frio strata consist of fluvial depositional systems bthat contain channel-fill and
associated crevasse-splay reservoir facies. Criteria for identifying these channel-fill and splay
deposits from well logs and core were described by jirik (1990), Kerf and Jirik (1990), and Kerr
-(1990). Stratton field is néat the northern limit of the FR-4 gas play. Several giant gas fields,
including Seeligson and Agua Dulce, are part of this play. Initial geologic analysis of middle Frio
reservoirs in these fields reported the composite channel-fill deposits to be as mu;:h as 30 ft
thick and 2,500 ft wide andvprob’ably occur in rather long linear belts (Kerr and Jirik, 1990).
Splay deposits in the middle Frio are up to 20 ft thick and are proximal to channel systems
(Kerr, 1990). Porosities in. thesé fluvial reservoirs range from 15 to 25 percent, with
permeabilities of less than 1 to greater than 4,000 md.

A type log for the study area illustrates the distinct stratigraphic variation between the
Vicksburg and Frio Formations (fig. 8). Analysis of cohv'entional- electric wireline logs
(spontaneous potential [SP] and resistivity) indicates that the middle Frio coniains multiple
stacked bay sandstones within a series of vertically stacked reservoir sequences referred to as
the B-, C-, D-, E-, and F-series reservoirs (descendihg stratigraphic order). Reservoir lithofacies
distributions identified from core and borehole images, 'caiibrated to well logs, support the
interpretation of fluvial deposits composed of both single and multiple amalgamated ch’annel-
fill and splay sandstones as the domihant reservoir facies of the middle Frio producing reservoir
units. Channel-fill deposits range from 10 to 30 ft in thickness and show either a bell-shaped or
blocky SP log profile. The bell-shaped curve indicates an upward fining of grain-size distributbion,
in contrast to the blocky curve that indicates a u'niform grain-size distribution. Lateral splay

deposits often range from less than S ft to as much as 20 ft in thickness. The character of the SP

15
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profile on electric logs within splay deposits has a classic funnel shape, indicating an upward-
coarsening textural profile. The lower Frio Formation in the Wardner lease occurs at depths
between approximately 7,000 and 7,400 ft subsea. These sandstones range from S to 15 ft in
thickness and show a funnel shape on the SP log profile. These lower Frio Fofmation sandstone
packages are interpreted as lower coastal plain deposits to inner shelf deposits (Kerr, 1990) and
are probably related to the Norias wave-dominated delta system delineated by Galloway and
others (1982). Correlation of fieldwide resistivity and conductivity markers across Stratton field
indicates that these sandstone packages are equivalent to‘ the G-series reservoirs (fig. 8).

The Vicksburg Formation contains siliciclastic intervals with SP and gamma-ray logs
indicative of upward-coarsening grain-size profiles consistent with deltaic-dominated
depositional systems. Genetic stratigraphic analysis by Han (1981), Han and Scott '(1981), and
Langford and others (1992) identified variations in delta morphology within the middle and
upper Vicksburg Formation tha;i are thdught to consist of mostiy dip-oriented fluvial-dominated
deltaic deposits. These sandstones in the upper Vicksburg Formation are often greater than
20 ft in thickness (up to 80 ft thick) and show a distinctive funnel-shaped spontaneous
potential (SP) log profile, representative of upward-shoaling deposits that are characteristic of

progradational deltaic depositional environments.

Reservoir Compartment Terminology

The term “secondary resources” refers to that segment of in-place gas that is typically not
produced during historical épproaches to development of‘ a field containing mostly
conventional permeability reservoirs. Secondary natural gas is the incremental gas that is
recoverable using currently available production methods in mature fields in conventional
reservoirs. Reserve growth of the nonassociated gas resources examined in this report consists

of gas that has been either uncontacted or incompletely drained at current field spacing.
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Development wells can be cate'g’lc‘)'ri‘ze'd‘ais either infield or infill wells. Infield wells are
commonly exploratory and are often targeted to deeper pool ob]ectives. Infield wells are

within the established field boundary but are often irregularly spaced. Infill wells are often

‘spaced at half, or some variant of the established regulatory well pattern. Infill wells are

t,argetedeith the objectiire of increased or éccelerated recovery from a pfe’viously knoWn
productive reservoir. Infield wells may be closer to 'previous wells‘than the established spacing
either specified by field rules or typically utilized for that class of reservoirs. | |

Within a mature field, besides currently producing and depleted reservoirs, five additional
categories are useful for evaluating infield reserve growth potential (fig. 9): (1) New infield
reservoirs are reservoirs not contacted during the original development of the field, and they
are separated vertically> and laterally from adjacent reservoirs. (2) Untapped reservoir
compartments are produced by completions within a resver‘voi'r that are not easily identified as
being separated either vertic':aily or laterally from the esta_blishedvvproduc’tion_ within the sameb
reservoir. New completions within untapped reservoir cemp_artments ’are usually at or close to
original reservoir pressure of the prior productive completions.' 3) Iﬁcomplet‘ely drained reservoir
compartments are also not easily identified as being separated vertically-or laterally from a
reservoir that is productive. The term “incompletely drained” refers to the ineffective drainage
of the previous completions in the reservoir. Incompletely drained reservoir compartments
reach an economic limit, and the recoverable resource without additional operational efforts
such as stimulation or perforation in a laterally adjacent well bore will not be effectively
drained. (4) Bypassed reservoirs are reservoirs contacted by existing well bores that have not |
been produced during the course of field development. Reservoirs may be bypassed because
they were evaluated as nonproelhctive or uneconomic. These are typically vshallo‘wer Teservoirs
that can now be reevaluated by ireprocessing of the original logs, acquiring cased-hole logs in

existing well bores, or by new open-hole higher resolution logging tools. (5) Deeper pool

-reservoirs are categorized as those reservoirs penetrated by drilling deeper either in existing’

well bores or in new infield wells adjacent to shallower wells, and below the previously

established productive pools.
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Figure 9. Diagrammatic sketch of reservoir-compartment terminology illustrating the
variation in reservoir-compartment position and relation to well bores within a field
(after Levey and others, 1992).
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ANALYSIS OF RESERVE APPRECIATION

Analysis of infield drilling and recompletions in existing wells in a 7,400-acre area
documents total reserve appreciation in the Frié and Vicksburg reservoirs of 48 Bcf of gas
between 1979 and 1990 in a field that is now over 50 years old. For reservoirs less than 7,000 ft
deep, 33 of the 48 Bcf comes primarily from the fluvial-doxr/linated reservoirs in the middle Frio
Formation. This is compared to reservoirs >7,000 ft deep, with 15 of the 48 Bcf coming

primarily from deltaic reservoirs in the lower Frio and Vicksbiu'g Formations.

Historical Framework (1927-1990)

Stratton field is a mature giant gas field that haspfoduced more than 2.0 Tcf df natural gas
since its discovery in 1922 as part of the Stratton-Agua Dulceb field cornplex.‘ This gas-prone
complex is one of the earliest fields discovered in the secqnd phase of giant -hydrocarbon fields
discovered in the Gulf of Mexico Basin between 1928 and 1941 (Nehring, 1991). Analysis of
Railroad Commission of Texas gas well production records indicates that between 1937 and
1990, more than 340 regulatory reservoirs were designate»d_ within Stratton field; 49 of these
reservoirs are part of the ﬂuvial-dq’minated sandstones in the middle Frio. Stratigraphic ‘analyses
based on well log correlations indicate that these 49 regulatory»reservoirs can be grouped into
37 lithostratigraphic units. These lithostratigraphic units contain individual gas reservoirs that
are bounded by fieldwide stratigraphic markers detectable on standard electric well logs.
Calibration of these well log markers to cores indicates that the markers represent floodplain
shales that are identifiable as resistivity or conductivity markers on conventional electrical
survey and induction logs. A total of 34 of these 37 middle Frio reservoirs have been developed
across Stratton field as of January 1, 1990.

Several phases of field development are identifiable based on the production history
between 1938 and 1990. Fieldwide gas production continuously exceeded SO Bcf per year

between 1940 and 1977 (fig. 10). The maximum peak in gross gas production occurred during
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Annual gas production of Stratton field from 1940 to 1990.

Figure 10
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1973, when annual production exceeded 95 Bcf. This peak was achieved during a phase of
selective reservoir develbpment of the Stratton field gas cap when production was dominated
by the two most prolific gas reservoirs, the Bertram (E-41) and Wardner (F-11). The
approximate lateral extents of these two fieldwide reservoirs are illustrated in figure 11. During
this later phase of development in the 1970's, the reservoir pressure in these two laterally
continuous reservoirs (E-41 and F-11) was partly supported by gas cycling to produce associated
oil. From 1975 to 1986, gas production declined substantially and reached a low of less than

20 Bcf per year in 1985. The reversal in gas production decline, from 1986 through 1989, is a
function of the recent infield drilling and recompletions of exisﬁng wells in the field.

In the early stage of development in Stratton field, almost all the natural gas produced was
from middle Frio reservoirs. Starting in the early 1950’s, production froﬁx lower Frfo and
Vicksburg reservoits was initiated. Middle Frio reservoirs have always been the dominant
productive stratigraphic horizons in Stratton field. The primary development of middle Frio
fluvial reservoirs océurred from 1938 to 1960, when more than 90 percent of all active
reservoirs were in the middle Frio Formation. A second phase of reservoir development
occurred from 1965 through 1975, when development of middle Frio reservoirs represented
80 percent of all active reservoirs. The most recent phase of infield drilling (post 1986) has also
increased the percentage of middle Frio productive reservoits..

The 340 reservoirs reported for Stratton field in the public files of the Railroad

Commission of Texas is the largest number of regulatory reservoirs for any of the fields in the

 FR-4 gas play. Detailed stratigraphic correlations using well logs to identify reservoir intervals

across the field indicate that this number of reservoirs is relatively high. This large number of
reservoirs is attributed to (1) multiple stacked pay horizons, (2) physical compartmentalization
in some reservoirs, and (3) separate reservoir designations as different lease boundaries are
crossed within the field. Comparing the discovery year for each reservoir and the depth to the

reservoir illustrates the development history in Stratton field (fig. 12). In addition, a trend
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Figure 11. Stratton-Agua Dulce field complex showing the lateral extent of the major
productive reservoirs, Bertram (E-41) and Wardner (F-11).
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Figure 12. Reservoir discovery year versus reservoir depth in Stratton field. The hindcast
time period was used in the historical analysis of infield drilling in the field.
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toward deeper pool development is indicated by the number of new reservoirs discovered after

1960 at depths greater than 7,000 ft.

Area of Investigation—Wardner Lease

One major objective of this research is to investigate secondary gas resources in Stratton
field and to use these results to predict probable sources of incremental reserves in fields similar
to Stratton. As part of this research, a large contiguous area of Stratton field was analyzed to
evaluate the lmpad of additional drilling and recompletions within the established geographic
limits of the field. The area of detailed analysis is located in the Wardner lease in the south part
of Stratton field (fig. 13). The study area comprises approximately 7,400 acres and is operated
by Union Pacific Resources. This study area is on the downthrown side of the Vicksburg flexure.
Analyzing the reserve growth for the study area by depth, reservoir type, and spacing has
allowed us to arrive at conclusions as to the probable source and amount of future incremental

reserves for Stratton and other fields with similar reservoir architecture.

Methods of Gas Reserve Assessment

The purpose of this gas reserve assessment is to compare pre-infield development with‘
the magnitude of reserve growth obtained by recompletions in existing wells and the drilling of
new wells in the study area. Incremental gas reserves developed since January 1, 1979, were
determined instead of ultimate recovery since discovery because several reservoirs were cycled
until the late 1960’s. Records of cumulative gas production for each well were obtained from
the Dwights Production computer-based data base. Remaining developed reserves were
determined from extrapolation of the decline of the producing rate with time for each
completion in the study area. A best-fit exponential decline (a straight line on a semilog rate
versus time plot) was made to a rate limit of 1,000 Mcf per month. This gas production rate is

compatible with production rate cutoff volumes used by operators for gas fields producing from
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Figure 13. Location of the Wardner lease study area, Stratton field.
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January 1, 1979. This gas reserve assessment is a comparison of incremental remaining reserves
as viewed from a historical perspective as of January 1, 1979, and of January 1, 1990.

The reported reservoir pressure at completion was also investigated as an indicator of
reserve growth potential. Chronological analysis of the reported reservoir pressures at less than
7,000 ft in the study area indicates that greater than S0 percent of the gas completions from
1979 to 1990 had initial reservoir pressures greater than 60 percent of the expected original
reservoir pressure based on a normal Stratton field hydrostatic gradient of 0.45 psi/ft. The
cumulative frequency distribution for reported reservoir pressures for all completions less than
7,000 ft for the 1979 to 1990 period shows this pressure attribute (fig. 15). Within the Wardner
lease study area it is not uncommon for sequentially later reservoir pressure tests to have higher
initial pressure than previous adjacent wells in the same reservoir. This tendency ‘toward higher
pressures in new completions in conventional permeability reservoirs is indicative of reservoir

compartmentalization.

Results of Reserve Assessment (1979-1990)

In a mature gas field such as Stratton, a hindcast approach to resource assessment is
effective because of (1) its extensive period of previous field development history and (2) the
large number of recent infield drilling and recompletions. The time period used in this hindcast
analysis compares completion history and gas reserves based 6n all completions in January 1979
with the known performance of the same completions and additional completions from infield
drilling after 1978 to January 1990. The discovery years for new reservoirs in Stratton field are
illustrated in figure 12. The 1979 to 1990 time period is represented by the shaded area.
Reserve additions are considered in two depth categories: those reserves shallower than
7,000 ft and those deeper than 7,000 ft.

Since the peak of gas production in 1973, reserve additions in Stratton field in the past

two decades have effectively kept pace with production. The average daily gas producing rate,

32

)

7

e h

P, r—a
PR —

]

)



{

]

—

-

o

b
o
o

60

40

PERCENT ORIGINAL PRESSURE

20

o
I

-~

Percent

% ORIG PRESSURE |1

o0 O OO
AN WO M~

99.9

omn o
oo o

o
o
o
o

Figure 15. Cumulative frequency plot of reservoir pressure for all completions above
7,000 ft within the time period of 1979 to 1990, Wardner lease study area.
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determined from annual production, for completions in the Wardnef lease study area is shown
in figure 16. The production data are divided into two separate curves that reflect the
contributions from reservoir completions made at the two time frames. The lower curve
represents the production from completions made prior to 1979. This is the base case for
reserve growth assessment. The upper curve represents the production from completions made
in the period 1979 through 1989. Before 1979, an increase in rate and reserve additions is
noted from 1977 through 1978 as a result of several successful discoveries in deeper pool
reservoirs. The upper curve represents the summation of prbduction from all completions. The
area between the two curves shows the relative reserve additions that are attributable to
post-1978 completions. Annual gas production shows that the decline of producing rate and
depletion of reserves has been dramatically slowed by continued drilling and corﬁpletion
activity initiated in 1986 (fig. 10).

By evaluating reserve additions by depth categories we can consider the contribution of
deeper pool additions in comparison with that of new wells completed in the existing
productive reservoirs and recompletions in the older wells. In the study area, 7,000 ft is the
approximate depth of transition from middle Frio to lower Frio and Vicksburg reservoirs.
Incremental recovery from reservoirs in the middle Frio has contributed more reserve additions
than have reservoirs in the lower Frio and Vicksburg. The next step in evaluating the
incremental reserve growth is to identify which group or series of reservoirs in the middle Frio
have accounted for the largest contributions to the overall reserve additions.

Using the reservoir nomenclature adapted by gas operators in Nueces and Kleberg
Counties (fig. 8), we further subdivided reserve additions into reservoir groups (B-, C-, D-, E-,
and F-series reservoirs). The most significant reserve growth occurred in the E-series and F-series
reservoirs, and closer examination by specific operational reservoir indicates that the lower
F-series reservoirs have contributed the most reserve growth. Many of these reservoirs were
penetrated by early development wells that have been producing from major separate

reservoirs such as the E-41 and F-11 since the 1950’s. Stratigraphic and structural analysis of
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reservoirs in the Wardner lease study area indicated thatrstratigraphic variation is one
mechanism for the reserve growth realized from 1979 to 1990. Structural complexity caused by
faulting is minor at depths above 7,000 ft across the Wardner lease study area (fig. 6). Geologic
and engineering analysis indicate that most of the reserve growth has occurred from reservoirs
previously contacted in existing well bores. These reservoirs are ineffectively drained by the
existing completion spacing, or in untapped reservoir compartments (Levey and others, 1991;
Sippel and Levey, 1991; Levey and others, 1992). The magnitude of reserve growth in new
infield reservoirs is volumetrically smaller than gas volumes in incompletely drained reservoirs
and previously untapped reservoir compartments.

The level of effort required to produce the total combined reserve additions is indicated
by the number of completions through time (fig. 17). The successfully producing gas
completions for time-segregated completion groups clearly indicate the impact of the infield
drilling and recompletions in the late 1980’s. Annual producing rates were used to determine
the gas well completion status. A completion producing less than an average of 5 Mcf/d for a
calendar year was determined to be inactive. The active completion count was nearly constant
over time until 1987, when there was a sharp rise in completion activity.

To evaluate the impact of well spacing on reserve additions, completion and well dénsity
were determined from the digitized locations of wells in the study area. The relative x-y
coordinates were used in a computer program to perform the tedious calculation of the distance
to the nearest well. The completions were sorted by reservoir to make spacing calculations at
each of the reservoir levels. The allocated area for each completion, or well, was assigned as the
square of the distance to its nearest neighbor at the appropriate completion or reservoir level.
The mean surfacé spacing between all well bores has decreased from 48 acres in 1970 to
27 acres in 1990. Quantifying well or completion spacing can be difficult in fields such as
Stratton-Agua Dulce, which has stratigraphically complex reservoirs. Sandstones in these
reservoirs were deposited in fluvial settings and vary greatly in reservoir quality. Stratton field

also presents a problem in quantifying well spacing and reservoir completion because the
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structural crest is intensely developed and the flank is poorly developed. Other operational
factors can also affect the quantification of spacing in areas where wells have been closely
spaced on the periphery to protect the lease line and in the interior of the lease, which has

been less developed.
\

The statistics on well and completion density provide an important perspective on the
development that has occurred at Stratton field as well as a means of comparison with other
fields. A common problem in assessing spacing and development results from a situation where
4 completions in a 640-acre reservoir area are clustered in a 160-acre group, resulting in 40 acres
to the nearest completion: is the average spacing 40 or 160 acres? In the laterally ext’_ensive
reservoirs like E-41 and F-11 (fig. 11), which cover a large part of the Stratton-Agua Dﬁlce field
and have a large number of completions, the completion spacing is approximatelff 160 acres
per completion. Reservoirs in the lower F-series that are present in only certain parts of the
field had a combletlon spacing between approximately 320 to 160 acres in 1979. In 1990, the

completion spacing of these reservoirs is between approximately 160 to 80 acres.

Impact of Infield Drilling (1986-1991)

The period from 1986 through 1991 was a time of aggressive infield drilling across a large
part of Stratton field, including the Warder lease study area. In January 1979, 53 active
completions existed in the study area (fig. 18). Of these original 53 completions, 22 were still
active in January 1990. A total of 149 new completions were made between 1979 and 1990. Of
the 149 new completions, 82 were still active in January 1990.

A histogram of gas volume for the two time periods illustrates the degree of reserve growth
attributed to incremental drilling and completions (fig. 19). As of January 1, 1979, remaining
recoverable reserves of 52 Bcf are projected from 53 completions in 43 wells. From 1979 to
1990 a total of 38 Bcf was produced, and 10 Bcf are projected as the reserves remaining of the

52 Bcf projected in 1979. By comparison, 149 completions made in 84 wells between January
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Figure 18. Number of completions by depth category in the Wardner lease study area.
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1979 and January 1990 added 44 Bcf of reserve additions to the projections made for
completions active in January 1979. From these new completions a total of 30 Bcf was actually
produced between 1979 and 1990, and an additional 18 Bcf was projected as remaining to be
produced after January 1990 to an economic producing limit of 30 Mcf/d per completion. The
additional completions from January 1979 to January 1990 provided more than 90 percent
replacement of reserves beyond the projected remaining developed reserves for all
completions active in 1979.

Comparison of reserve estimates using a depth cutoff of 7,000 ft demonstrates the
overprint of depositional system on incremental gas reserves. Because of the simple low-relief
structure and consistent surface elevation across the study area, the 7,000-ft depth
approximates the transition from the middle Frio (<7,000 ft) to the lower Frio and Vicksburg
Formations (>7,000 ft). For the completions less than 7,000 ft deep as of January 1979, a total
of 39 Bcf is projected as the remaining recovery for the gas reserves, compared with a total of
70 Bcf as actually produced and estimated to be remaining as of January 1990 (fig. 20). Actual
production and projected reserves in January 1990 indicate that of the projected 39 Bcf of

| original reserves, 27 Bcf was produced, and 10 Bcf is projected as remaining for the completions
made before January 1979.

For the 11 completions deeper than 7,000 ft made before January 1979 (fig. 21), 13 Bcf of
original reserves is indicated. Analysis of the completions deeper than 7,000 ft between
January 1979 and January 1990 indicates that an additional incremental 15 Bcf of reserves was
developed from 59 post-1978 completions within 35 wells. Of that 15 Bcf, 9 Bcf was actually
produced, and an additional 6 Bcf is projected as the recovery remaining from these
completions as of January 1, 1990.

Overall reserve growth achieved from the shallower, middle Frio reservoirs is superior to
that obtained by completions in the deeper reservoirs in the lower Frio and Vicksburg, both on
a total gas volume basis and on a per completion comparison. Analysis of the reserve additions

per completion indicates that the gas completions less than 7,000 ft added 379 MMcfg per
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Figure 20. Gas volume for completions above 7,000 ft in the Wardner lease study area.
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Figure 21. Gas volume for completions below 7,000 ft in the Wardner lease study area.
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completion (33 Bcf in 90 completions), compared with 250 MMcfg for completions greater
than 7,000 ft (15 Bcf in 59 completions). The contrast in gas production between reserves
shallower than 7,000 ft and those deeper than 7,000 ft coincides with a major change in the
structural and depositional setting in the study area. The middle Frio Formation reservoirs
(<7,000 ft) are in fluvially dominated reservoirs; in contrast, the lower Frio and Vicksburg
reservoirs (>7,000 ft) are in a predominantly deltaic setting that approaches the top of
geopressure or requires penetration into geopressured intervals (cross section 19-19°, Dodge
and Posey, 1981). In addition, structurally rotated fault blocks are encountered in the lower Frio
and Vicksburg below 7,000 ft (fig. 6). It is well recognized that drilling costs almost always
increase when (1) drilling deeper wells, (2) penetrating geopressured intervals, and (3) drilling

in structurally deformed intervals.

Forecast for Gas Reserve Growth (1990-2009)

Potential Remaining Gas Resources

A study was performed to evaluate the volume of the remaining gas resource and to
determine which middle Frio reservoirs contain the most potential for future reserve growth. A
comparison of volumetric OGIP (from log evaluation) and cumulative production indicates that
the D- and upper E-series (D-6 through E-18) sandstones contain the largest potential remaining
resource and should be a major source for reserve growth in the future. The D- and upper E-
series reservoirs are uphole from the current reserve growth successes in the lower F-series and
are also uphole from the major E-41 and F-11 reservoirs. The potential for future reserve growth
from the D-series and upper E-series reservoirs is estimated to be 19 Bcf. Although this analysis
does not exclude other reservoirs from having additional reserve growth potential, the
magnitude of the potential remaining reserves from volumetric OGIP and the cumulative
production for the D- and upper E-series reservoirs indicate that these reservoirs have the

additional potential for future reserve growth.
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Method for Volumetric Assessment

Volumetric analysis was performed for the middle Frio reservoirs in the Wardner lease
study area. A macro approach was used to estimate OGIP and expected ultimate recovery of
past and existing complétions. Thirty-ﬁve modern logs (consisting 'of gamma-ray, spontaneous
potential, induction, and density and neutron ldgs) from wells covering most of the Wardner
study area were digitized for this volumetric appraisal. The 35 well logs are evenly distributed
over the study area and provide a representative sampling of the reservoir distribution. All
potential reservoirs in the mlddlé Frio from the B-41 thrdugh the F-44 were considered in this
evaluation. The cumulative production from these reservoir intervals is 671 Bcf, with 343 Bcf
accounted for as injection volumes in the E-41 and F-11 at the Wardner lease. A net cumulative
production of 328 Bcf aé of 1990 is calculatéd from the difference between these two
quantities. Volumetric ahaleis of some reservoirs in Stratton field is uricertain because
information concerning gés‘ productibn and injection volumes over the 50-plus years of
development are difficult to obtain. In addition, several reservoirs were recycled to extract
liquids and to maintain pressure of the downdip oil column. Gas cycling operations ceased in
1968.

The effecﬁve hydrocarbon pore volume was determined after applying'cutoff parameters
for compufed poi'osity greater than 15 ‘percent, water saturation less than 60 percent, bulk
volume of water less than 11 percent, and shale volume less than 20 percent. Using these

petrophysical cutoffs, the effective hydrocarbon pore volume from log analysis is

_representative of gas productive intervals with immobile water saturations. Water saturations

were calculated using a water resistivity of 0.17 ohm-meters at 75°F, which is equivalent to a
formation water salinity (obtained from representative water samples of 23,700 ppm Cl).
Although formation water salinity in the middle Frio is considered constant, formation water

resistivity changes with temperature. A shaly-sand petrophysical model (explained in
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appendix 1) was used to derive the values for lithology, porosity, water saturation, and
permeability.

A total of 39S Bcf is estimated as the OGIP for the middle Frio reservoirs B-41 through
F-44, with average depths of 4,828 to 6,868 ft in the 7,400-acre Wardner lease study area. This
volume compares favorably with the cumulative net production of 328 Bcf. The largest
remaining gas reserves after subtracting cumulative production from OGIP are found in the
D- and upper E-series. The deeper pool targets in the new wells and the long production
history of the cycled reservoirs precluded development of shallower objectives. Analysis of
remaining gas potential focused on the D- and upper E-series reservoirs, which are uphole from
the recent reserve growth in the F- and G-series reservoirs. Reservoir parameters and resource
calculations for these reservoirs are summarized in table 1. The average depth of éach group
interval (column 2) was used to estimate the original reservoir pressure and temperature using
established gradients from known production in the middle Frio. A temperature gradient of
1.7°F per 100 ft and a pressure gradient of 0.45 psi per ft were used for these reservoir
parameters. A gas gravity value of 0.65 was used to determine the original gas volume factor at
the appropriate temperature and pressure of each interval by standard correlations. The
hydrocarbon porosity-feet determined from the average net pay thickness of the 35 logs
evaluated in the study area (column 3) and the appropriate gas volume factor were used to
determine the OGIP (column 6) based on a 60 percent recovery factor, reported cumulative
production (column 7), projected EUR from eidsting completions (column 8), remaining
developed reserves (column 9), and undeveloped reser&es (column 10). The undeveloped
remaining reserves were determined by subtracting the currently estimated EUR (column 8)
from the recoverable gas in place (column 6), if positive. The developed remaining reserves
were estimated by decline-curve projection of individual production histories from completions
producing as of January 1, 1990. The remaining undeveloped recoverable reserves are

estimated by subtracting the EUR from 60 percent of the OGIP.
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Table 1. Reservoir parameters for OGIP estimates and remaining reserves in D- and upper E-series, Wardner lease study area,
Stratton field.

) (10)
1/1/90 1/1/90
(2) 3) 4) (5) (6) 7 (8) Developed Undeveloped
(1) Average Average UnitOGIP Study area Recoverable 1/1/90 1/1/90  remaining remaining
Reservoir depth net pay (Mcf per OGIP - 60% GIP  cumulative EUR reserves reserves
group (ft) (ft) (acre-ft) (MMcf) (MMcf) (MMcf) (MMcf) (MMcf) (MMcf)
D6-D34 5,564 4.4 834 26,940 16,164 13,450 14,415 965 1,749
D35-D40 5,728 2.7 736 14,926 8,956 1,327 1,933 606 7,023
D44-E13 5,897 3.7 717 - 19,391 11,634 1,819 1,867 48 9,767
E29-E35 6,196 22 606 12,349 7409 6029 6.851 822 558
Total 73,606 44,163 22,625 25,066 2,441 - 19,098

Note: 7,400 acres used in all volumetric estimates. Avefage net galy includes all 35 wells. Remaining reserves are 60 percent of OGIP minus the developed EUR.
Technically recoverable gas is estimated at 60 percent of the OGIP. Petrophysical cutoff parameters are the following: greater than 15 percent for computed
porosity, less than 60 percent for water saturation, less than 11 percent for bulk volume of water, and less than 20 percent for shale volume. :



A reservoir unit recovery factor of 60 percent was applied to estimate the technically
recoverable gas by pressure depletion for the D- and upper E-series reservoirs from about 5,400
to 6,000 ft. This 600-ft interval contains sandstones that have produced previously at the
Wardner lease and elsewhere in the field, but these sandstones are likely to be affected by
diagenesis resulting from volcanic ash, as described by Grigsby and Kerr (1991). Close
completion spacing (40 acres) and hydraulic stimulation may be required to effectively produce
the remaining reserves. The technically and economically recoverable portion of the remaining
resource is estimated to be less than the recovery from the other lower E- and F-series
reservoirs because of several factors: (1) lower permeability, (2) higher water saturations, and
(3) smaller compartment sizes. Unit recovery factors from 80 to 90 percent have been
demonstrated in the higher permeability reservoirs, where abandonment pressurés have been

less than 200 psi.

Future Reserve Growth

Having established that there is a volumetric basis for additional gas resources, it is possible
to project future production trends for the Wardner lease study area using the results of the
infield drilling and recompletion program. Between 1979 and 1990, the greatest magnitude of
infield activity occurred in the period from 1986 to 1990, when 60 new wells were drilled in
the Wardner lease study area. Overall, between 1979 to 1990, a total of 143 primary and
recompletions accourited for 30 Bcf of reserve growth production. The remaining post-1990 gas
reserves from these 143 completions is projected as 18 Bcf; 12 Bcf from shallower than 7,000 ft
and 6 Bcf from deeper than 7,000 ft (figs. 20 and 21).

Well histories of the initial development wells within the study area indicate that an
average of six shallower pool completions were achieved in the middle Frio reservoirs above a
typical 8,000 ft lower Frio to Vicksburg test for wells drilled before 1979. The recent post-1978

wells have two or more completions in the G- and F-series as of 1990. A reasonable projection
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for infield development between 1990 and 1999 of the 60 post-1978 infield wells estimates an
additional 4 successful recompletions, for a total of 240 future recompletions within the middle
Frio stratigraphic interval. Using a conservative EUR of 75 MMcf per completion, an additional
18 Bcf of probable reserve growth is calculated for the Wardner lease study area from 240
projected recompletions from 1990 to 1999.

A composite analysis of reserve growth for the Wardner lease study area, spanning the
period from 1970 to 2009, is developed by combining past production and projections of future
recoverable resources (fig. 22). Results of this analysis demonstrate that a projection of more
than 65 Bcf of gas reserves should be added after 1979 in the study area, where production was
prei'iously established over 40 years ago. This projection for reserve growth is in close
agreement with a volumetric anaiysis of the uphole potential for the study area. Using a 60
percent recovery factor for the reservoirs in the E- and D-series above the large E-41 reservoir,
a total of 19 Bcf is undeveloped remaining reserves. For the Wardner lease study area, a total
reserve growth of 67 Bcf from middle Frio reservoirs is derived from the production of 30 Bcf,
proved reserve growth of 18 Bcf, and potential reserve growth from uphole recompletions
(undeveloped remaining reserves) of 19 Bcf.

This reserve growth analysis focuses on the gas resources that can be converted to reserves
from the uphole completions in the middle Frio reservoirs. Additional reserve growth potential
of deeper pool objectives associated with structural complexity or by additional recovery from
the currently partially depleted low-pressure reservoirs would also provide a secondary natural

gas resource.
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DELINEATION OF RESERVOIR COMPARTMENT SIZE CLASSES
Compartment Size Distributions in 10 Reservoir Groups

A study of production histories from 256 completions in 10 reservoir groups delineated
3 dlasses of reservoirs characterized by large, medium, and small mean reservoir compartment
size. The statistical distributions vof primary compartment pore volume and intercompartment
transmissibility were found to be closely approximated by log-normal distributions in each of
the 10 reservoir groups. These statistical distributions can serve as a basis to evaluate probable
recovery resulting from infill development in conventional permeability compartmented gas
reservoirs. These statistics from the Stratton-Agua Dulce middle Frio reservoirs are unique and
can provide a quantitative basis for comparison between reservoirs, fields, and plays if similar
data are obtained in the manner described here.

The SGR project has clearly demonstrated that it is possible to determine, from individual
well production data, functional reservoir parafneters of ﬁrimary drained pore volume, or
compartment size, supporting pore volume, and barrier transmissibility in a reservoir by using
the G-WIZ compartmented gas reservoir simulator. G-WIZ is a personal-computer-based gas
reservoir evaluation tool developed by the SGR project; it was described in a previous topical
report (Lord and Collins, 1991). |

Production histories were analyzed to quantify functional parameters relating to
compartmented behavior in a spectrum of fluvial reservoirs to provide a basis for 'comparison
between reservoirs, fields, and plays if similar data are obtained. The SGR proiect'developed an
extensive production data base from the greater Stratton and Agua Dulce field areas for
evaluating reserve growth and compartmented reservoir behavior. The pressure and productipn
histories from 584 completions in this data base were reviewed, and from this group 256
completions were selected as having data suitable for evaluation usihg the G-WIZ simulator.

These 256 production histories were divided into 10 reservoir groups that include 2,000 ft of

S1



the middle Frio section and represent the spectrum of fluvial reservoirs at Stratton-Agua Dulce.
Stratigraphic positions of the 10 reservoir groups are indicated on a type log shown in figure 23.

The effective permeability to gas in most of the middle Frio reservoirs is 10 to 100 md from
;xnalysis of pressure transient and deliverability tests. Some of the reservoirs in the D- and
E-series have lower effective permeability, 1 to 10 md. Some completions in these lower
permeability reservoirs have been stimulated by hydraulic fracture treatment during
completion operations.

Stratigraphic analyses based on well log correlations indicate that 37 unique operational
reservoirs are in the middle Frio section over an interval of approximately 2,500 ft. The 10
reservoir groups were selected from these 37 operational reservoirs by the following criteria:

(1) There were a sufficient number of active completions since 1966 to allov; a reliable
representation of the reservoir group. The number of completions in each group ranged from 7 =
to 43. | -

(2) Certain reservoirs were attributed as having a significant portion of reserve
appreciation since 1979, documented in the SGR project analysis of reserve growth in the
Wardner lease.

(3) Certain reservoirs had produced significant reserves in prior development phases (pre-
1979), but were found to have had minimal reserve growth since 1979 in the Wardner lease.

(4) The selected reservoir groups represent the spectrum of fluvial depositional styles of

the middle Frio in the Stratton-Agua Dulce field area.

Fluvial Architecture Spectrum _

Numerous characterizations of fluvial depositional environments based on morphological
form of surface deposits, internal arrangement of bedding or vertical facies and grain-size profile
of the sediment, and variations in discharge patterns, slope, or gradient have been proposed to

explain the variation in depositional style or facies architecture of sediments deposited by
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channelized flow. Well log correlations in cross section through the middle Frio stratigraphic
interval of the FR-4 gas play in South Texas indicate that the gas reservoirs in Stratton,
Seeligson, and Agua Dulce fields are characterized primarily by sandstone bodies of channel-fill
and splay deposits. Fluvial reservoirs at Stratton-Agua Dulce (Kerr and Jirik, 1990) are ranked in
character from less to more compartmented as (1) thick, broad-channel amalgamated sandstones
(laterally stacked), (2) mixed-load channel sandstones, and (3) thin, narrow-channel dispersed
sandstones (vertically stacked). Figure 24 diagrammatically shows the progression of
compartmented fluvial reservoir development. The most compartmented gas reservoirs are the
narrow fluvial channel sandstones. The least compartmented reservoirs are the thick
sandstones deposited in broad channel systems.

Each reservoir group exhibits a log-normal distribution of primary drained pofe volume, as
shown in figure 25. The logarithm of primary drained pore volumes from the compartment
model results are plotted with cumulative frequency on a normal probability scale. The straight
line through these data defines a normal distribution of the logarithm of volume or a log-normal
distribution. Since a log-normal distribution is defined by specifying only two parameters, the
geometric mean value and the variance of the log value about this mean, the reservoir statistics
are summarized in terms of only a few parameters.

The barrier transmissibility from each of the single well evaluations from this reservoir
group is plotted in a similar fashion and is shown in figure 26. A straight line through the log of
transmissibility plotted with the cumulative frequency on a normal probability scale also
indicates a log-normal distribution.

The pore volume and transmissibility data shown in figures 25 and 26 are from a reservoir
group that comprises several reservoirs that are vertically stacked, narrow-channel dispersed
sandstones with typical widths of 0.25 mi and net productive thicknesses of 10 ft or less. These
sandstones are separated vertically by shales approximately the same thickness as the reservoir
sandstone, and lithologic correlations between adjacent well pairs are often difficult.

Completions made in these reservoirs have frequently encountered undepleted pressures and
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contributed greatly to reserve growth since 1979 in the Wardner lease reserve growth study.
The SGR project performed two transient well tests in the F-21 reservoir of this group and
found the near-well permeability to range from 30 to 100 md.

Distributions of primary drained pore volume from the 256 completions divided into the
10 reservoir groups are shown in figure 27. The range of distributions represents the variation
of mean compartment size in the fluvial reservoirs at Stratton-Agua Dulce. Distributidns of
transmissibility for the 10 reservoir groups exhibit a similar pattern.

From the single-well analyses of the Stratton-Agua Dulce wells using the G-WIZ model, the
10 reservoir groups were divided into fhree compartment size classes. These reservoir classes
were defined by the frequency distributionvof primary compartment size. The cumulative
distributions of compartment volumes for reservoir groups representing the large, hedium, and
small mean volume classes are shown in figure 28, and the corresponding cumulative
distributions of barrier transmissibilities are shown in figure 29. The values of the geometric
mean of compartment volume and the associated compartment volumes at plus and minus one
standard deviation about this mean are shown for each compartment size class in table 2.
Similarly, the values for barrier transmissibility at the geometric mean and plus and minus one
standard deviation and shown on figure 29 are listed in table 3. Since a log normal distribution is
defined by the geometric mean value and the variance of the log value about this mean, the
production behavior of the fluvial reservoir at Stratton-Agua Dulce is summarized in terms of
these few parameters.

Predictably, there is a strong correlation between the compartment size class and fluvial
facies architecture shown in figure 24. The thick, broad-channel amalgamated sandstone
reservoirs are associated with the large compartment size class. The vertically dispersed, narrow-
channel sandstone reservoirs are associated with the small compartment size class.

The statistics of net perforated thickness were collected from the wells evaluated in this
study and were found to range from about S to 50 ft. The net perforated thickness of each

completion is shown in a log-log plot with the corresponding primary compartment volume in
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Table 2. Volume statistics for each compartment size class.

Compartment Geometric Mean plus Mean minus
size mean volume 1 std. dev. 1 std. dev.
class (ft3) E6 (ft3) E6 (ft3) E6
Large 33.3 88.8 12.5
Medium 9.7 32.6 2.9
Small 2.9 9.6 0.9

Table 3. Transmissibility statistics for each compartment size class.

Compartment Geometric Mean plus Mean minus
size mean 1 std. dev. 1 std. dev.
class (md-ft) (md-ft) (md-ft)
Large 44.3 191.0 10.3
Medium 25.3 70.0 9.1
Small 5.7 19.5 1.7
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figure 30. There are two trends of increasing thickness with primary drained pore volume. One
trend is for the large compartment size class reservoirs and the other is for the small and
medium compartment size class reservoirs. The trends indicate that a primary drained pore
volume in a large compartment size class reservoir is likely to have a smaller corresponding net

thickness for the same compartment volume in a small or medium class reservoir. This is

~ consistent with the geologic model and fluvial architecture shown in figure 24. The broad-

channel amalgamated sandstqne reservoirs are more likely to have compartments that are large
in areal extent. For the same primary drained pore volume in each compartment size class, the
large class compartment has .a larger area and therefore would have a smaller average thickness.
Fluvial reservoirs at Stratton-Agua Dulce are described and quantified with only a few
functional parameters: primary drained pore volﬁme (compartment volume), barfier
transmissibility, and net thickness. Stratton-Agua Dulce fluvial reservoirs have been divided

into three classes according to these functional parameters. These statistics from middle Frio

. reservoirs at Stratton-Agua Dulce are unique and provide a quantitative basis for comparison

between reservoirs, fields, and plays for reserve appreciation from infield development.

G-WIZ Study Description

In the G-WIZ compartmented gas reservoir simulator described by Lord and Collins (1991),
the reservoir is seen as being composed of one or more porous, permeable compartments with
flow between compartments through low-permeability barriers or baffles. The G-WIZ model is a
functional, as opposed to anatomical, model that requires a minimum of reservoir description.
Typically, certain compartments are produced while other compartments are unproduced
except by flow through compartment baffles. The G-WIZ compartmented gas reservoir
simulator calculates the average pressure response of each compartment for any assigned rate or
pressure drawdown history. The model does not represent near-well transient behavior and is

limited to applications in conventional permeability reservoirs where transient behavior lasts
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Figure 30. Graph of primary hydrocarbon pore volume versus gross perforation
thickness in Stratton field.
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several days or less. Under these conditions, monthly production data and conventional 24-hr
shut-in pressure measurements are suitable for analysis by the G-WIZ model.

Field data (production rate and static pressure) can be histdryamatched by adjusting model
parameters of compartment pore volumes and barrier transmiSsioilities until the model
response agrees with the reported production and pressure data. 'fypically a simulation is
performed with a two-compartment description of the reservoir surrounding a well, one being
directly drained and the other being a Supporting volume. The act‘ual Supporting volume méy
consist of multiple compartments that méy not have similar pressures. These noncontiguous
compartments can affect the performance of a single well as if there was only one supportiog
compartment and intervening flow baffle. Finite-element simulaﬁons of example cases have
been performed to show that in a‘multiwell, multicompar‘tment system, treating oach well
simulation as a two-compartment system yields an excellent estimate for the primary
compartment volume and associated barrier transmissibility. |

The most favored method of performing a simulation history matoh is to use the reported
monthly production data as input in a single-well, two-compartment model and allow the model
to predict the average pressure in each compartment. The pore volume of each compartment
and barrier transmissibility are adjusted until the simulation marches the reported shut-in static
pressure data with the pressure predicted for the primary compartment. The early decline of
pressure with time and cumulative production is controlled by the primary drainage volume.
The late-time decline of préssore is éffected by the supporting compartment volume and the
barrier transmissibility. Ani extended production history with sufﬁdeht static pressure data
allows an effective determination of all three parameters.

In the example shown in figure 31, the production r‘atevdvata were used as input. The
compartment pore volumes and barrier transmissibility are changed to match the declining
trend of the static pressure. The predicted pressure of the supporting 'compartment is also
matched in this example by a nearby well completed in the samé reservoir very léte in the life

of the first well. Another well was completed near the first well and is indicated to be in the
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primary drainage volume of the first well. These two nearby wells are both approximately
0.25 mi from the first well. This two-compartment simulation approach was applied to the

256 completions in the 10 reservoir groups.
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CHARACTERISTICS AND EXAMPLES OF LARGE, MEDIUM, AND SMALL FLUVIAL RESERVOIR

COMPARTMENT SIZE CLASSES
Large Compartment Size Class Reservoirs

In Stratton field, the B-41 (or Comstock reservoir), E-41 (or Bertram), and F-11 (or
Wardner), are categorized as large compartment class reservoirs (fig. 23). The upper bound of
the compartment pore volume distributions for 10 reservoir groups is shown in figure 27. These
large compartment size class reservoirs were aggressivély developed from about 1965 through
1980. Each of these reservoirs was utilized for gas recycling until the early 1970’s, prior to the
last development phase. These reservoirs exhibit some indications of reservoir heterogeneity
on plots of average static shut-in pressures and the maximum shut-in pressures with time, as
shown in figures 32 through 34. Investigations to identify additional reserve growth
opportunities were performed for of each of these reservoirs by SGR project researchers. No
reservoir heterogeneity was found that could have resulted in reserve appreciation after 1979
and at the current well spacing. The large compartment size class reservoirs were not attributed
to any reserve appreciation in the Wardner lease reserve growth study from 1979 through
1989.

Future reserve appreciation from large compartment size class reservoirs will probably not
be achieved by closer completion spacing to overcome the reservoir heterogeneity that has
created incompletely drained portions of the field. The completion density across the field in
the large class reservoirs is probably close enough to overcome most channel to channel
lithologic and diagenetic heterogeneity that is developed in this class of reservoir. Future
reserve appreciation will result from reservoir management and novel methods to lower the
average reservoir pressure from current levels of 200 to 300 psi down to less than 100 psi.
Completion methods that overcome or prevent serious formation damage in very low pressure

reservoirs will be required.
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Figure 32. Pressure versus calendar year, Comstock B-41.
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Common characteristics of these large compartment size class reservoirs are

(1) thick, amalgamated channel-fill sandstones and multiple compound splay deposits
(15 to 60 ft),

(2) large, continuous productive areas (several mi2),

(3) high effective permeability (100 md and greatér), and

(4) consistent gas-oil or gas-water contacts along the downdip limits of the reservoir.

These amalgamated sandstone reservoirs (B-41, E-41, and F-11) frequently develop gross
thicknesses of up to 60 ft or more. Isopach and productive limits maps indicate that these
reservoirs are nearly continuous across the greater Stratton-Agua Dulce field complex,
approximately 14 mi long and 4 mi wide. In each of these reservoirs, potential test records of
the wells completed in the 1940’s with near-original pressure show calculated absblute open-
flow (CAOF) rates that average S0 MMcf/d, and some rates are 100 MMcf/d, or higher.
Hypothetical isochronal tests performed with an analytical reservoir simulator indicate that
effective gas permeabilities from 10 to 100 md are necessary to achieve these CAOF rates
(without turbulence or skin) for simulated original conditions of the E-41 (Bertram) reservoir.
The average cumulative production is 6.0 Bcf per well from 194 completions in these large
compartment size class reservoirs. The current completion spacing for wells completed in these
three reservoirs averages 113 acres, with 84 percent (mean spacing plus one standard
deviation) of completions at a spacing of 230 acres or less in the Stratton-Agua Dulce field area.

Typical reservoir petrophysical parameters were obtained from computed well logs using
porosity values greater than 15 percent and formation water saturations lower than 70 percent.
The average porosity is 21 percent and is not highly variable. The bulk water volume varies
from 10 to greater than 13 percent, and this value is interpreted to be the irreducible bulk
volume of water for the E-41 reservoir. Average reservoir sandstone thickness is approximately
22 ft, with net pay values that range from 8 to 13 ft. The sandstone reservoir is slightly shaly
with an average bulk volume of shale of 6 percent. Computed petrophysical parameters for

individual wells in the Gruene lease SGR project experiment site include porosity, water
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saturation, volume of shale, net thickness, and bulk volume of water (appendix table 3-4).
Similar petrophysical attributes are indicated for wells penetrating the F-11 reservoir and are

listed in appendix table 3-5.

Large Compartmént Size Class Example: E-41 (Bertram)

The distribution of the E-41 gas reservoir across the Strattdn-Agua Dulce field area is shown
in figure 35. The area of review covers approximately 20,000 acres. Average completion spacing
in the E-41 reservoir is 108 acres, with 84 percent at a spacing of 190 acres.

Production records of 81 wells completed in the E-41 at Stratton-Agua Dulce indicate a
cumulative gas production of 461.9 Bcf. Some of this gas production is recycled gas. A total of
320 Bcf is reported as fetycled injection. The average cumulative production per well for
75 wells with more than 10 MMcf is 6.5 Bcf, and the maximum cumulative production from
several wells was reported to be nearly 35 Bcf per wgll. Production records indicate CAOF rates
for completions in this reservoir, when the pressure was near original, were on the order of
10 to ‘100 MMcf/d.

An SGR field experiment was performed in 1991 at the Gruene lease (fig. 14) to
investigate heterogeneity and apparent pressure anomalies in the E-41 reservoir. This reservoir
was penetrated on the Gruene lease by several new wells drilled to deeper pool objectives in
1988. Wireline formation pressure tests taken in the E-41 reservoir found five wells with
relatively high pressures from 620 to 1,749 psi and five wells with expe‘ctedv depleted pressures
from 143 to 23S psi. These wells are within an area of 1 mi2 (fig. 36). The experiment
investigated potential pressure variation in crosscutting channel sandstones (fig. 37). The
Gruene 14 was selected for testing because this well had a reported pressure of 1,749 psi from a
wfrellne formation test. After pérforation the E-41 interval pressure was measured with a ‘
bottomhole gauge and found to be 183 psi after 72 hr. The anomalously high pressures recorded

by wireline tools in wells drilled in 1988 were concluded to be false and caused by high drilling-
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Figure 35. Map distribution of the E-41 reservoir in Strattoh-Agua Dulce fields.
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Figure 36. Map of the E-41 reservoir facies in the SGR project experiment site in the
Gruene lease.
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mud weights, test tool problems, and inadequate test procedures. The static pressure measured
by this test is on trend with average static pressure of the E-41 reservoir (fig. 33).

The E-41 was also tested at the Wardner 76 well to evaluate vertical and lateral reservoir
pressure variation. The location of the Wardner 76 well is shown in figure 14, and locations of
the perforations tested are shown on the log from the Wardner 76 well in figure 38. The E-41
lower reservoir (6,321 to 6,323 ft) flowed gas at 316 Mcf/d with a flowing well-head pressure of
200 psi. The static reservoir pressure was measured by bottomhole gauge and found to be
412 psi after a 12-hr shut-in. The Wardner No. 76 well was evaluated using the cased-hole
interpretation methods described in appendix 3. Gas production without water was evident
from the computed results of the E-41 blower reservoir, which showed that the original open-
hole water saturation, derived from the electric log, and the water saturation, deriifed from the
thermal decay log (TDL, acquired in 1992), indicated no water encroachment and a minimum
bulk volume of water. Gas presence was also inferred from the crossover observed between the
sonic and thermal decay neutron porosities. The E-41 middle reservoir was perforated and
tested after squeezing the E-41 lower reservoir perforations with cement. The E-41 middle
reservoir perforations did not flow gas, and the static pressure measurement of 325 psi from this
interval is inconclusive as to whether there was any significant preSsure variation between the
stacked channel sandstones in the E-41 reservoir. The pressures recorded from the Wardner 76

tests were on trend with the average static pressure of the reservoir (fig. 33).

Medium Compartment Size Class Reservoirs

Medium compartment size class reservoirs (D-29/35, F-39/44, and C-38) are credited with
11.3 Bdf, or 35 percent of the reserve appreciation in the Wardner lease study area from 1979
through 1989. The reserve growth is from completions made in incompletely drained reservoir

compartments, even after 40 years of previous production (fig. 9).
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Permeability in the medium compartment size class reservoirs is variable and creates a
condition that accounts for the pressure barriers necessary to produce incompletely drained
compartments. Twenty-six transient well tests were performed by SGR project staff in these
medium compartment size class reservoirs. Permeability in the better wells ranged from 10 to
100 md. However, in offset locations at distances of 0.25 mi or less, wells with similar log
development and thickhess were found to have permeabilities of less than 1 md. The gross
thickness of medium compartment size class reservoirs is typically about 50 ft, with a net pay
thickness of 15 to 20 ft. The general petrophysical characteristics of medium compartment size

class reservoirs are listed in appendix table 3-6.

Medium Compartment Size Class Example: F-39 Reservoir

The F-39 reservoir has an average cumulative production of 1,400 MMcf per completion
for 80 wells in the Stratton-Agua Dulce field. These 80 wells have an average spacing of
72 acres, with 84 percent spaced at less than 207 acres.

After 60 new wells were drilled in the Wardner lease study area, a significant reserve
appreciation was realized in the F-39 reservoir. A reserve growth of about 6.5 Bcf is indicated
from eight additional completions made in this discrete reservoir (fig. 39). Initial pressures from
these completions are significantly off trend from the older F-39 wells (fig. 40). This reservoir
was a target for field investigations to identify compartment barriers, drainage volumes, and
shapes from transient well tests (fig. 41).

In 1979, the operator performed an extensive field study of each of the middle Frio
reservoirs. From that study, the F-39 reservoir at the Wardner le_ase was divided into two
primary reservoir areas separated l;y an inferred shale boundary (fig. 42). The new drilling from
1979 through 1989 increased the well control in the area of the inferred shale boundary, and
F-39 sandstone was found to exist where shales were previously mapped. From 1988 through

1990, six completions were made in the area previously interpreted as nonreservoir, and
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Figure 41. Map showing location of completions in the F-39 reservoir in 1990.
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subsequently 5.6 Bcf of untapped and incompletely drained reserves were developed (table 4).
The offsetting wells in the west and east areas had been previously abandoned with
bottomhole pressures of 300 to SO0 psi. A reconstructed isobaric map of the area shows the
inferred static pressures across the area in 1988, before the new F-39 completions were made
(fig. 43). Pressures in the previously interpreted nonreservoir area were over 2,000 psi in 1988.
This is slightly greater than 60 percent of the original reservoir pressure of 3,100 psi. The F-39
reservoir had been producing for more than 30 years in the adjacent areas, with wells depleted

to less than SO0 psi.

Reserves Per Completion

Six reservoir compartments are identified in the new area. These compartments vary in
size from 67 to 18S acres, and each is produced by one or two wells. The average gas-in-place in
the compartments at the time of completion of these new wells was 941 MMcf and range‘d
from 394 to 1,435 MMcf. These gas volumes and areas were estimated from the decline of

pressure (P/Z) with cumulative production and drawdown tests.

Permeability

Gross thickness of the F-39 in the Wardner lease averagés 47 ft; average net pay thickness
is 14 ft. Transient well tests were performed in eight wells to establish the pressure and
permeability variation between wells. Average permeability was found to be 30 md, for an
average net pay thickness of 14 ft. Permeability ranged from 1 to 83 md (table 5).

Dominant characteristics of most well tests were barrier effects and channellike (bilinear)
flow. Five well tests in the F-39 reservoir indicated barriers from 40 to 300 ft from the well. The
Horner and type-curve plots of the pressure déta have shapes that indicate linear and bilinear
flow in the late-time region, which are interpreted as flow in a long, narrow drainage shape.

Using the methods described by Economides and Economides (1985) for pressure transient
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Table 4. Compartment analysis summary, F-39 reservoir, Wardner lease,
Stratton field. ,

Test FSIP P* KH K
Wells date (psi) (psi) (md-ft) (md)
187 02/17/92 1646 1651 829 83
175 01/03/92 1633 - 1678 - 68 3
202 12/31/91 1713 1723 9 1
157 01/27/92 1109 1132 92 6
197 02/07/92 923 - 1058 425 8
199 03/03/92 - 781 838 948 35
204 01/24/92 808 1098 209 22
80 - 11/05/90 385 392 975 38
172 03/13/92 606* NA NA NA
177 02/24/92 813+ NA NA NA
180 03/04/92 554+ NA NA NA
191 02/04/92 639* NA NA NA
198 04/20/92 1655* NA NA NA

*Static gradient tests only.

Table 5. Summary of test results, F-39 .resei’voir, Wardner lease, Stratton field.

First Initial IGIP Area
Wells production pressure (MMcf) (acres)
172 01/29/88 1790 1227 114
177 - 03/19/88 2052 394 67
187 06/14/88 3216 953 83
175
202
204 02/28/89 2053 888 - 191
197 07/11/90 1790 1435 185
157
199 12/11/90 1773 751 122 _
Average | 941 127

85



ESTIMATED RESERVOIR PRESSURE (psi)
23000

2500 - 3000

1500 - 2500

500 - 1500
<500

0 5000 ft
1 1 1 1 1 )
) 1 ) T {
0 1500 m

Contour interval variable (psi)

Nonreservoir

[EI Control point

O  Penetration to F-39 reservoir

QA18013¢c

Figure 43. Interpretation of F-39 reservoir pressure in 1988.
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analysis in elongated linear flow systems, and history-matching the transient test with an
analytical simulator, the widths of the drainage areas were found to average 280 ft, with a range
from 100 to 600 ft. These dimensions are consistent with VSP-calibrated 3-D seismic images that

show meandering channels as narrow as 200 ft and only 10 ft thick.

Prediction of a Support Volume: G-WIZ Example Wardner 80

The largest volume F-39 well in the Wardner lease is the Wardner 80 (fig. 41). This well has
a reported cumulative production of 14 Bcf since completioh in 1954. The production and
pressure history for this well was éppropriate for analysis with the G-WIZ compartmented gas
reservoir simulator (fig. 31). The simulator predicts a potentially large and poorly drained
supporting reservoir compartment with a pressure of over 1,600 psi and containing 7.8 Bcf in
1991 (fig. 44). This support volume and incompletely drained resource volume is interpreted to
be probably the reserves developed by the six new F-39 completions made after 1988. These

wells are located 1 to 2 mi north of the Wardner No. 80 well.

Seismic Imaging of a Pressure-Documented Compartment Boundary

Compartmented drainage areas and barriers identified by deterministic well tests can be
compared to images obtained from 3-D seismic horizon slices at the F-39 reservoir (fig. 45). .A
long, narrow shape bounds the Wardner 175, 202, and 187 wells. These wells are interpreted to
be in a common reservoir compartment with an area of about 80 acres, according to estimations
from pressure and cumulativé production data. A flowing drawdown test performed in March
1992 at the Wardner 187 v\"lell' indicates a minimuin area of the prifnary drainage volume to be
about 60 acres.

A stratigraphic cross section of the F39 reservoir near Wardner wells 175 and 202 is

illustrated in figure 46. These wells are spaced only 200 ft apart, which is an unusually small well
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Figure 44. Schematic diagram showing the projected depletion history for the Wardner
No. 80 well based on the G-WIZ compartmented gas reservoir simulator.
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separation for gas wells. As shown in the cross section, one zone was perforated in well 202 and
twb zones were perforated in well 175.

The SGR project conducted a pressure interference test in these two wells (fig. 41).
Pérforations in well 202 were exposed to a series of strong pressure pulses shown by the
bottom curve. The pressure response observed in well 175 (regardless of which perforated zone
was isolated) is shown by the relatively flat, no-response curve at the top of the plot in
figure 47. To ensure that the pressure measurements were accurately executed, the test was
done twice. One definitive conclusion is that there is no line-of-sight pressure communication
between the two wells; some type of F-39 compartment boundary exists in the 200-ft interwell
space between wells 202 and 1735.

The geologic model of the F-39 reservoir was developed prior to the pressuré interference
testing (fig. 47). The model implies reservoir continuity between the 175 and 202 wells, with a
subtie depositional facies change from channel-fill to an adjacent splay sandstone for both the
upper and lower part of the F-39 reservoir interval. Analysis of the pressure pulse data indicates
there must be a compartment boundary between the two wells. Two seismic images spanning
the 175 and 202 wells—a VSP image and a 3-D seismic image—were produced to determine if
seismicvtechnology can detect a compartment boundary in this interwell space.

The VSP image is shown in figure 48. The display on the rig‘ht is the result of applying a |
vertical seismic profile common depth point (VSPCDP) transform to the upgoing VSP wavefield.
The data were recorded in well 202, so the left edge of this VSPCDP image is positioned at the
202 well bore. The VSP geometry allowed stacking bins 25 ft wide to be created, so that well 175
is eight trace spacings (that is, 200 ft) north of well 202. The F-39 reservoir is located within the
low-amplitude black peaks at 1.65 s. This sequence of peaks undergoes a measurable waveform
change close to the well 175 trace, which implies that some type of stratigraphic discontinuity
is located between the two wells and is closer to well 175 than to well 202.

The display on the left side of figure 48 provides additional information about the

F-39 stratigraphy. These traces are the upgoing VSP reflection response measured at each
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receiver depth in well 202. The wavy lines crossing this trace from the lower left to the upper
right define the stacking cbrridors created during the VSPCDP image construction. Each stacking
corridor spans a horizontal distance of 235 ft. All the trace data inside the leftmost corridor are
summed to produce the leftmost trace in the VSPCDP image; that is, the trace at the 202 well
bore, and all of the tracekdata inside corridor 8 are summed to create thé VSPCDP trace at
well 175, 200 ft north of well 202. The black peaks associated with thé F-39 reservoir begin at
the left side of this display and continue across stacking corridors 1, 2, 3 . . . until they reagh
corridor 6, about 50 ft south of well 175. At this point, the F-39 event disappears and does not
reappear until stacking corridor 11, about 100 ft north of well 175. One conclusion to be drawn
is that the VSP image supports a reservoir model that has a F-39 compartment boundary located
about S0 ft south of well 175; that is, at the F-39 reflection discontinuity in.stackiﬁg corridor 6.

A 3-D image of the F-39 depositional surface (fig. 45) covers the entire 7.5 mi2 spanned by
the Stratton 3-D data volume. Each grid square overlaying the image measures 1,100 ft x
1,100 ft, which imparts a sense of the physical sizes associated with séme of the image features.
As shown by the color scale, positive reflection amplitudes are red, negative reflection -
amplitudes are blue, and larger reflection magnitudes are indicated bj} more intense color
shades. The linear north-south features passing immediately by wells 175 and 202 are |
manifestations of Vicksburg faults extending up into the lower Frio. These faults are cleérly
visible on the vertical slices through the 3-D data volume. The strong north-soﬁth linearity in
the seismic amplitude image of the F-39 reservoir may be a partial fuﬁction of .fault-rel.;ted
topographic control on F-39 fluvial depositioh from the deeper fau‘ltéd Stratigraphic section in
the lower Frio and Vicksburg.’ Wells 175 and 202 are apparently located near the edge of one of
these fault-influenced fluvial channel systems.

A magnified view of this same depositional surface is shown in figure 49. In this display,
each grid square measures 550 ft x 550 ft, so rather small topological changes can be measured.
A Kkey feature revealed in this image is the light-gray notch that intrudes into the dark-gray,

north-south stream channel at the position of wellb 175. This subtle feature would probably not
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be given any consideration in constructing a model of the F-39 reservoir except for the fact
that VSP imaging reveals stratigraphic breaks in the F-39 reservoir immediately north and south
of well 175. This notchlike feature in the 3-D image supports the idea that the F-39 stratigraphy

undergoes a change between wells 175 and 202 and that the change is quite close to the

175 well.

Small Compartment Size Class Reservoirs

Small compartment size reservoirs in the Stratton field include the F-15/F-29, D-11/D-18,
and F-31-F-37 reservoir groups (fig. 23). The lower boundary of the compartment pore volume
distributions for 10 reservoir groups, shown in figure 27, is primarily composed of small
compartment size class reservoirs that account for 21.4 Bcf, or 65 percent of the reserve
appreciation in the Wardner lease study area from 1979 through 1989. Reserve growth in the
small-compartment reservoir class is primarily from new infield wells drilled into new infield
reservoirs or from untappefl reservoir compartments in previously established reservoir
intervals that were not depleted by adjacent completion into the equivalent reservoir horizon
(fig. 9). Geophysical techniques, including 3-D surface seismic data, are one of the best ways to
identify reservoirs that contain this resource potential.

Common characteristics of these small compartment size class reservoirs include

(1) thin, dispersed channel-fill sandstones and associated splay deposits,

(2) relatively small and limited areal distributior (%1 mi2), and

(3) moderate to high effective permeabilities (10-100 md).

Petrophysical characteristics of the small compa:-rment size class reservoirs indicate that
they have less porosity development than the mediur:: and large compartment size class
reservoirs. Porosities range from 16 to 20 percent. Water saturations range from 44 to
66 percent, and thickness averages 8 ft. Small class reservoirs are more shaly than the large and

medium class reservoirs, with a volume of shale generally greater than 13 percent. A bulk
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volume of water less than 11 percent is indicative of gas with water-free production. General

petrophysical characteristics of small reservoirs are listed in appendix table 3-7.

Geophysical Techniques Applied to Seismic Thin Beds: VSP Calibration Procedure

Frio reservoirs at Stratton field are thin beds in a seismic sense; that is, the reservoirs are
thinner than one-fourth of the dominant wavelength in the illuminating seismic wavefield.
Not only are some reservoirs only 5 to 15 ft thick, but often two or more of these thin
reservoirs are vertically separated only 10 to 20 ft. In this type of stratigraphy, a given thin bed
can be positioned anywhere in the seismic reflection wavelet, and the top and base of the
reservoir must be accurately defined in terms of seismic travel time to determine-where the
reservoir window occurs in the reflection waveform. Vertical seismic profiling (VSP) is the most
rigorous procedure by which this seismic thin-bed calibration can be achieved because VSP data
are recorded both as a function of stratigraphic depth and as a function of seismic travel time.

To facilitate seismic thin-bed interpretation at Stratton field, VSP calibration data were
recorded in wells 175, 202, and 153 inside the 3-D seismic grid. An example of these VSP data
being used for thin-bed interpretation is shown in figure 50. The thin-bed reservoirs in the
center column are accurately positioned by the VSP measutemehts made in well 17§, which
establish a precise relationship between stratigraphic depth and VSP travel time at that control
well. Note that the zero-offset VSP image plotted beside the reservoirs contains a much wider
frequency spectrum (that is, a much narrower reflectibn wavelet) than does the 3-D seismic
image extending away from well 175 and resolves thin beds that cannot be resolved in the 3-D
image. When VSP data are properly recorded and processed, they should provide a better
vertical resolution of stratigraphic units than do surface-recorded seismic data, as exemplified in
this data comparison.

The interpretational procedure used to extract thin-bed images from the Stratton 3-D data

volume requires that this VSP image, together with the reservoir time windows that are defined
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Figure 50. Calibration of thin-bed reservoirs using the vertical seismic profile (VSP) in

Wardner well No. 175 tied to crosslines and inlines from the 3-D data volume in the
Wardner lease.



in terms of VSP travel time, be time shifted until the zero-offset VSP trace is an optimum match
with the 3-D data traces at well 175. Once the optimum time alignment between the VSP and
the 3-D traces is found, the reservoir time windows can then be inserted into the 3-D data
volume at the stacking bin containing well 175 and each thin bed .is then precisely positioned
within its associated surface-recorded reflection waveform. The optimum VSP-to-3-D trace
alignment at well 175 requires no time shift, as is shown in figure S0.

Some reservoirs in this display are so thin that they can be represented by only a single,
narrow, horizontal line, and sometimes 3, 4, or S of these reservoirs may be stacked so closely
that the entire family of reservoirs comprises a single seismic thin bed positioned within a
single reflection peak or trough. An example of such an ensemble of thin, closely stacked
reservoirs is the F-20 to F-25 series occurring within a time window spanning only AlO ms Or SO
across the 3-D grid. Only the F-21 reservoir was penetrated by well 175, and that reservoir is
depicted as a single, narrow horizontal line in figure 50. Even in this closely clustered thin bed
group, the VSP calibration procedure described above accurately positions each member of this
thin bed family in the 3-D data volume. This interpretational technique for transferring
reservoir depth to VSP travel time and then to 3-D seismic image time was used to define the
specific time surface spanning the 3-D volume from which each thin-bed image was extracted.
Using the interpretational procedures and VSP thin-bed calibration technique, we extracted
several viewing surfaces corresponding to thin-bed reservoir depositional surfaces from the

Stratton 3-D data volume.

Geophysical Techniques Applied to Seismic Thin Beds: Seiscrop Mapping

The F-20 to F-25 reservoirs are thin, each one typically less than 10 ft thick, and all
numbers of this reservoir series can be vertically stacked within a few tens of feet. In fact, the
complete F-20 to F-25 interval is a seismic thin bed. Consequently, a logical way to interpret a

3-D seiscrop image of the F-20 to F-25 reservoirs is to assume that the composite sandstone
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thickness of all of these closely stacked reservoirs is the dominant factor influencing the image
features seen on the F-20 to F-25 seismic depositional surface.

Sandstone thickness of the individual F-20, F-21, F-23, and F-25 reservoirs (as determined
from well data inside and surrounding the 3-D seismic grid) is mapped in figures 51 through 54.
Only in rare instances does the thickness of any individual reservoir exceed 10 ft. A map
showing where these reservoirs overlay each other is depicted in figure 5§S. This composite F-20
to F-25 sandstone map was made by tracing only the 5-ft contours of the individual reservoir
maps. The resulting composite map is qualitative, not quantitative, since it shows only where
each reservoir thickness exceeds S ft and where the reservoirs tend to stack vertically.

The interpreted F-20 to F-25 seiscrop, determined by using the previously described VSP
calibration procedure, is shown in figure 56. On close inspection, several narrow rﬁeander
features, mostly in the red color shades, can be seen traversing the image in Qarfous directions,
but no specific depositional pattern is particularly obvious. However, there is a strong
correlation between the major features of the seiscrop and the composite sandstone map, as
can be seen by overlaying the geological model (fig. 5S) and the seiscrop image (fig. 56).

In general, the red seiscrop areas correspond to the presence of sandstone, and the red
color tends to intensify whenever several reservoirs stack vertically. An example of this
behavior is the color intensity increase near the intersection of inline 230 and crossline 60

where the F-20, F-23, and F-25 reservoirs are stacked in vertical sequences. Because of the

strong correlation between the color distribution in the F-20 to F-25 seiscrop and the composite

sandstone thickness in the F-20 to F-25 thin-bed interval, the seismic seiscrop image appears to

be one of the more reliable indicators of where new infield reservoirs could most likely be
found in seismic thin-bed reservoirs similar to the F-20 to F-25 series.

The next section of this report provides three examples from the Wardner lease study
area (figs. 14 and S7) of geologic, engineering, and geophysical investigations in Stratton field
from the F-series reservoirs (F-21, F-20, and F-37) for identifying and quantifying infield reserve

growth. All three examples illustrate depositional setting and resource evaluation of these small
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Net sandstone isopach of the F-20 reservoir in the Wardner lease study area.
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Figure 52. Net sandstone isopach of the F-21 reservoir in the Wardner lease study area.
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Figure 53. Net sandstone isopach of the F-23 reservoir in the Wardner lease study area.
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Figure 54. Net sandstone isopach of the F-25 reservoir in the Wardner lease study area.
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compartment size class reservoirs using both existing data, and in two of the three examples,
supplemental data acquired and analyzed by the SGR project. The examples document the
importance of reservoir geometry and depositional heterogeneity in creating a secondary gas
resource in this mature gas field.

In the first two examples, SGR project staff have conducted extensive field testing that
documents the incremental gas resource. Example one demonstrates that new reservoirs may
exist between the current well-bore spacing. In example two, untapped reservoir
compartments are identified by integrated geologic and engineering evaluation. The third
example illustrates the concept of incompletely drained reservoir compartments and is based
on a historical analysis of completions spanning 28 years of gas production. Starting with
example one, the three examples are presented in an order that reflects a progréssion from
easy to recognize to harder to identify secondary gas resources (fig. 58). These e‘xamples
support the broader based results described previously in this report and elsewhere as a
historical hindcast approach to understanding reserve growth across a larger area of the field

(Levey and others, 1991; Sippel and Levey, 1991).

Small Compartment Size Class Example: F-21 Reservoir

In this example, a projected incremental gas resource of 2.6 Bcf of recoverable reserves

was determined from pressure data obtained by the operator and additional testing by the SGR

project. The lithostratigraphic interval containing the F-21 reservoir was productive in the
southwestern and northeastern parts of the Wardner lease study area. After 50 years of
development history in the field, more than 15 pre-1988 wells had penetrated nonreservoir

facies (fig. 59a) in the study area. In 1988 an area of approximately 320 acres without any well

/)

penetrations was the site of a deeper pool target (Wardner No. 176) in the Vicksburg Formation
that was drilled at approximately 8,000 ft. Formation evaluation of the open-hole log from this

well bore indicated a potential gas zone in the lower part of the middle Frio, which penetrated
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Figure §9. Part of Stratton field (a) before the 1988 discovery of the new infield
reservoir and (b) in 1991.
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close to original reservoir pressure at 6,550 ft (the initial completion pressure was 2,856 psi).
Measurement of near-original reservoir pressure (calculated at 97 percent of initial pressure
assuming a gradient of 0.45 psi/ft) in this completion demonstrates that a new infield reservoir
was penetrated.

Three infield wells (Wardner wells 176, 195, and 201) were drilled within 24 months and
completed in this same reservoir at an approximate distance of 0.25 mile between wells
(fig. S9b). Previous research indicated that fluvial channel systems (<30 ft thick) are common
throughout a large part of the middle Frio Formation (Kerr, 1990; Kerr and Jirik, 1990).
Similarity of the spontaneous potential log shapes from the three infield completions suggests
that a single genetic stratigraphic unit was penetrated. The unit comprises channel-fill and
splay sandstones that are laterally adjacent to floodplain mudstones within a fluviél depositional

environment (fig. 60).

Pressure Tests

In mid-1990 the SGR project staff conducted pressure testing in three wells with F-21 gas
completions to determine reservoir permeability, identify the presence of barriers near the
well bore, and quantify the effective reservoir compartment sizé. Two of the three wells were
tested by pressure buildup under stable-flowing conditions; a static-gradient survey was run on a
third well after a 3-week shut-in period. Original gas in place for this reservoir was calculated at
2.6 Bcf of gas (fig. 61) within an effective reservoir aréa of 250 acres when an average thickness
of 14 ft is used. The pressure data, adjusted for gas deviation factor (z), were plotted versus
cumulative production to determine the recoverable gas resource.

Evaluation of porosity from neutron-density well logs indicates that porosities of
20 percent occur in both the channel and splay facies of the F-21 reservoir. Engineering
evaluation of the conventional buildup test data indicates that permeability ranges from 40 to

95 md for thicknesses of 24 and 14 ft, respectively. Conventional permeability and porosity are
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Figure 60. Stratigraphic cross section of example 1, a new infield reservoir. BHP indicates
bottom-hole pressure. (See fig. 59 for location.)

116



R
| J

) O

~

L

i

N

)

A

-
§

]

]

C

]

C

j

|

—

————

——

A S —

4000

3500 B Completion A
® Completion B

= 3000
2 A Completion C
~ 2500+
2
=2 . .
@ 2000 Straight line
o 1500 trend
a
N 1000
Q.
500 - AN

0 - L 1 I“ U l\
0 500 1000 1500 2000 2500 3000
Cumulative gas (MMcf)

QA18385¢

Figure 61. Pressure versus cumulative gas for three completions in example 1 of a new
infield reservoir.

117



typical of this reservoir interval, which is characterized as a high-permeability (type I) reservoir
using the classification of Grigsby and Kerr (1991).

The F-21 reservoir was initially encountered during a deeper pool test of reservoirs Within
the deltaic-dominated Vicksburg Formation. Analysis of well logs clearly indicated gas within the
middle Frio Formation at a shallower horizon. Previous drilling in this portion of the field had
indicated only minor shows of hydrocarbons, and maps of net sandstone indicated primarily
nonreservoir facies in this portion of the field. Original reservoir pressure was discovered in the
first completion in a new infield reservoir, and it indicated the need for a revised geologic
interpretation to explain the gas production in this lithostratigraphic interval. Pressure and
production information from the completions were collected by well testing. Engineering
evaluation was incorporated into the revised geologic interpretation. The revised geologic
interpretation and engineering data were critical for evaluating the effective utilization of well
bores penetrating the reservoir. By matching the volumetric behavior with the mapped areal
distribution of this reservoir, an operator can determine if the completions are achieving

‘ adequate contact with the resource target.

Magnitude of Secondary Gas Resource

The total secondary natural gas resource in this example (F-21 reservoir) is estimated at
2.6 Bcf. Cumulative production since the discovery of this new infield reservoir is 2.1 Bcf as of
August 1, 1991. Categorizing these completions as peﬁetratlng a new infield reservoir is based
on both geologic and engineering data. Recognition of new infield reservoirs is relatively simple
compared with récognition of untapped reservoir compartments or of incompletely drained
Ieservoirs tﬁat are productive in adjacent well bores. This new infield reservoir is interpreted as
a single reservoir compartment, separate from equivalent prior production within the same
lithostratigraphic interval or zone (Williams and Meyers, 1976). The flow-unit boundaries are

defined by the transition from floodplain mudstone to channel and splay sandstones within a
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single genetic stratigraphic unit. This example illustrates the effect of developing a gap in the

well spacing to effectively exploit potential resources in a mature gas field.

3-D Imaging of New Infield Reservoirs

Analysis of the 3-D data volume in Stratton field indicate that high quality seismic can
image subtle stratigraphic features in the fluvially deposited small compartment size reservoir
groups. Using the previously described VSP thin-bed calibration procedure, 3-D imaging of
closely spaced thin beds was produced to determine reservoir boundaries and topology in the
interwell space. A 3-D amplitude map for the near F-21 reservoir (fig. 62) indicates that narrow
(<300 ft wide) fluvial channel systems are mappable at 6,500 ’ft. These subtle features are

identifiable between Wardner wells 201 and 176 (fig. 62).

Small Compartment Size Class Example: F-37 Reservoir

The second example (fig. 58) documents the impact of closely spaced completions
(approximately 40-acre spécing) that have defined incremental gas resources in multiple-
reservoir compartments. The F-37 reservoir interval is stratigraphically complex and after
production was established in 1954, 1.65 Bcf of gas‘ was produced in less than 2 years. Adiacent
well bores in this region of the field were drilled to depths that either were slightly shallower
than the productive interval or did 'not penetrate reservoir facies. Initial identification was
based on new completions—part of an infield drilling prograrﬁ in the 1980’s to deeper pool
objectives in the Vicksburg Formation—that showed higher than expected pressures within an
interval of previous production from middl_e Frio gas reservoirs. Six completions (completions
A-F) were established by additional drilling (fig. 63). Analysis of the composite pressure history
data for four of the completions made between 1977 and 1989 indicated that at least three
separate untapped reservoir compartments exist within a 1-mi? area. Initial reservoir pressure

of the first completion in 1954 was only 75 percent of original pressure (using a 0.45 psi/ft
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gradient). Proximity to long-term established production on the adjacent Stratton field King
Ranch lease block to the south raises the possibility of production from this lithostratigraphic
interval by previously drilled nearby wells.

Between 1983 and 1989 the bottom-hole pressures of the completions ranged from
1,950 psi to 3,178 psi within a 50-ft vertical interval (fig. 64). Evaluation of engineering and
geologic data indicated that narrow fluvial channel systems within a group of closely spaced
completions showed a high degree of stratigraphic and reservoir pressure variability. Well log
evaluation indicates sandstone reservoir porosities of 20 to 25 percent. In situ reservoir
permeability determined from SGR project well tests ranged from 10 to 92 md for reservoir
thicknesses of 5 to 11 ft. Conventional permeability and porosity are characteristic of this
reservoir interval and indicate a high-permeability reservoir (type I of Grigsby and Kerr, 1991).
Multiple completions spaced between 40 to 80 acres apart in the same reservoir exhibit
independent preSsure (fig. 65) and drainage volumes (fig. 66). Integrated geologic and
engineering analysis is required to explain the observed stratigraphic and pressure behavior of
these multiple-reservoir compartments. Identifying untapped reservoir compartments within a
currently or previously producing zone usually requires detailed correlation of the perforated
intervals with well test pressure measurements. Pressure measurements permit comparison of
the reservoir pressure in previously producing reservoir intervals with that of later

completions.

Magnitude of Secondary Gas Resource

This example documents the impact of closely spaced completions that have contacted
incremental resources estimated at approximately 1.5 Bcf per recompletion. Initial
interpretation indicated that two reservoir sandstones within a 50-ft vertical interval could be
correlated fairly continuously across the area. Six completions have been successful in an area

of 640 acres (fig. 63). Analysis of the composite pressure history data for five of the
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Figure 64. Stratigraphic cross section of example 2 showing multiple reservoir
compartments. (See fig. 63 for location.)
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Figure 65. Composite pressure versus time for multiple reservoir compartments

(example 2).
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recompletions made between 1977 and 1989 indicated that at least three separate reservoir
compartments have been encountered in these five recompletions. Several reservbir
compartments are interpreted to be composed of multiple isolated fluvial channels that are less
than 10 ft thick. Infield development indicates that close completion spacing (about 40-acre
spacing) can access reserve additions that would not otherwise be captured with wider well

spacing.

3-D Imaging of Untapped Reservoir Compartments

~ In the northern half of the 3-D grid, seismic images constructed in a short vertical interval
containing the lower F reservoirs have several similarities. However, an obvious meandering
channel labeled as A-B-C (fig. 67) is present in the southern part of the seismic image but is not
identifiable in a seismic image less than 10 ms deeper in the data volume (fig. 45). This channel
feature illustrates a most important point regarding seismic thin-bed interpretation: subtle, thin-
bed fluvial features can be present in one 3-D viewing surface and absent in a second surface
that is separated from the first by an extremely small time interval of the order of 10 ms or less.
This key observation again stresses the irhportance of precisely calibrating stratigraphic depth
to seismic travel time when interpreting thin beds. The log-based geological model of the
F-37 stratigraphy was developed before the 3-D seismic data were recorded. Some of the wells
used in this model construction are located in the southern portion of the 3-D seismic grid, as
indicated in the expanded view of the seismic image in figure 68. There is a reaso‘nably good
correspondence between this geological model and the seismic image in that both the model
and the image indicate that wells 185 and 189 are in a fluvial channel-fill environment at the
reservoir level but that Wardner well 211 is in a crevasse splay. Of even greater importance is
the comparison with the pressure information summarized in figure 65. Only Wardner wells 129
and 185 included in this analysis are inside the 3-D grid, but these two wells show a much

different pressure behavior, which requires that a compartment boundary be located in the
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