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The objectives of this report are to describe reservoir heterogeneities
within a representative mature gas reservoir of the Oligocene Vicksburg
Formation (McAllen Ranch field) in South Texas and to determine how
aspects of reservoir heterogeneity affect potential reserves remaining in
the reservoir. '

The aim of the Infield Natural Gas Reserve Growth Joint Venture project
is to assess the potential for increasing recoverable reserves of natural gas
through development of existing reservoirs. To define incremental
reserves within existing gas fields requires cost-effective and integrated
geological and engineering: approaches. The Secondary Gas Recovery
project is intended. to help provide the basis for maximizing gas recovery
using integrated geological, petrophysical, and engineering technologies
to define reservoir heterogeneity and the potential for infield reserve
additions.

There are two primary objectives: (1) to describe the controls on and
architecture of depositional and diagenetic heterogeneities that may
segment gas reservoirs within the field and (2) to determine if these
heterogeneities are effective in restricting the flow of gas so that gas
reserves may remain incompletely drained or untapped.

Our analysis of public production data (Dwight’s) indicates that new
infield wells in the Vicksburg S reservoir have accounted for a 27.4-Bcf
increase in reserves between 1980 and 1990. Additionally, more than
100 Bcf of reserves has been added through new wells drilled between
1988 and 1991 (Hill and others, 1991). Several recompletions are
suggested in this report. During compilation of the report, three of those
recompletions were performed and resulted in a reserve increase we
estimate at 1.125 Bcf.

Most of the McAllen Ranch Vicksburg S reserve increases are due to three

factors: (1) A geological reinterpretation of the S reservoir in the B lease
of McAllen Ranch field has stimulated infield step-out development of
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~ the Vicksburg S reservoir. (2) Improved hydraulic fracture technology,
the development of staged fractures, has allowed successive completion
and commingling of several reservoir sandstones. (3) Regulatory
consolidation of previously distinct reservoirs has allowed commingling of
reservoirs and thus completion of intervals that would not be economic
in isolation.

Within this framework of successful infield development by the working
interest partners at McAllen Ranch field, we have derived the following"
recommendations for maximizing recovery from similar deep Vicksburg
deltaic reservoirs.

We consider reinterpretation of reservoir geometry and areal extent to
be the most important contributor to reserve additions within the South
Texas Vicksburg deltaic sandstones. The McAllen Ranch Vicksburg S
reservoir in the B area provides an excellent example of reserve
additions, and more than 100 Bcf of proven reserves have been added
since 1988 (Hill and others, 1991). Shell Western Exploration and
Production, Inc., recorrelated reservoir sandstones and eliminated a
postulated fault, thereby extending the previously assumed limits of the
reservoir.

Regulatory changes that permit larger completion intervals and thus allow
more sandstones to be completed at closer spacing allow significant
infield reserve increases. Operators of Vicksburg gas production com-
monly produce only the most potentially productive reservoir intervals
because of limited wellbore lifespan. Recompletions within the Vicksburg
are often difficult, and gas resources that are uneconomic with new wells,
but that would be economic on recompletion, may be lost. Reservoir
consolidation in the B area of McAllen Ranch field has stimulated
recompletions and added significantly to production.

Distributary-channel-fill sandstones are the best candidates for containing
incremental reserves because they are laterally discontinuous and
predominate in areas where numerous reservoir sandstones are stacked.
In other gas fields, secondary recovery efforts should target the proximal
portions of deltaic packages. Delta-front sandstones have the poorest
potential for large reserve increments because of their lateral continuity
and relatively simple stratigraphy.

The most important variable in the Vicksburg S reservoir heterogeneity is
diagenesis, which creates variable drainage radii for different sandstones
in the same well. Diffuse, diagenetically controlled zones of low
permeability may be the most important factors restricting flow between
wells. Variable drainage radii result in unrecognized and unproduced
reserves between existing wells, especially where completion spacing
within individual sandstones is nonuniform. In the B area, faults are not
likely to be the primary barriers to gas flow because faults were not
inferred from high-quality three-dimensional seismic images between the
key wells used in this study (Hill and others, 1991).

The microresistivity log from the dipmeter is an effective tool for

determining both depositional and diagenetic facies within the §
reservoir. With additional microresistivity logs, cements could be mapped
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Technical
Approach

through the reservoir, allowing better prediction of “sweet spots” and
variation of permeability.

The effects of faulting in creating the observed compartmentalization of
the reservoir are difficult to separate from depositional effects in
structurally complex Vicksburg reservoirs. Faulting as a cause of reservoir
compartmentalization must be considered in addition to depositional
heterogeneity. Likewise, the effects of completion in numerous separate
flow units make accurate determination of the sources of production
impossible. However, variation in the extent and quality of hydraulic
fractures does not seem to have been a major factor before 1988. Shell

Western Exploration and Production, Inc., has recently instituted a new

fracturing program and thinks that this program has improved
production.

Wells exhibit significant increases in production rates for a very long time
after a period of curtailed production. This increase was initially thought
to be due solely to “recharge” by flow across low-permeability barriers
from neighboring, untapped compartments, but model studies disproved
this conjecture. The increased rate is now attributed to time-delayed
compaction, or creep, of the overburden as pressure support is removed
by fluid production from the overpressured reservoir.

A finite-element model of the S4 sandstone in the S reservoir supports
the hypothesis that barriers to gas flow may exist between wells at 80-
acre spacing within the B lease study area. Analysis of production and
pressures indicates that at the current 80-acre spacing significant reserves
do not exist between completions. However, when there are holes in
the completion pattern, producible reserves remain untapped. During
compilation of this report we suggested the recompletion of several wells
in the B area. Three of these wells (B-8, B-12, and B-15) have been
recompleted, resulting in an estimated reserve increase of 1.125 Bcf.

The research required integrated geological, petrophysical, and
engineering efforts to determine reservoir heterogeneity and potential
infield reserve additions. More accurate interpretations of depositional
systems and stratigraphic relations were used to define the distribution of
sandstones and their internal heterogeneities. These data were used to
assess the most likely targets for incremental gas recovery. Petrophysical
analysis of data gathered from well logs and cores was used to determine
the porosities within reservoir sandstones. Geometries derived from
geological analysis were used along with porosity data to determine the
gas remaining in the reservoir. Finally, production data and wireline
pressure test data were used to model long-term pressure interference to
demonstrate the existence of permeability barriers. The combination of
geological, petrophysical, and engineering data was used to predict the
distribution of volumes of undrained natural gas.

The S reservoir within McAllen Ranch field was selected for study
because of availability of seismic data and evidence of lack of
communication between wells. Two wells, the McAllen B-17 and B-18,
drilled by Shell Western Exploration and Production, Inc., were cored and
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Project Implications

logged as part of a cooperative data acquisition program. Offset vertical
seismic profiles flanking the two wells were acquired.

A detailed stratigraphy was established for the S reservoir, allowing its
division into six genetic components. Structural maps and cross sections,
along with net-sandstone and facies maps, allowed interpretation of the
depositional environment within the S reservoir sandstones. Net-
sandstone maps, along with detailed stratigraphic correlation, were used
to carefully describe the component sandstones of the S reservoir and
the heterogeneities that could potentially obstruct the flow of gas.

Detailed log suites "acquired from Shell Western Exploration and .
Production, Inc., and obtained through the cooperative drilling program
were used to obtain porosity and water saturation estimates within the
reservoir. Because shale grain densities in the Vicksburg are much the
same as sand grain densities, no large correction was necessary to match
measured core porosities. However, because the clays have cation
exchange capacities, it was necessary to use a Waxman-Smits model to -
obtain results that matched water saturations estimated from capillary
pressure measurements. A comparison was made with water saturations
using the Archie equation with parameters measured in the B-18 core.
The Waxman-Smits model yielded significantly lower water saturations.
Reservoir pressures were obtained from numerous w1relme pressure
measurements in the B 17 and B-18 wells..

Volumetric calculations were performed on the S reservoir to determine
whether significant incremental natural gas remained to be developed.
The S reservoir conditions were modeled to determine the time required
for pressure communication between wells and, subsequently, to
demonstrate the existence of a permeability barrier within the S,
reservoir sandstone. '

This report summarizes the results of the integrated geological,
petrophysical, engineering, and seismic research as part of a broader
project to investigate targeted technology applications for infield reserve
growth in McAllen Ranch field. Reevaluation of the extent of the field
reservoir boundaries has had a dramatic positive impact on reserve
growth. Stratigraphic and structural reinterpretation of Vicksburg natural
gas reservoirs can provide significant tens of billion cubic feet of natural
gas reserve increases. Restriction of gas flow by reservoir heterogeneity
results in opportunities for infill wells and recompletions.

The South Texas Vicksburg deltaic reservoir gas play will undergo
significant reserve growth as these opportunities are pursued. The
Secondary Natural Gas Recovery project is now conducting technology

~ transfer of the results to the industry through publications and short

courses about the potential of the Vicksburg play as demonstrated by
McAllen Ranch field.
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INTRODUCTION

Intensive infill drilling in the last decade has r_esultéd in widespread recognition of
heterogeneity and compartmentalization in oil vr,e“seryvoirs. ‘Betweerh"1979 and 1985, 80 percent
of onshore oil reserve ;dditions came through resefvé growth within known reservoirs (Fisher,
1987). Economically recoverable resources that remain to be discovered within cﬁrrently
producing natural gas reservoirs have been estimated at 56 trillion cubic feet (Tcf) at up to $3
per thousand cubic feet (Mcf) (19875‘, wellhead price) (Finley and ,othérs, 1988). To produce
additional resources within existingbvgas fields will require cost-effeétive» and integrated
geological and engineering approaches. The Secondary Gas Recovery pfoject is intended to
provide the technological and geological basis to help maﬁcimize recovery of this important
resource.

" A hypothetical, typical natural gas field goes through a period of low production after
discovéry until a pipeline and gas sale can be arranged. Upon establishment of the field,
production increases as additibnal development wells are drilled until the field réaches a
plateau of production set by contract, econoniics_,-ot the producibility of the reservoir.
Production from the field gradually declines as pressure in the reservoir decreases. Adding a
compression station to allow production at lower pressures results in an additional pulse of
production during this decline. |

Changing technology and économics can cause large fluctuations in production and
drilling that change this hypothetical production picture. The secon.dary reserves that aré the
goal of this project are new infield reservoirs, deeper pools, and infield completion of bypassed

reservoirs that were unexpected after initial development of the field.

Purpose

This report documents the research conducted on McAllen Ranch gas field, Hidalgo

County, Texas. It describes integrated geological, petrophysical, and engineering efforts to

1



_ detemﬁne reservoir Vhetvérogen‘eitj?’ ahd potential infield reserve additions. There are two
primary obiectives: (1) to describe the controls on and’ the architecture of depositibnal andr '
diagénetic heterogeneities that may segment gas reservoirs Within the field arid (Z)Vto
determine if thesé heterogenéities l'a're effective in restricting the flow of gas so that gas
resources may remain untapped. |

The first part Qf the report describes the different types of reservoir heterogeneity in
one of the reservoirs in the McAllen Ranch field. The second parf of the report preSents
.evide_nce that the heterogeneities within fhé 1eservoir affect the production of gas. Thé use of
these concepts is described'along} with a model for increasing reserves in fields within deltaic
sandstones of the Rio Grande Embayment,’Vi'cksburg Sandstone' (VK-1) play (quters and others,
1989), which comprises McAllen Ranch field (ﬂg. 1).

Our attention was drawﬁ to McAlien’ Ranch field by drilling activity within fhis long- -
established field in 1988. As of Augusf 1991, more than 15 wells had been drilled.

The drilling ’activity preceded' this study and was stimulated by revised geological-
geophysical interpretations of the Vicksbﬁrg S reservoir:; During cbmpilation of this report in
1990, the working intef/ést partners also began a rééompletion campaign after obtaining
permission to consolidate the Vicksburg S, T, and U tesefvoirs in the B _afea of thé field. The
Secondary Gas Recovery project has éooperated with and supported this develop_ment-, and this

| report describes methods used by the operators and by the project.

Description of the Project

The Secondary Gas VRecovery project is an interdisciplinar& sfudy focusing on géolo’gical,
geophysical, pgtrophysital, and engineering analyses of reservoirs. .Studies Were undertaken
with the cooperation of the working interest partners for the field, Shell Westérn Exploration
and Production, Inc. (SWEPI), Fina Oil Company, and Conoco, Inc. The Bureau of qunomic

Geology coordinated all activities and conducted the geological investigations. Research and
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Engineering Consultants (REC) of Englewood, Colo:edo, conducted reservoir-engineering
. studies. ResTech,'Inc. of Houston, Texas, conducted petrop_hysical investigations. Envirocorp
Sciences and Techriolc)gy monitored drilling activity data and managed well-site activities.

There were generally two stagesbin the study of the McAllen Ranch field. From August

1988 through February 1989 the'project staff evaluated the field for suitability within the

Secondary Ges Recovery 'proriect.’From February 1989 through March 1990 the staff determined

the nature and distribution of reservoir heterogenexty and identified reservoir

compartmentalization SWEPI provxded opportunitles to collect data durmg drilling of the Shell '

Al A McAllen No. B-17 and No. B-18 wells in the northern part of the field in September and

| November 1989.

- Definitions of Terms Used in Th‘i‘s Report -

Secondary Recovery of Natural Gas: This term is used to describe prOdﬁction of natural gas by
conventional methods in mature fields that was not prvoduced' during the original development
of the fields because of geologic complexity; problems with log analysis, and the interactions
between regulatory controls, production strategies, and ‘c“bntinuing technological advances. It is
not gas produced from existing ‘complet'i_obnsi throizgh mechdﬁisms such as wdter or ‘carbon dioxide
injection. |

When new wells are drilled or wells are recompleted within a given field»or reservoir, the
rate of gas production increases. A production increase does not always ‘mean that reserves have
been increased because the reserves tappedb by exisﬁng wells may be shared with the new wells
and therefore produced mdre quickly. Where new'well.s or recompletio‘nset}ap entirely new
reservoirs or portions of reservoirs, product‘ionf from these settings is undeniably a reserve
increment. Where new completions are made within or adjacent to existing production, the _
situation is less clear. In these cases, the‘ cumulative production of the old and new completions

must be estimated to prove a reserve increment.



We Classify secondary (additional) gas resources under four general'reservoir categories:

1.

New. infield reservoirs are resetVoirs separated vertically and"laterally from

- adjacent reservoirs but uncontacted during original development of the field.

Reservoir compartments are portxons of reservoirs between which' gas flow is"

restricted within‘ the time scale of field production. Compartments may lie

withinthe same reserrvoirvst-rata or in closely‘ spaced reservoir strata

(sandstones) that are separated by intervening nonrese‘rvoir strata (shales).

Compartments are differentiated from reservoirs in that whereas Teservoirs

may be demonstrated to be isolated from each other, it is difficult to prove

that compartments are nOt connected.

A, Untaﬁped reservoir t:ompartments exhibit no pressure depletion from
offset production. Pressures are 90 percent of the original reservoir
.pres‘sure.

B. lncompletel_y drained reservoir compartments have pressures lower than the
~original reservoir pressure and contribute to offset production. However,
the compartments contain reserves that cannot be drained by offset
production.

Deeper pool reservoirs are new reservoirs that underlie the deepest producing

horizons.

Bypassed' reservoirs are reservoirs contacted by existing wells but not yet

produced. ‘Bypassed reservoirs may have been evaluated on logs as

uneconomic or nonproductive.

We classify the wells that tap secondary gas reserves under two main categories:

1.

2.

Field extension or step-out completions are wells drilled outside the field.
Infield completions are wells drilled within the field. Infield completions may

occur as



A.  Infill conipletionS are completions within an existing pattern of
completjons at less than the accepted spacing for the reservoir.

B. . Reservoir step-out compietions lie within the existing field biut expand the
prro‘ducing area df an individual reservoir.

C. New‘ reservoir discoveries are discoveries of untapped reservoirs within the

area of existing production.

How to Apply the Results of this Report

This report descﬂbes the reservoir heterogeneity in one Vicksburg reservoir and
demonstrates the existence of internal barriers to the flow of gas. It is our hope that an
understanding of the distribution of reservoir heterogeneities and pron that permeabi]ity
barriers exist will help in the search for incremental'reserves.‘ We highlight'several approaches

to screening, locating, and estimating reserve ihcrements within Vicksburg deltaic reservoirs.

Expected Sources of Reserve Increments

Vicksburg deltaic reservoirs are bstr’atigraphi‘cailly and structﬁrally complicated. ‘Figure 2a
illustrates the original conception of one Vicksburg resetvoir. Figure 2b i‘llustrates the
conception derived from this study. The important differencesz are (1) the increased number of
distinct sandstones within the reservoir, (2) the laterally discontinuous distributary-chanﬁel
sandstones, (3) the variable drainage rédii related to diagenetic:an'dbd‘epositional features, and
~ (4) the unexpected barriérs to gés ﬂbw created by diagenesis and fauylts.k

Increm'enta‘ll reserves can come from a variety of sources. Reservoir extensions may be the
most valuable and imporfant Vicksburg incremental reserves. Reexamination of stratigraphic
‘data along with higher quality seismic data may result in discoveries of new extensions. We

have found séveral. instances of discoveries of new field eXtensions describe_d from similai
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Figure 2. (a) Original conception of Vicksburg reservoirs. (b) Cohception derived in this study.



Vicksburg reservoirs (Rich'ards, 1986; Hill and others, 1991). Usually there are feWer faults and
more stratigraphic changes than indicated in most studies based on early seismic and well data.

Uncontacted reservbirs will piobably be fairly rare; héwever, uﬁcontacted distributary
channels may lie in some proximal deltaic settings where well density is low. | |

Bypassed reservoirs may be fairly common because of the great difficulty of determining
the water saturation within low-permeability 'sandstones.

'Partially drained compartments'should be common unless (as in the case at MeAllen
Ranch) the operator has assiduously evaluated the drainage of wells. Because most wells are
spaced on the basis of the assessment of the most permeable sandstones, gas will remain
untapped between wells in the less permeable sandstones. Whether this gas prbves economic
will depend on both Well spacing and the permeability and thickness of the differenf
sandstones. In low-permeability reseri'oirs partially dreined compartments will be an importaht
co‘ntributof to reserve additions.

In summary, the most important volu_xhes of incremental reserveé w_ill eome from reservoir

step-outs, bypdssed reservoirs, and incompletely drained or uiztapped corhpartments.

Potential for Incremental Reserves

It is difficult td screen reservoirs to detefmine which may have substantial incrementai gas
reserves. Numerous factors such as gas cyclin‘g,r low permeability, and commingled production
from reservoirs complicate ény analysis.

If there has been recent infield development

1. If field development has continued some bincr‘emental reserves may already have

been recovered, but the results may point out adcvlitio‘nallpossibilities.
a. Check for anomalously high pressures in wells drilled or recompleted after
pressures within the reservoir were significantly reduced. If the measured

- permeabilities average greater than 10 md, then pressures more than 25 percent



above the e,x'isti‘ng reservoir pressure may be significant. Lower permeabili_ty
réservoirs may have high Vpressu.res‘in new wells owing to the high pressure ,
gradients rather than to perméa’bil,_itjr barriérs; |

b. Check for an increasing spread in ‘cvompletion pressures over time or for a
‘significant nurﬁber of fc}omplétion_’ pressures as outliers above the gradually
declining reservoir préssufe.

c. Plot rate of production against time for each reservoir and for the field as a
whole. Untapped Teservoirs an>d, bypassed reservoir discdveries will be apparent
as high-rate peaks on the fieldwide graph. Untapped and poorly drained
compartments ahd' reservoir exteﬁsions' will: be apparent as peaks on the
individual »res'er-voir .graphs. To determine whether these new completions are
actually fapping gas not drained by the earlier completions in these reseryoirs,
plot cumulative production against time -6n a linear graph. Project the
production of the" earlier wells. If reserves have béen added, the projected
cumulative production bf the earlier wells will be less than the cumulative

production including the recently drilled wells. |

2. Check to see whether gas cycling or irijection has occurred within the reservoirs.

Keep in mind that analysis of cycled reservoirs may result in false indications of

incremental reserves.

Regardless of whether there has been subsequent ﬁeld development

1.

Count the number of discrete reservoir sandstones (not necessarily the same as legally

-defined reservoirs) and map the total number of producing sandstones (number-of-

sands maps). The areas with the highest number of sandstones should‘ have the
highest potential for reserve increases‘ because of untapped and partially drained
compartments.

Check ‘producing rates from individual wells. Variations in ‘production may result from

variation in reservoir quality and not from completion problems or damaged reservoir.



Large variations in production indicate higher probability for reserve increments from
both bypassed sandstones and untapped and partially drained compartments

Identify fields or reservoirs with low recovery efficiency Determine whether the low
efficiency is inherent in the fabric of the producing reservoir or due to untapped

pockets or zones within the reservoir.

Determination of Areas within Fields with High Potential for Incremental Reserves

For untapped and partially drained compartments

Reserve increments in McAllen Ranch field that come from compartments within

productive reservoirs may be discovered using the following procedure:

1.

Prepare number-of—sands maps for individual reservoirs for genetic reservoir packages

-~ or for arbrtrarily selected 500- to 1, 000 ft thick (152 to 305 m) stratigraphic intervals.

Prepare facies maps illustrating the distribution of the channel sandstones and
superimpose well completion information. Target the proximal portions of the deltaic
reservoirs where numerous channel-fill sandstones are stacked. Distributary

channel-fill sandstones are the best candidates for containing untapped reserves.

. Prepare maps of recovery efficiency'Where multiple sandstones have been

completed. Where recovery efficiency is low, compare porosity-thickness maps of the

different sandstones to determine whether some reserves may remain because of

‘variation in drainage radii between the different sandstones. Deita-fr‘ont sandstones,

such as those in the S reservoir in the B area, offer the poorest potential for

\ secondary recovery because of their lateral continuity and. srmple stratigraphy.

Collect m1croresi_stiv1ty logs during dnllmg of new wells. When enough of these logs
have been acquired, maps of diagenetic facies may be prepared. Late-stage leaching of
calcite is the most important diagenetic control on permeability. Porosity and

permeability‘generally improve tlpward and away from the fauit contact with the
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Eocene (Hill and others, 1991). Superimposed with this general trend are la;ge
variations in porosity and permeability that correlate with changes in the relative
abundance of different diagenetic facies but not with changes in depositional

features.

Projected Benefits

Considering the high production from the field to date (mdre than 817 billion cubic feet
[Bcf]), even small -impr,ovements in overall recovery efficiency will result' in substantial
increasés in reserves. This study may f‘urther’ serve as a predictive model for Vicksburg and Frio
fields in South Texas that contain similar reservoirs. The McAllen Ranch working interest
partners, through reinterpretation of a single reservoir, increased reserve estimates
400 percent (Merrill Keen, personal communication,‘ 1991). Several recompletions were
recommended in this report. Three of those recompletions have been performed and resulted

in estimated reserve increases of 1.125 Bcf.

Location and Field Characteristics

McAllen Ranch field is located near the southern end of the Texas Gulf ’Coastal Plain,
11mi (17 km) east of the town of San Manuel in northern Hidalgo County.and approximately
20 mi (32 km) downdip of the Vicksbufg Fault Zone (fig. 1). The field forms part of the prolific
VK-1 play of Kosters and others (1989), which consists of reservoirs producing from Vicksburg
deltaic sandstones bounded on the west by the Vicksburg Fault System‘-(Kosters and others,
1989) (figs. 1 and 3). The field is typical of a number of deep (7,000 to 16,000 ft [3,134 to
4,877 m]) natural gas fields in South Texas that produce from sandstone reservoirs deposited in
fluvial-dominated deltaic settings.

The field contains four major leases. The Woods Christian lease covers the western one-

fourth of the field. The A. A. McAllen lease covers most of the field. The Beaurline and Guerra
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leases cover the eastern rim of the field. The working interest partners operate most of the
wells in the field. Forest Oil Company operates 29 wells in the southeastern corner of the field,
and Texaco and Tenneco operate 16 wells in the eastern and southeastern parts of the field to
the north and east of the Forest Oil holdingg. Additional p;oduction from the Guerra reservoirs
to the south and east of McAlIen Ranch field proper is reported as McAllen Ranch production,

but this production area is geologically separate and is therefore not considered in this report.

Stratigraphy and Structure

The Vicksburg Formation of early to middle Oligocene age consists of sandstone and shale
deposited during the Tertiary Period that form part of the fill of the Gulf Coast Basin (fig. 3).
The primary Vicksburg depocenter was the Rio Grande Embayment’ in South Texas (fig. 1). The
Vicksburg Formation is dominantly marine shale near the Louisiana border and becomes sandier
in South Texas (Hardin, 1967).. Withi‘n‘ the JRio Grande Embayment it appears conformably to
overlie shales of the Jackson Group and is in turn conformably overlain by.the sandstones of
the Frio Formation. It is unconformably overlain by the upper Frio and Catahoula Formations in
updip areas (Galloway, 1977). Vicksburg deposition was greatly influenced by the Vicksbufg
- Fault Zone (fig. 1) and thickens from 600 ft (183 m) to several thousand feet across the fault
zone (Stanley, 1968). Vicksburg sandstones are found as far downdip as the Frio Fault Zone
(fig. 1).

Deposition of the Vicksburg sediments marked the initiation of a massive influx of coarse
volcanic-rich clastic sediment derived from West Texas‘ ahd the Sierra Madre Orientalll (Hardin,
1967). This influx of clastic debris coincided with a change in the location of the margin of the
cbntinental shelf. The position of the shelf mérgiﬁ had remained constant during deposition of
the underlying Jackson and Yégua Formations (Fishe’r' and others, 1969; Loucks and others,

1986). However, initial Vicksburg sandstone deposition was concentrated downdip from the old
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shelf margin and probably marked the position of the margin during Vicksburg deposition
(Hastings, 1984).

Stratigraphic correlatiOns indicate that the lower Vicksburg sandstones in the area of
McAllen Ranch field are part of a lahdward-stepbing package that was deposifed during a
transgréssion of the South Texa§ coast. The‘ove’rlying sandstones of the Frio Formation were
deposited during a regressio,n that cohtinued during much of Frio deposition. ‘ |

The McAllen Ranch field iS on the downthrown (east) block of‘ a major growth fault that
was active during early and middle Vicksburg deposi’ﬁon (Marshall, 1978). The Vicksburg
Formation expands from 5,000 ft (‘1,529 m’)'thic’k'in thé upthrown block to a maximum of
8,000 ft (2,428 m) thick within the field (Marshall, 1978; Han, 1981). The fault is llistric along a
detachment within shales of the Jacksox_l Fdrmation, flattening to ‘a\ dip of approximately 5°
beneath the field (fig. 4). The field is located alon-g the éast (downdip) flank of a large shale
diapir within the Jackson Shale ‘(Marshall,- 1978, Han, 1981)."

The Vicksburg Formation at McAllen Ranch field is divisible into lower sandy and upperv,
shaly intervals (Marshall, 1978, -1981»;‘Svhoemaket, 1978; Han, 1981) (fig. 75). The gas reservoirs
are sandstones named, from youngest to oldest, the J through Y reservoirs (fig. 5). The J and K
reservoirs are in the upper Vicksburg.» The L reservéir sandstones form the top of the lower
Vicksburg. The most productive reservoirs are the UV, §, R, and P reservoirs. These reservoirs
consist of one or more upward-coarsening sandstone intervals. |

The reservoi‘rs within McAllen Ranch field are shingled so that producing areas for the
reservoirs have very littlé overlap. The younger and shailower reservoirs occur in the west,
whereas the older and deeper resen?oirs lie in the‘east (fig. 6). Statistics of the méior reservoir
sandstones are compared in table,l; To date the P and ‘S reservoirs have produced 23 and 50
percent, respectively, of the gas from the field. The largest area in the field and the most
cbmpletions are attributed to the S reservoir. |

Continued warping of the Jackson Shale and overlying Vi_cksburg and Frio Formations

deformed the reservoirs into two relatively densely drilled anticlinal noses separated by a
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Table 1. Cumulative production and initial pressures for major productive
compartments and reservoir sandstones of the McAllen Ranch gas field.
Data compiled from Dwight's Energy Company (1985) and Petroleum
Information completion cards. North and south areas shown in figure 7.

Region sandstone

North

South

Reservolir

-<EU)ID'U » X

Initial
production
(yr)
1972
1978
1966

1963
1963
1965
1972
1976

Cumulative
production

18

(Bef)

4.2
13.1
16.6

118.5

45.2 -

248.2
59.3
27.8

Initial
BHSIP
(psi)

9,251

7,993 11,641
10,361 13,866

8,168 9,916

7,855 10,916

9,590 11,198

9,829 11,643
10,766 12,501

Deepest
production
(ft)
10,750

13,060
16,377

11,006
11,862
12,355
13,808
15,372



nonproductive, mostly undrilled,‘central syncline (figs. 6 and 7). In this study the two noses
will be referred to as the northern and the southkern parts of the field, respectively (fig. 7)."A
part of the northern area, designated as the B lease (fig. 7), contains the wells in which data
were collected in cooperation with SWEPL The reservoirs in the northern part of the field are
approximately 1,000 ft (305 m) deeper than those in the southern part.

Reservoirrsandstbnes have been translated to the east along the gently dipping fault and
have been rolled over during grov;ith faulting so that th‘ey dip wes’twérd into the fault and
generally form a shingled set fha.t is younger to the west (fig. 4). Production also corhes from
successively younger units to the west (figs. S and 6).

Numerous subsidiary faults cut the lower Vicksburg strata in the field. Faults generally die
out near the top of the lower Vicksbﬁrg and become more numerous lower in the section

(Marshall, 1978; Shoemaker, 1978; Han, 1981).

Field History

Shell Oil Company discovered thé.McAllen Ranch gas field in 1960 while drilling the A. A,
McAllen No. 1 well, which they later completed‘ as a shut-in gas well ih» the Vicksburg S |
reservoir. The field has produced more than 770 Bcf of gas from 33 Vicksburg reservoirs. Early
development, from 1960 to 1963, was very successful, and 14 development gas wells were
completed largely in the P, R, and S reservoirs (fig. 8). Development lagged during the late
1960’s because of the poor gas production rates that resulted from fhe low permeability of the
reservoirs. Forest Oil Company began a successful development program at this time, exploiting
the UV reservoir in the ‘southeastem portion of the field.

" A second phase of developinent was undertaken by SWEPI in 1972, concentrating on the
south-central portion of-‘ the field to the east of the For.est“ QOil holdings. About this time,
numerous wells were drilled into the $ reservoir in the B area and the R reservoir in the

northern portion of the field. This period was spurred by development of large-volume
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Figure 7. Index map of McAllen Ranch field showing the distribution of wells and cores
available for this study. Inset map shows location of field. Lines are traces of cross sections and

detailed maps. Cross section A-A’ shown in figure 10. Cross section B-B’ shown in figure 37.
Cross section C-C’ shown in figure 19. Cross section E-E’ shown in figure 36.
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‘hydraulic fracture techhology. Development continued throughout the 17_-980’5, expénding -.the
field to.the southeast with wells completed by Texaco and Tenneco in the UV aﬁd Y reservoirs
(figs. 6 and 8). | , | |

To date, 183 wells have been drilled in McAllen Réhch field. SWEPI drilled eight wells in |
1989, and drilling continues‘ in 1990 and 1991, This development is largely infield step-out
development scattefed around thé perilﬁeter "kof4 the southern and northern areas and the B
lease. SWEPI also 'c‘ond‘uc‘ted an infield drilling and recompletion and rework campaign in 1984
in wells in fhe older P, R, and S reservoirs. These new wells have increased production from

these reservoirs (fig. 9).

Reservoir Characteristics

McAllen Ranch field contains confined sand-shale, -overpressured reservoirs ideal for
formation evaluation research in shaly sands. Theventire Vicksburg section has-abnormal fluid
. pressures, and pressufe gradients range up to 0.94 psi/ft in the field. The top of geopressuré
ranges from 7,000 to 8,400 ft (2,134 to 2,560 m) below the ground surface. The geothermal
gradient is about 2°F per 100 ft (30 m) of depth. | |

Porosi‘ty ahd permeability data from McAllen Ra’nch‘ field indicate poor reservoir quality.
Most of the whole-core samples show air permeabilities of less than 1 md; only a small
percentage have air pemieabilities greater than iO md. Porosities fange from about 12 to »25
percent (data from core in table 2). Becausé of the generally poor reservoir quality, fracture-
stimulation techniqueS are used in most of the completions, sand weights usually ranging from

300,000 to 400,000 Ib.
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Table 2. List of cores available for use by this study.

: ) Data used
Reservolr Depth In this
Well sandstone  interval (ft)  report (Data and analyses)Source
Shell McAllen No. 1 UV - 14057- 14080 1 - (A.B, 1,2)1
Shell McAllen No. 5 R 10814 - 10918 1 " (AB,1,2)1
Shell McAllen No. 6 Shale 11300 - 11383 1 (A B, 1)1
' between , :
. QandR
Shell McAllen No. 7 Q 10905 - 10917 1 (A B, 1)!
- Shell McAllen No. 7 R ~  11030- 11105 1 (A, B, 1)1
Shell McAllen No. 7 R 11393~ 11501 1 (A, B, 1)1
‘ShellMcAllenNo.13 R 10776 - 10826 1 (A, B, 1,6)
R-1 11006 - 11057 1 (A, B, 1,6)
R-3? 11458 - 11485 1 (A, B, 1)
, T 12170 - 12219 1 (A, B, 1)1
Shell McAllen No. 15 R3?  11615- 11660 1,2,3,4 (A, B, 1)
S . 11900- 11967 1,2,8,4,6 (A, B, )1
Shell McAllen No. 18 S ° 11776- 11853 1,2,3,4,6 (A, B, C, D)2(D)3(1, 6)1
Shell McAllen No. 46 R 11508 — 11568 1 (A, B)?!
Shell McAllen No. 62 R-1 12025 - 12085 1 (A, B, 1, 2,3, 4,5)1
Shell McAllen No. A 1 L 0389 — 9437 1 (A B, 1, 6)1
Shell McAllen No.B14 UV 13610 - 13640 1 (A, B, 1,2,3,4,8)
Shell McAllen No.B17  Sp 12670 - 12804 1,2,3,4,5,6 (A, B,C,D,E,1,5,8)4
Shell McAllen No.B 18 Sy 12780 - 12833 1,2, 3,4,5,6 (A, B,C,D,E, 1,2,3,4,5,8, 10)4
Sa 13010 - 13230 1,2, 3,4,5,6 (A, B,C,D,E, 1,23, 4,5,8, 10)4
Sg 13390 - 13450 1,2, 3,4,5,6 (A, B,C,D,E, 1,2,3,4,5,8,10)4
Shell Woods P 10787 - 10887 1,2, 3,4 (A B, C, DY3(D)3 (1, 2, 7)1
Christian No. 4
Shell Woods L 9670 - 9720 1,2,3,4 (A, B, C, D)Y2(D)3(6)"
Christian No. 6 o} 10273 - 10325 1,2, 3,4 (A, B, C, D)2(D)3
P 10722 - 10770 1,2,3,4 (A, B, C, D)2(D)3
Shale between 11600 - 11624 1,2, 3,4 (A, B, C, D)2(D)3
QandR : ‘
R 11858 — 12005 = 1,2,3, 4 (A, B, C, D)2(D)32)!
R 12029 — 12080 1,2,3,4 (A, B, C, D)2(D)3
Shale-Eocene 12895 — 12920 1 (A, B, C, D)2
Shell Woods P 10826 — 10876 1,2,3,4 (A, B, C, D)2(D)3(1, 2, 7)1
Christian No. 7 Q 11053 - 11080 1,2,83,4 (A, B, C, D)2(D)3(1, 2, 71
Shell Woods L 9306 - 9338 1 (A.B, C, D)2
Christian No. 8 M 9611 - 9662 1 (A, B, 1)1
Forest Oil 'R 12497 - 12675 1,2,3,4 (A B, C,D)2
McAllen No. 9
Forest Oil u-v 12602 - 12662 1,2, 3,4 (A, B, C, D)2
McAIIen No. 10 : .
Forest Oil Y 13621 - 13679 1,2,3,4 (A, B, C, D)2
McAIIen No. 14
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Table 2 (cont.)

DATA USED IN THIS REPORT

1.

2.

3.

Core analyzed geologically to determine range and distribution of depositional environments.

Core studied in detail and compared with petrophysical properties to determine the distribution of
porosity and permeability in different reservoirs and depositional facies.

Thin sections point-counted and compared with core to determine distribution of diagenetic facies
and grain size.

Detailed petrographic analyses to determine paragensetic sequence and characteristics of dnagenetlc
facies.

Core compared with microresistivity log to determine directional data-and cement types.

Core studied in detail and compared with petrophysical properties to determine the distribution of
porosity and permeability in the S reservoir.

DATA AVAILABLE

A.
B.

Core photographs and descriptions
Porosity and permeablmy data

C. Core .
D. Thin sections

E.

Microresistivity correlation

SPECIAL ANALYSES

10.

PPNP?‘PP!".—‘

Grain density

Cation-exchange capacity

m,n

Capillary pressure

Stressed porosity and permeablhty

Counter current imbibition

Velocity

X-ray diffraction

Rock property catalog

Acoustic anisotropy and static and dynamic stress

DATA SOURCE

2
3.
4.

. Shell Oil Company

Texas A&M University

Texas Bureau of Economic Geology files

Texas Bureau of . Economic Geology data gathered for this prOJect
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INITIAL RESERVOIR SCREENING
Introduction

McAllen Ranch field was chosen for study by the Secondary Gas Recovery project because
(1) the field has been the subject of numerous studies and provides an extensive
nonproprietary data base (Berg and others, 1978; Loucks, 1978; Marshall, 1978; Shoemaker
1978 Dramis, 1981; Han, 1981), (2) many of these studies have 'suggested that reservoir
‘geometries are lobate and that many wells penetrate sandstone bodies having small lateral
extent (Marshall, 1978; Shoemaker 1978 Habeck, 1982), (3) the freld provides an excellent
example that may be used to characterize similar fields in the prolifrc VK-1 play (Kosters and
others, 1989), and (4) SWEPI recently completed a 3-D seismic survey in the B area and offered
availability of selected existing data and wells for cooperative collection of new data.

The first effort of vthe pro]ect was .to‘ identify reservoirs having the best potential for
compartmentalization and therefore appropriate for study by ‘the Secondary Gas Recovery
project. The initial reservoir-evaluation procedure is detailed in Finley and others (1990). The
evaluation resulted in a decision to concentrate on the S reservoir. This section discusses the

analyses that resulted in that decision.

Rationale for S Reservoir Selection .

Many of the McAllen Ranch reservoirs are no longer being developed. Active reservoirs
are preferred for the purposes of the Secondary Gas Recovery study to allow acquisition of data
in'newly drilled wells. Current drilling activity centers on the Vicksburg S reservoir, which has
eight new completions, and the Vicksbnrg P“reservoir, which had one completion in 1989. The
S reservoir offers a combination of high current activity and an ‘older period of develo‘pment

that allows historical comparison and modeling of reservoir production.
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The Vicksburg S reservoir was chosen for study for- several reasons:
1. Drilling activity, currently cOncentrated on the S reseryoir, provides opportunities for
new data collection. | “ |

2.2 The S reservoirprod_uces over a,large._-‘area, thus»providing opportunities for infill
 drilling (fig. 6).

3. The S reservoir has completions with a long production history. |

4.v’ The S reservorr is stratigraphically complex and is therefore more likely to contain
- untapped compartments

S. Initial engineering studies indicated that the S reservorr exhibited characteristics of
:'compartmentalized reservoirs (Finley and others, 1990)

6. The 3-D sersmic survey overlies one area of S reservoir production

~ Problems of the S Reservoir

Several problems ‘were recognized in the S res:erv'o'ir.' The primary problem was that low
permeability and \high pressmes and temperatures precluded many engineering tests. Complex
geologic structure within the field‘ posed the problem' of distinguishing depositional
compartmentalization from structural, fault- bounded compartments Oil-based muds were
introduced in wells after B 14 to improve hole stability, but they preclude use of the SP log
curve and necessitate the use of scratcher »electrodes to obtain dipmeter data.v ‘Scratcher
electrodes introdUced noise that compromises dipmeter analysis. Finally, the fact that
completions were fracture stimulated and that numerous sandstones were perforated in
individual wells made it difficult to determine the sources of production and pressure anomalies

observed at the wellhead.
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Preliminary Prod_uction Screening

Production performance screening waS conducted on six Vicksburg reservoirs in the
McAllen Ranch field using the initial 12 months of production effective 11fe decline rate, and
shut-in bottom hole pressure to determine which producing horizons exhibit charactenstics of
compartmentalized reservoirs. The initial production and decline rate methods were ambiguous
in-each reservoir ‘evaluated.‘ The shut-in bottorn-hole presoure data provided the most
convincing evidence ofpressure support frorn adjacent reservoir compartments through low-
permeahility barriers.

The P reservoir completions since 1970 cornpose a small data set. The information from
completions was too limited to establish compartmentalization of the reservoir. A recent
completion in the P reservoir had a drawdown reservoir pressure that was taken as evidence of
pressure depletion of th_ewhole reservoir and noncompartmented reservoir behavior. The
small number of completions in the R reservoir also made it difficult to assess any evidence of
compartrnentlike behavior. | |

Shut-in histories of individual completions in the Vicksburg S reservoir sandstones
suggested compartmentalization. Many completions evidenced pressure support in a lessening
of P/Z decline with increasing curnulative p‘roduction.' The conclusions drawn from the pressure
information, and the large number of relatively recent completions, made the S reservoir
completions an attractive group for study. |

The UV reservoirs are characterized by prolific producing rates and low production decline
rates. These completions are not undergoing significant pressure depletion. A detailed.
examination of production histories from various uv completions showed that more recent
completions were not declining at a higher rate than the older completions. This horiion was

interpreted as performing as a compartrnentalized Teservoir.
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The Y reservoir was determined to be a poor compartmented reservoir candidate on the
basis of pressure information. The decline of the P/Z with cumulative production did not
suggest pressure support of well completions from adjacent reservoir compartments across a.

low-permeabilitv barrier.

Discussions of Other Candidate Reservoirs

The J, K, L, and Q reservoirs were not studied because they have produced only from
isolated wells. The M, N,'and P reservoirs ‘were not studied because of lack of current drilling.
activity and because they produce mostly from olde‘r wells. The life of wellbores at high
temperatures and pressures is short, therefore restricting‘ recompletion opportunities‘ in
“reservoirs in which the wells are older than 20 years and presenting problems if entered for
evaluation axrd for engineering study (A. J. Duranni, SWEPI,* personal communication», 1989). In
particular, the N and P reservoirs were developed in> the 1960;5 and early 1970’s ahd may have
presented these p‘roblems. |

| The T, U, V, and Y reservoirs are interisely farrlted, making difficult a determination of the
eauses of reservoir compartmentalizatioh (fig. 10). These reservoirs were also ’excluded from

study.

Discussion of Preliminary Screening Methods

_The screening methods ihitially' used in"the evaluation of Vicksburg completions in the
field utilized summary production -information from comrrlercial sources. Useful dat/a for
screening were the initial 12»r_nonth$ of production, cumulative production, date of first
production, and cumulative producing time. This informatiorl was less expensive to obtain and
easier to process than the complete production records. However, we Sirlce found that the

summary information was inadequate and that only after examination of complete production
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Figure 10. West to east cross section A-A’ through southern part of McAllen Ranch field
illustrating the increasing density of faults with increasing depth. Location shown in figure 7.

30



and well test data was it possible to draw conclusions about possible compartmentalization from
production performance. | |

The initial 12—month production screening method involved plotting the first 12 months
daily average prodnction (12 month cumulative/365 days) for each completion against calendar
time (date of first production). The premise for-this plot as a screening tool is that the initiél
rate is determined qualitatively by the initial rreservoir pressure. Lower initial rates in wells
completed later (increasing cunlulafi‘}e production from the reservoir) indicate a declining
pressure evérywhere in the reservnir. However, it has been observed in real data that
production in the first 12 months is oft'en not representative of thé maximum rate, or initial
potential, of a well. This is due, in part, to oper‘ationnl practices and the fact that flow poténtial
may be dominnted more by permea’bi‘lity-thickness and‘stirnula_tion than reslervoir pressure. The
operational practice of limiting the flowing well pressure in high-pressured reservoirs obscures
fhe initial potential when the first 12 months of production data are used as an estimate.

A simplified production-decline screening method s based on the ratio of production in
the first 12 months to cumulative production plotted against elapsed producing time (fig. 11).
This method is called the Q-ratio method (fig. 11). ’D:ita acquisition cdsts for this screening
method aré low, and the calculations‘ are simple. When the Q-ratio data are superimposed on
type curves of various constant exponential decline rates,‘a qualitative assessment of the
decline rate is provided.‘ This screening method has been found to be very sensitivé to the
assumptions that the initial 1‘2-months of production represents the initial potential of a
completion and that the well has not been reworked. Reworking results in a large increase in
producing rate later in the life of the well. A close examination of detailed production histories
for a sampling of wells in the McAllen Ranch field revealed that the initial 12-months’
production was often not representative of the true initial potential or the maximum rate.
Many completions were also found to have been reworked or restimulated (fig. 12). We
conclude from these observations that the Q-ratio method is not an effective screening tool for

characterizing production performance in this field.
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The shut-in pressure data from individual wells were found to be useful when used in
conjunction with the detailed production historyf (fig. 13). Reworked wells Were identified from
these data. M'any production histories from the S reseivoir showed increases in producing rate
and shut-in pressure that were attributed to repetforating and hydraulic fracturing. Several wells
exhibited a lessening of pressure decline rate with increasing cumulative production, whereas
others exhibited significant, protracted rate increases following curtéilment. This evidence of
pressure support was initially thought to result from leakage through low-permeability barriers
from adjacent untapped reservoir compartments, but simulation studies refuted this hypothesis.

Most of the McAllen Ranch field ‘complletions are perforated in multiple, discrete
sandstones and conllming'led‘ for ‘production within the named reservoir. Wells producing from
commingled sandstone layers behave in a manner similar to sandstones receiving external
reservoir fluid from \adjaceht’ reservoir compartments. Well rework opérations, otilizing
improved stimulation technology, would open sandstones that were poorly stimulated during
initial completion operations; The rework of many completions is documénted in the
production history data for McAllen Ranch field.

The subsequent detailed study of the McAllen Ranch field completions and production

~ histories indioated that the screening methods that were used initially to identify performance

indicative of potential lateral compartmentalization were ambiguous and inadequate. These
methods could be useful only in more permeable reservoirs and operating conditions excluding
commingled production. Scréening methods for identifying performance characteristics
indicative of compartmentalization must therefore be matched to the environment in which
the wells are completed and operéted.

Anothei factor that may obscure the detection of adjacent reservoir compartments in
partial communication by observation of the behavior of individual wells is a creep-coinpaction
drive mechanism. These reservoirs are severely overpressured, indicating that the overburden

is partly supported by the pressure of the reservoir fluids. Thus, pseudoplastic flow of
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overburden rocks resulting from removal of this support by production could contribute
pressure support that may be indistinguishab'le from flow across low-permeability barriers.

The complex completion and operating conditions for thick, commingled multiple-
sandstone reservoirs having low permeability and high pressures make it likely that the
application of any initial screening methods to identify compartmented reservoirs would
produce ambiguous resuits. Since stratigraphically complex reservoirs such as the §S reservoir are
bmore likely to contain unrecovered resources, screening procedures must be further developed

to take these problems into account.

DATA BASE AND DATA ACQUISITION PROGRAM
Sources of Data

SWEPI provided pioductidn and pressure data from the S reservoir and well logs and
wife]ine pressure measurements for wells in the B area (fig. 7). Core and petrophysical
information from SWEPI aided in determination of reservoir properties. Additional pressure and
production data were obtained.from the Dwight’s Energydata Combany (1990). Twelve cores
borrowed from Texas A&M University Were available for study. They are from parts of the L, N,
P, R, S, V, and Y sandstones (table 2). McAllen Ranch field well logs are publicly available,

SWEPI has an extensive seismic data base covering the entire field and a 3-D seismic
network across the B area in ‘t'he northeastern part of the field. However, access to these data

was restricted.

“Cooperative Venfure with SWEPI

Reservoir heterogeneity in the S reservoir was evaluated on the basis of a data acquisition
program in cooperation with the 'working interest partners in the B area of the field. Two

cooperative wells, the A. A. McAllen Nos. B-17 and B-18, were drilled by SWEPI in the fall of
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1989 (fig. 7). Data acquisition in the wells concentrated on four primary activities: (1) cores
were recovered from the S Vresérvoir ‘sandstones and intercalated shales. The cores were used to
determin.e theb petrophysical properties of the reservoir and to aid in interpretation of the
depositional environments;r(Z) offsét vertical seiSmic profiles (VSP's) were obtained, with legs
linking the B-17 and B-18 IWells and an additjonal leg normal to these legs (fig. 14). The VSP’s
were obtained to image interwell sedimentary reservbir heterogeneities and faults near the
wells; (3) a detailed logging suite including multiple pressure tests using Schlumberger’s Repéat
Formation Tester tool was obtained in each Well; (4) a detailed analysis of hydraulic fracture
stimulatién was conducted. This included study of the strength and anisotropy of core samples;
and (S) SWEPI provided dipmeter tapes of the B-15, B-16, B-17, and B-18 wells. ResTech

processed these tapes to yield stratigraphic and structural dip data.

Available Well Logs

Sixteen wells wére available for the petrophysical field study of McAllen Ranch. Table 3 is
a list of the wells and logs available in each wellbore. All wells included some type of porosity
device. Most wells had density logs. The density log was used to calculate porosity where it was

available. The sonic log was used to calculate porosity in the B-1, B-8, and B-10 wells.

Logging the A. A. McAllen No. B-18

The logging prograxﬁ Wasdesigned in the cooperative A. A. McAllen No. B-18 well to
evaluate the overpressured Vicksburg sahds. Two logging runs were conducted because an
intermediate liner was set to pr}‘o‘tect lo‘v‘ver‘pressure sandstones above the Vicksburg formation.
An oil-base mud drilling program provided a near-perfect gauge borehole. This allowed high-
quality density and neutron logs to‘be used to calculate porosity. The neutron and density logs
were run using 6- and 1.2-inch (15 and 3 cm) sampling rates to determine if the smaller

sampling rates more accurately reflected reservoir properties.
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Figure 14. Map of B lease of McAllen Ranch field showing location wells and traces along which
VSP’s were shot.
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Table 3. List of well logs available for petrophysicai analysis.

Key wells

B-17
'B-18

Other wells 7

B-1
B-2
B3
B-4
B-5
B-6
B-7
B-8
.B-10
B-11
B-12
B-14
B-15
B-16

Interval (ft) ’

12,370

12,450

13,300
12,800
13,000
12,640
12,900
12,580

- 13,100

13,430
12,900
12,610
12,700
12,710
12,700
12,300

14,280

13,970

14,950
14,450
14,664

14,750

14,300
13,850
14,100
14,300
14,450
13,120
14,450

~13,450

14,645
13,800

BHC - Borehole compensated sonic

CNL - Compensated neutron

DIL - Dual induction
FDC - Formation density

GR

IES
LDT
RFT
SDT

Gamma ray
Induction electric
Lithodensity -
Repeat formation tester .
Long spaced digital sonic

39

‘Logs :avallable

DIL-FDC-CNL-GR-RFT
SDT-LDT-CNL-GR-RFT

IES-BHC
DIL-BHC-FDC-GR

. DIL-BHC-FDC-GR

DIL-BHC-FDC-GR

DIL-FDC-GR

DIL-BHC-FDC-GR
DIL-BHC-FDC-GR
DIL-BHC-GR
DIL-BHC-GR

-DIL-BHCGR -
:-DIL-BHC-FDC-GR
- DIL-BHC-FDC-GR

DIL-FDC-CNL-GR-RFT
DIL-BHC-FDC-CNL-GR



A phaser induction log p_rovided the deepest breading resistivity tdoi available to use with
the neutron and density logs to calculate water saturation. The oil-base mud precluded 'vthe
acquisition of an SP :(spontaneous po’tential) or spherically focﬁsed‘ log (short spacing resistivity)
bui did allow the recoiding of inciuction resistivity readings to ,estir‘nate formation resistivity.

An eight-electrode oil-base dipmeter (SHDT) was used to identify azimuth and direction of
bedding planes. This inforniation was used in the geologic modéling, along with dipmeter data
from 14 other wells in the field (Langford and Hall, 1992). Microresistivity curves from the
dipmeter were used to identify cement type within the S reservoir sandstones.

The long-spaced digital acouysticilog was used to provide data for modeling of the vertical
seismic profile. Both compressional and sheér velbcity measurements were run from surface to
total depth. | | |

A repeat formation tester was used to determine pressures in the S sandstones. Eighteen
measurements in S; to Sg weré‘resorded to determine if sandstones were in communication.
The success ratio of successful pressure recordings to t‘ool sets was high because the pretest
chamber size within the tool was reduced,r allowing pressures to be measured with a relatively

small amount of iecovered formation fluid.

Core Analysis

Four cores totaling .2.33 ft (71 m) were cut from the S1, S4, and Sg sandstones in the B-18
Well (fig. 15). Thrée cores( totaling 107 ft (33 m) Were cut froni the \p) sandstoné interval in the
B-17 well (fig. 16). Measurements of grain size and sedimentary features weré made to facilitate
both geologic and petrophysical studies. The stratigrath of cements was mapped in each core,
and core and logs were‘correlateci. Ge'ologic studies were performed at the Bureau of Economic
Geology. Measurements to aid in the petrophysical mOdeiing“ wére made by severalv different

service laboratories under the direction of ResTech.
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Depth (ft)

12,800 —

60 ft core
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13,000 —

13,100 —f ) S3
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120 ff core
13,200 —
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60 ft core

@ RFT test QA 12806¢

Figure 1S. S reservoir ‘stratigraphy in the Shell A A. McAllen No. B-18 wéll showing S; through
S¢ sandstone intervals and location of cores and wireline pressure measurements taken for this
project.
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Well
depth (ft)

12,500

12,600 -

12,700 —

Cored interval

12,800

[ 12,900 -

13,000

13,100 -~

13,200 ‘
QA16159¢

Figure 16. S reservoir stratigraphy in the Shell A. A. McAllen No. B-17 weli shoWing S1 throﬁgh
S¢ sandstone intervals and location of cores and wireline pressure measurements taken for this
project. : i
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McAllen Ranch field contains confined sand-shale overpressured reservoirs well suited for
formation evaluation research in shaly sands. The logging and coring programs on the
cooperative well, McAllen Ranch B-18, were designed to provide a high-quality data set to test
shaly sand models using core analysis data to confirm log calculations and to identify parameters
that could be extended to the rest of the field. Table 4 identifies the type and number of
routine and special core measurements performed.

Routine core analysis was performed on every foot of core. The measurements consisted
of Dean Stark water saturations in which the water is boiled off and weighed, convection-dried
porosity, and air permeability measurements performed at net effective formation stress and at
4,000 psi overburden pressure. Because the well was drilled using oil-base mud, it was hoped
that ‘the water saturations (particularlyy in the low‘-,permeability regions) could be used
quantitatively and could provide confirmation of log analysis water saturation calculations.

The porosity measurements were made after drying in a convection oven. This process
has the disadvantage of removing most of the water from the clays but provides a better
standard for porosity calculations because dry-mineral grain densities are better known than wet
densities. Both net effective formation stress (800 psi) and a 4, 000 -psi- stress were used to'
duplicate in situ conditions. In additron, pore volume compressrbrhty measurements were made
on several samples to observe the effect of increasing pressure on porosity. Permeabllity was
also measured at 800 and 4,000 psi net effective stresses Because permeability was not
considered to be a critical factor in planning this project, no additional permeability
measurements -(relative permea‘bility, permeability to brine, and so forth), were made.

Special core analysis measurements vvere aimed at selection of parameters for lithology
determination and‘ for water saturation calculations.,’Petrographic measurements were made on
several samples, including th.in-section analysis, X-ray diffraction and scanning electron
microscopy By including both thin section analysis and X-ray diffraction, the fine fractron

could be observed for mineralogy
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Table 4. Routine and special core measu‘rements
performed on Shell A. A. McAllen No. B-17 and
No. B-18 wells

Routine analysis (all plugs, every foot)
1. Dean Stark extraction for Sy

2. Porosity at net overburden (convection dried @ 230°F)
3. - Klinkenberg corrected permeability at net overburden

Special core analysis

1. Petrographic (limited-number)

a. Thin-section

b. X-ray diffraction

c. Scanning electron microscopy
2. Capillary pressure

a. Mercury (9)

b. Air/rine (4)

c. Air/oil (3)

-3.  Electrical properties-(10)
a. m(14) :
b. n(14)

c. Cation-exchange capacity (21)
4. Mechanical properties (14)
a. Acoustic anisotropy
b.. Simultaneous static and dynamic measurements for moduli
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Cementation and saturation exponents (m and n) were measured for use in the séturation
equation. Cation exchange capacity was measured for use in the Waxman Smits equation
selected for the water saturation calculations. Combining the electrical properties
measurements allowed the calculation of m* and n*, necessary ‘for using Waxman Smits.

Capillary pressure measurements were made to confirm log anélysis calculations. Mercury
injection, centrifuge air/brine, and centrifuge air/oil were performed on a mixed number of
samples.

Mechanical property tests were conducted to identify hydraulic fracture azimuth and for‘
input into fracture'&esign. Acoustic anisotropy: tests wére conducted on 10 samples to identify
direction of principal horizontal stress. Simultahéoﬁs measurements of static (triaxial loading)
and dynamic (acoustic) properties were made to provide values of Poisson’s ratio and Young's

modulus for fracture design.

Offset Vertical Seismic Profiles

A VSP program for the McAllen Ranch B area was designed to integrate several other data
types within the project such as (1) a finely sampled.zero-o“ffset VSP located within 400 ft
(122 m) of the B-18 wellbore to provide definitive velocity calibration_ for synthetic
seismograms, well logs, and depth converSion of 2-D and 3-D surface seismic¢ and 2) a
multioffset VSP program to provide subsurface imaging of the S ﬁand in two directions away from
the B-18 wellbore. ‘

Vertical seismic profile data were acquirbed in the ’Shell A. A. McAllen B-18 well in three
runs: (1) open hole from 5,000 ft (1,524 m) to surface, (2) cased hole from 9,700 to 5,000 ft
(2,957 to 1,524), and (3) cased hole from 14,000 to 9,700 ft (4,267 to 2,957 m). The initial two
surveys with a slight overlap at 5,000 ft (1,524 m) were made beforc and after intermediate

casing was set to optimize coupling conditions and to minimize difficulties with tool stickage.
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Geophone stations were spaced 50 ft (15 m) apart in the borehole, and an 8-Hz three-
component geophone receiver was used. |

. A near offset Iocate'd 39S ft (120 m) from the wetlbore in a north-northeasterly direction,
a 7,852-ft (2,393 m) offset located northwest of the B-18 designed to aid in the definitiorr of
reservoir heterogeneity between the B-18 and the producing B-15 well, and an offset 4,950 ft
(1,509 m) northeast of th‘e, wellbore to‘provide data between the B-18 and the then-proposed
B-17 well were used as source locations for data collection. An additional VSP was recorded from
the B-18 surface location to a receiver in the B 17 wellbore after that well was drilled (fig. 14) A
4,216-ft (1,285 m) offset open-hole VSP was recorded in the B-17 well from 9,150 ft (2,789 m)
to surface before intermediate casing was run. 'The resulting data set when combined with the
4,950-ft (1,509 m) offset in the B-18 well provided a continuum of subsurface S sand
information between the B-17 and B-18 wells.

In addition to the data acquisition program in the B-17 and B-18 wells, SWEPI ~provided
suites of well logs for other wells in the B area. The logs were digitized and were used'by
ResTech to delineate the distribution of porosity and water saturatidn within the S reservoirvin
the B area. Dip information prior to the B-15 well was obtained by digitizing well logs trom
tadpole plots. The dip data from dipmeter logs were compared with dips observed in the cores

to identify optimal processing parameters.

Utilization of Petrogra‘phic Data

All petrographic data were evaluated for use in the petrophysical modeling. Because a
Waxman Smits model was selected to compute water saturation, most of the emphasis was
placed on derivation of clay volume. The Waxman Smits model directly accounta for the effect
of clay conductivity in the water saturation calculation; therefore, a good estimation of the
amount of clay present and its conductivity must be made. Of the petrographic measurements

made, X-ray diffraction analysis yields the best estimate of clay volume. Other petrographic
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meas_uremehts such as thin'-section analysis or scanning electron microscopy, described below,
are useful with other shaly sand-ecjuations, |

Thin-Section Analysis is a useful tool when vf.ine-fraiction mineralogy is not needed. With

- grain. sizes less than 20 tb 30 um, ‘it is difficult for the observer to distinguish between
mineralogies (D. K. Davies, personal -communication ‘to Billv Howard, 1990). Normally this
fraction is considered shale or clay, but it is clearly only a grain-size distinction. This is fine for
modeling porosity or applying some water saturation models that only requirekshale volume but
do not require true clay_(minéral-not grairi size) volume.: In thé McAllen Ranch study, thin-
secﬁon analysis was only used to check X-ray diffraction analysis measurements.

- Scanning Electron Microscopy (SEM) is used to aid in clay Eype determination and to identify
pore type. SEM is the best way. to give a 3-D look at pore structure. This is a qualitative
measurement and is difficult to use in a quantitative manner. |

X-Ray Diffraction Analysis is used to determine mineralogy of a sample (independent of
grain size). This information is valuable when clay typé and volume are required for water-
saturation modeling. Results are normally presented in mineral weight percent and must be
converted to volume percent by dividing by the specific gravity of the mineral constituents.
Results may be compared directly with log curves to determine optimal clay indicators.

X-ray diffraction analysis resﬁlts were bcoimpared with several clay iindicators to determine
the best cdrrelation. After convérﬁion to volume percen‘t‘ from weight percent the results were
cross-plotted against log responses to determine the clay indicators having the best correlation.
Apparent grain density (from neutron aﬁd density logs) and gamma ray were selected to use in
the log calculations. Instead of using a best-fit liﬁe and the average of the shale indexes from
these two values, a line was drawn through the left edge of the bulk of the data, and the
minimum of the two was used for clay VOluxhe. Figure 17 shows a cross plot of X-ray diffraction
ahalysis results and gamma ray, apparent grain density, and the final results using the minimum
value of the two. The resulting best-fit line has a correlation coefficient of 0.802 with a standard

deviation of 0.093.

47



100.0

SR SRR ERARSRRRERRRE nlinln ILRARERV ARGRRARERAR™ AR R A R R RN AR R R R R RS R RN AR AN nrrlll_lk
E % E F /3
= / 3 E /3
= / = E. - g
2 800 7 3 E / 3
° =
[ - b E /- 3
R = 4 E 3
' E / 3 E / =
S 600 F L 3 £ =
S = / E E 7 E
e /e 3 E o/ 3
® e ‘ = E v 3
E E ol 3 E 3
2 - 1/ = F ’ I
© 40.0.f— — s 3 E L
> = / e p = f‘ . 3
-— g . pua = 3
s E ./ 3 £ A 3
o = . = E Y, 3
- - /% . 3 ~ /8 we =
@ 200 - X
a = o/ = E 7’ 3
C A . - E . 3
= ...; h 3 E ‘wl‘s.'. 5 3
C 3 = )y o u
-y . . . Co. : Ao 3
oo e D b e uupuuF ReVEURERSTRREERaUOR /R RERUR S ENURRNSRUNRRESENARENEES
00 40.0 80.0 120.0 160.0 2000 2.5 . .26 . ar c28 29 30
) ‘Gamma ray : - Apparent.grain density :
~100.0 ]]‘lllll’l RENERRRERRERREREEE] RORERRRERREREREERRE
» E 2 =
> wooF E
3 800F —<
1 E // =
X E iy 3
3 - s 3 Y
S 600 - =
L~ - L// : ju
E- E b 3
= E P 4
E . 3
7 400F- S =
s E O . 3
©E . v 3
g = . 7 =
o C Y e 4 3
200 F—4— =
E nes” te o 2
Eo J/":. ) L] b=
A} : : Ei-
o‘ozlbllllj_l ARACARBRICARRNESRRSRREURRENEANREILEEET.
0.0 2 . 4 € .8 0.
‘clay-log

Fractional volume

QA 16226

Figure 17. Cross plot of clay volume from X-ray diffraction analysis‘ versus gamma-ray apparent

grain density 'and the final log-derived clay volumes for the McAllen B-18 well.
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The pafameters determined from the B-18 X-ray diffraction analysis were applied to the
remaining wells in the field study. In some cores, neutron logs did not exist and the gamma-ray
log was used alone. In some cases bulk density or SP logs were used when neither a gamma-ray |
nor a neutron log was available. Results of these wells were compared with those from other

wells to ensure that the correct amount of clay was obtained.
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INVESTIGATION OF THE $ RESERVOIR

A detailed geological, geophysical, petrophysical, and engineering investigatioh of the §
reservoir was conducted to 'determine reservoir heterogeneities and identify potential

compartments. The following section is a description of the S reservoir resulting from the study.

Historical Infield Reserve Grthh

Production in McAllen Ranch field has followed a complicated pattern resulting from
improved technology (introduction of hydraulic fracturing), discovery of new reservoirs, and
‘ infield drilling (fig. 8). One major factor in McAllen Ranch field has been the continued
discovery and extension of new reservoirs. These include the UV, Y, and S-SE reservoirs (fig. 8).
In the early 1970’s, production increases and new wells in the S and T reservoirs resulted from
the maturation of hydraulic fracture technology (fig. 9).

Production data from thé other, earlier developed reservoirs within the field indicate
primary development in the mid-1960’s and declining production rates from 1968 to the mid-
1980’s (figs. 8 and 9). However, production in 1990 is 3 Bcf/yr greater than in 1980. Taking into
- account production declines in the wells active in 1980, the increase is attributed to substantial
reserve increases from new infield wells in these 20-year-old reservoirs (Railroad Commission of
Texas, 1985). | 4

Except for step-out drilling in the UV, Y, and‘ Guerra reservoirs the limits of drilling in
McAllen Ranch field did not change appreciably between 1982 and 1989. The infield increases
in production during this time came largely from the P, R, and S reservoirs and amounted to 9.9
Bef of annual gas production in 1989 (fig. 9). The infield production resulted from a
combination of (A) refractures of existing completions, (B) recompletions into stratigraphically
higher reservoirs or sandstones within individual reservoirs, (C) additional infield wells targeted :

at newly defined,opportunitiés, and (D) extensions of existing reservoirs within the field
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because of changed geologic concepts. The S reservoir will be used as an example of the sources

of these increases.

S Reservoir

To estimate the reserve growth that occurréd within the S reservoir, monthly production
data were obtained from Dwight’s Energy Company for each identified S reservoir well. First,
cumulative production to 1980 Was determined. Reserves for 1980 were estimated by
extrapolation of the production declines to an est_imatéd abandonment rate of 100 Mcf/d for
each completion. Cumulative p'r‘oduct‘ions‘ in 1990 were calculated, and the errors in the 1980
estimates were‘ determined. Finally, new reserve estimates nge made on the basis of decline
curve extrapolation to 100 Mcf/d. | |

Twenty-one wells wefe active in the various Vickaurg S reservoirs in 1980 (table 5). At
that time, production from these wells totaled 107.3 Bcf, and ‘an estimated 39.7 Bcf o‘f‘ reserves
remained as calculated by decline curve extrapolation of these wells. By 1990 the wells active
in 1980 had produced an additional 10.6 Bcf. Four of the 21 wells active in 1980 were
abandoned, and the 17 remaining wells had reserves estimated at 22.2 Bcf. The 1980-1990
production plus the new reserve estimate total 32.8 Bcf, sﬁggesting that our estimate of
reserves in the wells active in 1980 was high by 6.9 Bcf.

Between 1980 and 1988, 12 new wells were drilled and completed into the S reservoirs.
In addition, three wells producing in the UV and T reservoirs in 1980 were recompleted into
the S reservoirs. By 1990, these 15 wells had produced 25 Bcf. Threg of the wells had been shut
in, but the remaining 12 new completions contained reserves of 11.5 Bcf. The 1980-1988
production plus the reserve estimate for these new wells'r‘esult in 36.5 Bcf of -increased
reserves between 1980 and 1990.

Of the 36.5 Bcf post-1980 increase in reserves, 4.8 Bcf was produced from two wells that

were development wells in the B area and 4.3 Bcf was produced from three wells that were
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Table 5. Production and reserves for Vicksburg' S reservoir wells active in 1980 and walls drilled between

1980 and 1990 showing the reserve increases due to infield drilling.

Cum. production Reserves 1980 Reserves1990 * .
Wells active in 1980 1980 (MMcf) (MMcf) (MMcf) Comments

‘Forest Oil McAllen No. 8 2,632 1,216 369

Shell McAllen No. 25 122 0 0

Shell McAllen No. 27 2,306 188 0

Shell McAllen No. 29 - 21,935 3,923 2,409

Shell McAllen'No. 30 6,825 2,546 0

Shell McAllen-No. 32 2,237 786 345

Shell McAllen No. 33 12,308 3,173 3,992

Shell McAllen No. 41 8,131 1,173 700

Shell McAllen No. 45 - 819 279 0

Shell McAllen No. 48 3,931 1,452 87

Shell McAllen No. 49 6,085 2,097 2,441

Shell McAllen No. 57 3,500 1,498 991

Shell McAllen No. 59 4,032 3,470 1,637

Shell McAllen No. 63 3,252 3,800 2,806

Shell McAllen No. B-2 3,347 626 875

Shell McAllen No. B-4 5,585 3,954 809

Shell McAllen No. B-6 4,101 . 2,986 2,437 Recompl. within S
Shell McAllen No. B-7 2,860 2,157 - 845

Shell McAllen No. B-12 2,619 1,710 1,076 Recompl. within S
Shell Woods Christian No. 12 9,404 376 - 0

Shell Woods Christian No. 20 1,736 2,336 344

Total 107,767 39,746 22,163

Cum. production

Reserves 1990

Additional reserves

New wells (1980—1990) 1990 (MMcf) (MMcf) (1980-1990) Type-of completion

Forest Oil McAllen No. 4 2,708 612 3,320 Infill recompl.

Shell McAllen No. 42 . - . 4,299 2,002 6,301 Infill recompl. from UV
it reservoir

Shell McAllen No. 58 774 319 1,093 Infill recompl. from UV

reservoir

Shell McAllen No. 66 1,800 1,304 New step-out

Shell McAllen No. 72 5§77 0 577 New infill

Shell McAllen No. 73 6,130 4,777 10,907 ‘New infill

Shell McAllen No. 74 366 0 New step-out

Shell McAllen No. 77 405 49 454 New infill

Shell McAllen No. 78 691 60 751 New infill

Shell McAllen No. 81 101 0 New step-out

Shell McAllen No. B-8 744 121 Development

‘Shell McAllen No. B-10 1,754 667 2,421 New infill

Shell McAllen No. B-14 2,978 960 Development

Shell McAllen No. B-15 977 584 1,561 New infill

Shell Woods Christian No. 25 735 3 New step-out

Total 25,039 11,486 27,385
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‘ess’entially step-out wells in the southern part of the field. The remaining seven wells have
' producti_o'ri and reserves totaling 27.4 Bcf, which is the infield reserve increase between .1 980 ;

and 1990 from secondary gas recovery in the Vicksburg § reservoir.

1988-1990 Drilling Program

\ A more ‘s'ignificant reserve addkit‘io'n'ha"’s resulted ffom drilling aétiv‘ity thaf coincided with
. preparation of this 'rep’ort. To ‘vdva"te,‘betwee‘n 1988 _an‘d’ 1'991, 18 new wells have been drilled
into the R, S, T, arid U reservbirs, ‘book‘ir_rig mor:e\ than 100 Bcf of reserves (Hill ahd others,
1991). These new wells vare;by far the most significant contributors to increésed pfoduétion in
: McAllen Ranch field. They 'a;e\gener'a.ll»y infield Wells drilled 'a‘sr reservoir step-outs from existing - !
| production wells. A recent reinteri)r‘ététionv“of stratigraphy and structure in the fiéld has guided
the location and kdrilling»‘of thg 'Wells. (Hi.llﬁ énd others, ,199-1;). Originallry,‘the S reseivo_ir wéH» .
‘locations were based on";thebhypothelsis th;xt the S 'fes‘fefx?oir was segmen'ted‘by large growth -
~faults; later SWEPI‘ reaiized tﬁét the S reservoir was aétually more bcontimio,us‘ and that the :
productive interval was larger thén-pre&iouSl& thought (fig. 18).
M.cAl‘len Ranch is the oldest of the lower Vicksburé fields and has afforded infield drilling
opportunities for. 2§ y’ear,slbeckause._‘of the stniétural and_ stratigraphic complexity of its

reservoirs. Similar opportli_nitié'sb should exist in other active Vicksburg fields.

Structure

In general, the § reservbir fills a complex, loca'l; basin formed by subsidence of the
u’nderlying Jackson :shale‘. The npnproductivé syncline in the middle 'of thve field was the cehter
of the basin‘k and the depocentér of the S reservoir deltaic sandstones. Related upward
movéme'nt’ occurred around the margins of the S reservoir deltas. This basinal structure is . -
superimposed dn the rollover on a lérge growt’h fault nonhWest of the field, and ‘resulting S

sandstone reservoirs form eastward-tapering wedges (fig's.‘ 4 and-19). Deformation due to

S3.



Original concept ‘ New concept
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Figure 18. Schematic cross section showing the change in geologic concept that spurred Shell’s
1989-1990 drilling campaign in the B area.
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Figure 19. West to east cross section C-C’ through the northern part of McAllen Ranch field
showing rollover into the growth fault shown in figure 21. Location shown in figure 7.
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rollover on the fault is the primary feature evident on dipmeter logs in the field (fig. 20). The S
reservoir reaches a minimum thicknéss of approximately 200 ft (61 m) on the east edgé of its
subcrop (fig. 19). The S reservoir sandstones pinch out and become shaly to the north and
ﬁortheast. The southeastern margin of the S reservoir may be trun’cated by an angular
unconformity with large relief (Russ Lennon, SWEPI, personal communication, 1990). Along its
west edge the S reservoir is truncated along a complex fault contact44With the Eocene shales of
the Jackson Formation (figs. 4 and 21). k

The tapering wedge of S reservoir sandstones is also folded into a northWest-southeast-
trending anticline (ﬁgs‘., 4 and 21) through rollover on the \grOWth fault. Dips trend from
essentially flat in the southeast corner of the field to 45° to 50° at the faulted contact along the
western margin of its subcro‘p. 3 | |

The S reservoir is cﬁt by pos‘tdepoSitional faults (fig. 21). The largest of these faults break
the S reservoir into structural blocks in the southém pa;t of the field. The B area subcrop of the
S reservoir in the northern part‘ of the field contains féults with‘ smaller throws (fig. 21). Figure
22 illustrates the faults interpreted frqm 3-D seismic data in the B areé of McAllen Ranch field
(Hill and others, 1991). Most 6f these faults havé maximum throws 6f less than SO ft (15 m).
Some of the faults are antithetic, are down to the west, and accommodate much of the rollover

produced during growth-»faulting.

Stratigraphy

The S reservoir is structurally complex énd varies in»th‘i'c‘kne‘ss, but five sandstone
intervals, herein termed the S; through Ss, are correlated throughout the field (figs. 15 and 16).
A sixth sandstone, the Sg interval, exists in the B area (figs. 15 and 16). |

The"five sandstone‘interrvals follow the same general pattérn, coafsening and becoming

sand rich toward the top. Each unit contains one or more well-defined, lobate net-sandstone
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Figure 21. Structure map] contoured on top of the S reservoir. Although the B area is much less
faulted than the rest of the S reservoir producing area, there is a greater density of mapped
faults owing to the high-quality, 3-D seismic data that allow delineation of faults having small

throws. ‘
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Figure 22. Map of the B lease showing faults derived from 3-D seismic interpretation. Note the
lack of faults between the early completed B-2, B-4, and B-6 wells and the new B-17, B-18, and
B-20 wells. ‘
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patterns (figs. 23 through 27). The shales that separate the sandstones are well developed in
the south but become siltier in the B area. "

The Sg interval represents the earliest sandstone deposition in the S reservoir. It forms a
northward-thickening sandstone body restricted to the B area. The Ss interval also is thick in
the B area. The S5 is relatively thin to tﬁe SOuthf (20 to 50 ft) (6 to 15 'rn),‘ but one lobe up to
75 ft (23 m) thick projects '6,'000 ft‘ (1,830 m) i_nto the south-centtal portion of the S5 subcrop
(fig. 27). The S4 interval “is separated from the uoderlying Ss by a shale and siltstone interval
largely less than 30 ft thick (9 m) (figs. 15 and 16). The S4 interval is one of the thickest
intervals and contains a substantial ‘proportionvof the gas reserves of the S reservoir. The S4
forms prominent 80- to 120-ft-thick (28- to 36-m) lobes in the south-eentfal area and in the
central B area (fig. 26).‘ |

The S3 interval is separated from the underlying Sy sandstones by a thick shale interval.
The S3 is 20 to 250 ft (6 to 76 m)-thick. It containis two or three thin sandstones:‘in the B area
but forms a promin‘entv thick sandstone in the southern area (fig; 25). The S, interval is
distinctly different from the other sandstones. No lobate net-sandstone trends are evident, and
the sandstone has a different eiectrie log charecter. The S; forms é 'uniformly tapering wedge
throughout the field (fig. 24). It is 20 to 270 ft (6 to 82 m) thick. Within the S; interval, several
well-defined lobate net-sandstone thicks are evident in both the B area and the southern area.
The interval is generally thickest (300 ft [91 m]) along the western edge of the B area and the

southern area (fig. 23)."

Completion and Production Characteristics

Although the previous discussion includes the S sandstones across the entire field, this
section refers specifically to the B area of the S reservoir where engineering efforts were
concentrated (fig. 7). The S reservoir consists of six separate sandstones in the B area. Two of

the S reservoir sandstones, S; and S4, have the largest share of the commercial reserves
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Figure 23. Map of net-sandstone thickness in the $; interval.
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Figure 25. Map of net-sandstone thickness in the S3 interval.
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Figure 26. Map of net-sandstone thickness in the Sy interval.
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indicated by porosity and permeability data and historical completion frequency. From one to
five sandstone intervals ‘are completed at a time. The typical net»productive thickness per
completion is 70 ft (21 m) from a gross perforated interval that generally exceeds 20"0 ft (61 m).
The average well density is approximately one well per 80 acres, the average distance between
wells being about 2,000 ft 4(610 m). The completicn density in a‘particular sandstone unit varies
because of the completion opportunities in multiple horizons. Effective permeabilities are lovu,
and the formation generally requires hydraulic fracture stimulation. Fracture treatments are
large, sand concentrations averaging 50,000 lb per net foot of reservoir-quality rock.

The daily producing rate for B area S reservoir completions, averaged for the initial 12
months, is 2,700 Mcf/d, whereas the average.'reported maximum rate is 4,400 Mcf/d for S
reservoir completions. The average cumulative bproc\iuction per well from the composite B area S
production is about 1.7 Bcf. The extrapolated ultimate recovery per well from the currently
active S completions is about 2.8 Bcft The average abandonment reservoir pressure for a well
appears to‘ be about 3,600 psi. "

Water is produced with gas at an average ratio of 25 bbl/MMcf in the B area and has been
,reported to be as much as 75 bbl/MMcf in some wells. Condensate is also produced with the gas
at an average ratio of 11 bbl/MMcf.

The primary producing mechanisms are thought to be gas expansron and reservoir
compaction. The deep, geopressured nature: of the Vicksburg reservoirs results in compaction as
a potentially significant drive mechanism. Water drive is not suspected because there is poor
correlation of water prcduction and structural position. Well-defined gas-water contacts are
absent from electric log data. Low-permeability rock has a long transition zone from 100
percent water saturation to irreducible saturation because of capillary effects.

The gas produced from the S reservoir completions has a typical specific gravity of 0.62
and a heating value of 1,150 MMBtu/Mcf. The gas is sweet and has only negligible amounts of

nitrogen and carbon dioxide.
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The condensate pr_oducedﬁ in association with the gas hasan average reported API gravity
of 50°. Retrograde condensation studies performed by SWEPI in the McAllen Ranch field
suggest that depletion to l,OOO psi does not result in significant retrograde condensation in the
Ieservoir.

The connate water in the McAllen Ranch field varies in salinity from 6,000 to 50,000
mg/L The average water salimty for the S reservoir in the B area is uncertain and has not been
accurately measured A resistivity of 0.065 ‘ohm-meters at 300°F was used for log calculations.
Capillary pressure studies performed on core from the S reservorr for this study 1nd1cate that
irreducible water saturations should be between 20 and 40 percent of the pore volume.

The .initial reservoir pressure for the S’reservoirin the B area is 11,600’psi at 13,2,00‘ ft
(4,023 m), which corresponds to a pressure gradient of 0.88 psi/ft. Pressure gradients up to 0.94
psi/ft have been observed in Vicksburg reservoirs in the McAllen Ranch field. The geothermal
gradient is 2°F per 100 ft (30 m) of depth. At the mean. depth of 13,200 ft (4,023 m) in the S
reservoir in the B area, a temperature of 325°F has been determined from bottom hole surveys.

Effective permeabilities to gas have been determined from well tests. The effective
permeabilities to gas range from 0.01 to 1.0 md. A typical permeability to gas is about 0.0S md.
Successive tests performed on the A. A. McAllen No. 59 well exhibit a decreasing permeability
to gas with advancing pressure depletion. Effective hydraulic fracture lengths and “skin” factors
have also been calculated from well tests. Fracture half-lengths of 100 ft (30 m) are commonly
calculated from the skin factors, which range from -3 to -5.

The Vicksburg reservoirs at McAllen Ranch field are Ageopressured with pressure gradients
approaching 0.94 psi/ft. Ina geopressured reservoir, the sand grains do not support as much of
the overburden pressure as in a normally pressured (0.46 ‘psi/ft) reservoir. The reservOir'fluids ‘
support a portion of the overburden load. During depletion of the reservoir, the hydrocarbon
pore space is reduced as porosity is reduced by compaction from overburden loading and'by
expansion of the water and any liquid hydrocarbons. Furthermore, because siltstone and shale

beds are essentially 100 percent water saturated as a consequence of capillary forces, the

67



compaction of these béds by overburden creep expels Water into the more perméable,
hyd_rocarbonffilled sandstone pore spéce as hydrocarbons afe produced. Water saturation is
further increased in the gas-fiiied pore space, reducing the permeability to gas. This water-
| expulsion process has been. extensively investigated in compaction of shallow aquifers (Leake,
1990) but has not been studied in deep hydrocarbon Ieservoirs.

These processes cause a reduced permeabili.ty to gas as the preSsure'décreases in the:
reservoir. The result is an ever-grbwing radius of reduced permeability to gas around the well as
the pressure declines. Therefore, gas produdion decreases and water production increases.
Figure 28 illustrates thé reduced permeability to gas as determined by successive pressure

buildup tests in a McAllen Ranch well as reservoir pressure declines over a'period of years.

Development History

The S reservoir has the greatest cumulative productioh in McAllen Ranch field reservoirs,
approaching 270 Bcf of gas from 52 ‘wells by 1989. Production drive appears to be principally
gas expansion. This high production is d‘ue,‘ in part, to the fact that the S reservoir is penetrated
by 45 wells in the southern part of the field and 17 wells in the B area ih thér northern part.
(fig. 6). |

In 1963, SWEPI drilled the McAllen No. §, the earliest completion and longest producing
well in the S sandstone reservoir. Development drilling continued until 1969, when a hiatus in
developmenf drilling went into effect that lasted 3 years until the A. A. McAlleh No. 30 well
was drilled to the east in 1972."In the B area, the A. A. McAllen No. B-1 was completed in the S
sandstone reservoir in 1965. Thereafter, a drilling hiatus occurred until the A. A. McAllen No. B-
4 well began proddction in '1974. In 1989 and early 1990, eight wells were drilled to the S
reservoir, three in the southern part of the field and fivé in the B area. Step-out wells were

being drilled in the B area at the time of this report.
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Figure 28. Plot cf permeability and shut-in pressure in the A. A. McAllen No. 2 well illustrating
the decline in permeability with declining pressure indicative of creep compaction.
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Facies

The reservoir properties at McAllen Ranch field are a 'resﬁlt of the fabric and geometry of
the reservoir sandstones. The major types of fabrics and geometries result from deposition and
are classified as depositional facies. To describe the arrangement of porosities and permeabilities
within the reservoir one 'mu;t understand the distribution and properties of the various facies.
In this section of the repoft the various depositional facies as determined from core and
wireline logs are described. Table 6 exhibits the geometries and reservoir properties derived
from core facies extrapolated using electric logs thzit may be useful in modeling McAllen Ranch
reservoirs. Table 7 lists the wireline log facies and provides representative‘properties< for
extension’away from coréd wellé. Tabie 2’lis_ts the sources of déta used for core‘facies.' Detailed

descriptions of core and wireline facies are given in appendix A.

Laminated Shale

Laminated shales are the finest grainedv faciés, containing laminated mudstones that have
a high content of plant debris. Laminae range from 1 mm to 1 cm thick. Siltstone beds
containing climbing current ripples and asso'ciated with load cast features in the mudstones are
a minor constituent. Permeability is below 0.01 md on all samples. The porosity measured in
plugs ranges fr‘om} 3 to 12 percent. The average grain siée is 0.009 mm (6.8¢) because siltstones
form only a minor compbnent of this facies. ‘ |

This facies is interpreted as shales deposited in the shelf and prodelta environments
where suspension is a dominant process. The low density of burrdws and the sparse fauna

suggest high turbidity and more rapid deposition than is usual for shelf deposits.
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Floodplain Shales and Siltstones

Core from the baseline facies beneath the Q reservoir in the Shell McAllen No. 7 well
contains several intervals of floodplain and marsh muds. Lignites are inierbedded with these
shales, and root structures are visible in thér shales surrounding the lignites. These mudstones
are interpreted as deposits on the floodplain between distributary channels on the delta plain.

Electric Log Facies. Floodplain and ‘marine muds were impossible to segregate on the basis
of well logs and were grouped Withiri the baseline electric log facies (table 4). They occur as 10-
to 100-ft-thick (3- to 30-m), laterally extensive sheets. Typically the shales grade up into
interbedded siltstones, sandstones, and shales of the prodelt_a and distai delta-front facies and

have sharp contacts with underlying sandstones.

Deformed Shale and Siltstone

The deformed shale and siltstone facies consists of shales, muddy siltstones, and siltstones
that exhibit a great amount of convolute bedding, large-scalé soft-sedmient deformation, and
liquefaction. The dominant sedimentary processes are deposition from suspension and large-
scale, early deformation of undercompacted sediment having high water content. Minor
sedimentary structures indude climbing current ripples and load casts.

The deformed shales and‘ siltstories are interpreted as having been déposited at the front
of a delta where rapid loading of high-wa'ter-covntent; sediment resulted in slumping and
quefaction. The most likely environments are the distal delta front and prodelta, where

sedimentation rate is high.
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Siltstones and Sandstones

Siltstones and sandstones consist predominantly (70 percent) of thin upward-fining
sequences of very fine grainedb ‘sandsrt’onkes that grade up to laminated siltstc‘me,‘ with a lesser
amount (30 percent) of thicker beds of upWérd-coarsehing coarse-grained siltstone and very ,
fine grained sandstbne. Most of these deposits coarsén upward overall, from silty mudstone at
the base to sandy siltstone at the top. Dominant sedimentary structures include thin laminae,
convolute\bedding and large-scale soft-sedimént deformation, climbing ripples, and load casts. A
few béds with upward-convex laminae (possible hummocky cross-stratification) are presént in
some of the cores.

This facies is interpreted as a distal delta-front and prodelta deposit. The dominant process
is rapid depoSition from suspension in an agitated environment. The ‘upward-coarsening nature
of this deposit is associated with increased energy that results from progradation of the delta.

Porosities in the two facies described above range from 3 to 18 percent and average 8.9
percent. (Data are a field-wide average of cores in table 2.) Pérmeabilities range from 0.002 to -
0.03 md and average 0.014 md. The average grain size is 0.11 mm (3.5¢). Water saturations are
generally 60 to 80 percent in this facies érid only 25 to 50 percent in the upward-coarsening
log facies. |

Electric Log Facies. The SP log for these intervals reads just off the shale baseline and is flat
or funnel shaped. Small 1- to 3-ft-thick (0.3- to 1-m) serrations may be evident. The short
normal resistivity logs give vefy low amplitude“ funnel-shaped fluctuations, the causes of which
are not macroscopically evident in the core. The electric logs of these deposits are
differentiated from those of the delta-froﬁt deposits ,described below by the sharp increase in

resistivity that corresponds to a decrease in water saturation.
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‘Upward-Coarsening Sandstone with Upward-Fining Sequences

This facies is dominated by thin, u‘pward-fining sequences from 0.1 to 3 ft thick (0.3 to
1 m) (fig. 29). Although individual sequences_ fine u‘pward,ieach sequence is coarser grained
than the underlying sequences, resdlting in-an overall upward-coarsening trend. A typical
upward-fining seqnence is underlain by a scour sniface (fig. 30a). The basal part of the
sandstone is massive with rare clay rip;up clasts. Tnis part is koverlain by crude subhorizontal
laminae that become better defined band thinner dpward (fig. 30b). Complete seqnences are
capped by very fine grained séndstone or siltstone commonly containing climbing wave or
current ripples (fig. 30c). Commonly interbedded subhorizontally laminated sandstones become
more 'prevalent upward wi'thinv the unit, and the unit may grade up into massive upwai'd-
coarsening or vupward-fining sandstone. Two subfacies 'a,re segregated on the basis of the amount
of siltstone at the tops bof the sequences.

The dominant processes- are sudden events, such as storm-induced scour and rapid
deposition of thin beds froxn density currents. The‘ ‘mo'St likely setting for these deposits is the
slopes of the delta front. Slumps are well-knoWn constituents of deltas in which sediment input
is high and tidal energy is_relatively low (Coleman and Prior, 1982). The scouring of the density
currents: is inferred to rip up underlying shales‘and produce the basal scour surface of the
upward-fining sequences.. The inassive sandstone, laminated sandstone, and rippled‘ sandstone
correspond to the Bouma A, B, and C series. The inferred environment of deposition is the
steeper portions of the delta front, below fair weather wave base in which density current
deposits are only rarely reworlted to produce the wafze-rippled sandstones. The. finer grained
siltstone-capped sequences are interpreted as distal delta-front deposits (fig. 30c). The coarser
grained sequences. are interpreted as inid-delta-front deposits.

The distal delta-front deposits have permeabilities of 0.01 to 0.5 md. Permeabilities reach

a maximum-of 0.5 to 8 md in‘;‘the mid-delta-front facies. (Data are a field-wide compilation of
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Climbing Ripples

Load Cast
Clay Dike
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QA 18934

“ Figure 29. Photograph of thin upward-fining sequences with clay rip-up clasts, climbing ripples
“load cast, and clay dike (in coarse-grained siltstone prodelta facies, 13, 125 ft, B-18 well, between

S3 and S4 sandstones). -
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Figure 30. Photographs of sedimentary structures making up the individual upward-fining
“sequences of the delta-front facies. (a) Scour at the base of upward-fining sequence (Forest
McAllen No. 14, 13,662 ft). (b) Lamination showing upward decrease in thickness (Forest
McAllen No. 14, 13,684 ft). (¢) Thin sequence exhibiting Bouma B-C-D features from distal
delta-front with siltstones at the top (Shell McAllen No. 8, 11,808 ft).
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core data shown’ in table 2.) Porosities range from 6 to 23 percent. The average grain size is 0.14
mm (2.94)).

Electric Log Facies. SPkmay' reach the clean sand line near the top of the unit. The SP cnrve
is typically serrate on the order of S to 10 ft thick (1.5 to 3 m). Resistivity curves form serrate
| patterns with flat bases and upward-decreasing resistivity within. This facies forms the largest
volume of McAllen Ranch gas reservoirs. Detailed log character may be correlated between only
a few wells. Porosities calculated from logs range from 10 to 23 percent. Water saturations may

reach as low as 20 percent and are commonly 20 to 30 percent

Massive Upward-Coarsening Sandstones

This facies consists of thick (10 to 120 ft [3 to 37‘ m]) ‘sandstone containing crude
subhorizontal laminae or massive bedding. Obﬁous features are gray and green bands and spots
formed through growth of ‘diagenetic cements (fig. 31). There are no obvious scours and no
obvious soft-sediment deformation. Sorne rip-up clasts and a few O‘.S-cm-thick clay drapes are -
present. This facies commonly overlies the upward-coarsening sandstones with upward-fining
sequences and is particularly abundant in the northern part of the field in the R and S sands.

This facies is interpreted to have formed in tne proxirna_l (upper) delta front above wave
base in the upper shoreface. Rapid deposition is implied by the lack of bioturbation by
burrowing organismes. |

Porosity and permeability measurements are also more consistent for this facies. Porosity
varies from 8 to 15 percent and averages 11.7 percent.A(Data are a field-wide compilation of
core data shown in table 2.) Permeabili‘tsf-Varies from O.i to 1.2 md and averages 0.7 md. Grain
size ranges from very fine grained (3.3¢) to medium-grained (1¢) sandstone.

Electric Log Facies. On the electric log, this facies presents a massive appearance,. forming a

subdued, cylindrical shape. In the S reservoir, the facies occurs as laterally extensive pods,
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varying in thickness from 20 to 70 ft (6 to 21 m) and usually greater than 3,000 ft (915 m)

acCross.

Upward-Fining Sandstones

The »upWard-ﬁning sandstones are characterized by more poorly sorted, coarser grained
sandstones, well-defined basal scours, and‘ upward-fining grain-size trends. Sedimentary
structures include crude, thick, subhorizontal laminae, trough’ cross-stratificétion, and rip-up
clast conglomerates. The sandstones averagé 16 ft (5 m) thick. This facies usually occurs at the
top of delta-front sandstone intérvais.

This facies is interpreted as a delta distributary channel. The well-defined basal scour and -
upward-fining character along.ﬁrith the coarse grain size are suggestive of a confined distributary
channel. The poor sorting and irregular graih-size distribution indicate rapid deposition from
irregularly fluctuating currents. Permeabilities range from 0.01 to 23 md. Porosities range from 8
to 29 percent. (Data are a field-wide compilation of core Vdata shown in table 2.)

Electric Log Facies. The facies gives a high-amplitude deflection on both SP and resistivity
curves. Typically the facies has a sharp base and top, althbugh ‘the upper contact may be
gradational. The logs reath the clean sand line at the base of the facies. Typically iridividual

sandstones are 8 to 40 ft (2.4 to 12 m) thick and are 1,000 to 4,000 ft (305 to 1,220 m) Wide.

Depositional Environment |

The sedixﬁentary structures and facies distribution within the S; through S¢ sandstones
indicate a mixed fluvial- and wave-dbminated, deltaic environment (Picou, 1981). Appendix A
contains a brief description of the different environments that compose deltas and explains
the terminology used in the following sedion. Wave reworking of upper delta-front deposits is

more important in the northeastern part of the subcrop, the B area.
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Figure 32 illustrates the stratification of facies within a typical McAllen Ranch reservoir
sandstone. The sedimentary structures within the sandstones reflect a progressive upward
change from deposition from suspension (laminae and climbing ripples) to episodic density
flows (upward-fining sequences), to deposition in a regime in which mud was winnowed from
the system (upward-coarsening_massive sandstones)f Similar deposits are characteristic of shelf
and deltaic sandstones and have been interpreted as deposits of storm-generated geostrophic
flows or densityv currents, generated by floods or slumps (Coleman and Prior, 1982; Walker,
1983; Leckie and Krystinik, 1989; Duke, 1990). Striking features within the facies are the coarse
grain size in several intervals, an abundance of soft-sediment deformation structures, and the-
almost complete lack of bioturbation. The lack of bioturbation coincides with an extremely.
sparse microfauna throughou_t the lower Vickaurg section (Hastings, 1984). -

All of these features indicate rapid deposition, in which deltas prograded rapidly across
the field and were rapidly buried. The sparse fauna results from‘ ‘rapid deposition and high
turbidity. The coarse grain size suggests -a near-source- depositional regime in which rivers
transported coarse sediment in confined valleys to uery near the deltas. The abundance of soft-
sediment deposition reflects the rapid l)urial of sediment. Deposition on the delta front was
dominated by sudden events that deposited thin (1- to 3-ft-thick [0.3- to 1-m-thick]) upward-
fining sandstone beds (figs. 29 through 31). |

Figure 33 is an outcrop analog of an individual S reservoir sandstone, the Late Cretaceous
Panther Tongue, which crops out in the Book Cliffs in central Utah. The sedimentary structures
and scale of these deposits are similar to those within M'cAllen Ranch reservoirs (fig. 34). The
uppermost part of the Panther sandstone tongue (poorly exposed) is flat lying and is relatively
laterally continuous. This area was probably deposited as uppermost delta-mouth-bar deposits
- that were reworked by waves and fluvial currents. This -sheet'sandstone overlies an upward-
coarsening interval composed of density-current deposits that dip at approximately 2°. There is
a prominent downlap of density-ﬂoW-deposifed tongues onto the top of the next thick

sandstone in the cliff face. When traced in outcrop, the foresets are found to radiate away from

81



0 150 .2 200]0 5000 .
GR AP ) IDPH_OHMM ! 084 1

13380

13390

Proximal Delta-Front -

13400 |
|
‘ h
| U
13410 ‘

13420

§
Pl
]

;
3

Mid. Delta-Front

=\:/=\

T

: \

N
2\
i
g

)
13440

Figure 32. Comparison between well logs and B-18 core 4 illustrating the use of the
microresistivity log from the high-resolution dipmeter tool in interpreting depositional facies.
Shaded intervals show curves characteristic of different facies. Upper shaded interval shows
massive high-resistivity curve. Two middle shaded intervals are sand-rich, upward-fining
sequences characteristic of the mid-delta front. Lower two shaded intervals are serrate, shaly

upward-fining sequences characteristic of the distal delta front. Microresistivity is scaled but
increases to the right.
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distributary-channel facies. A distributary channel and its adjoining foresets form a lobe within

this overall sheetlike sandstone.

Facies Distribution

The areal distribution of facies within the S reservoir sandstones reveals more details of
the depositional environment (figs. 35 thrdugh 37). Thg most common facies are the delfa- '
front sandstones. They are thicker than other facies, more abundant, and laterally continuous
(figs. 36 and 37). However, bedding within these facies is 1es§ continuous, and thin-bedded
densit&-ﬂow depositsk form low-angle foresets within the delta-front facies (fig. 30). Distributary-
channel facies occur only in the western  part of the S reservoir subcrop, interpreted to
represent the proximal portions of the deltas (fig. 36). The massive upward-coarsening
shoreface and upper delta-mouth-bar facies are widely distributed but are most abundant and
thickest in the B area to the northeast, reflecting the predominance of a northeriy directed
longshore‘drift, which reworked sand from the more active distributary mouth bars in the
southern part of the field and redistributed it in the B ai'ea (figs. 34 and 37). Dipmeters in the B
area indicate that the main transport direction is northéastward. The primary paleoslope was to
the northwest toward the major growth fault. Sandstones bécome finer grained and shale out
north of the B area. Note that the shoreface deposits in the B area are deposited over an
upward-coarsening sequence similar to that in the soxith, and it is inferred that shorgface

deposition consisted largely of»rekworking of a platform deposited on delta lobes.

Formation Stress Vectors and Induced Fractures

Because the orientation and dimensions of hydraulic fractures are important in
understanding the distribution of potential untapped reserves between wells, an effort was

made to determine the direction of fracture propagation and probable dimensions of hydraulic
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Figure 35. Map of the distribution of sandstone facies in the 51 interval in the southern part of
McAllen Ranch field. Location shown in figure 7.
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Figure 36. Northwest to southeast cross section B-B’ through the $; deltaic interval. Datum is
the top of the S;. Location shown in figure 7.

87



-+ 200 60 w288 Distributary channel

RN
Delta front
M[m Proximal delta front

4000 ft E Siltstone and shale

0 1200 m ‘ : i QA 16246¢

Figure 37. Northeast to Lsouthwe,st‘cro,ss section E-E’ through the S; deltaic interval illustrating
the south to north transition from distributary channels to shoreface sandstones at the top of
the interval. Location shown in figure 7.
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fractures. Two independent techniques were used to infer the Vdirecti'on of fracture growth,
acoustic anisotropy and borehole elongation. The results of the different techniques were in
general agreement, indicating an east-northeast to northeast orientation for the fractures in the
B area.

Since the introductiori of four-afrri calipers, hdle elongation has been used to determine
the state of in situ stress in reservoirs. Althdugh hole elongation correlates with stress vectors,
other factors must be considered when making interpretations, including (1) the amount and
direction of hole deviation, (2) the type of drilling assemblies, including bits and stabilizers, (3)
the structural dip of the formation, ahd (4) drilling fluids. All of these factors can influence the
direction of hole elongation. Further, the calipers may riot be aligned so that one pair of arms is
at the long axis of the hole, especially when the degree of hole elrongation is small.‘ The four-
arm caliperktool can only measure two diameters, and if the hole cross section is not
symmetrical, elongation due to formation stress may be obscured by hole elongation due to a
directional hole or other ihﬂuences.

Caliper data were available for fiVe wells, the B-15 through B-19 from the S reservoir. The
method selectéd for processing the caliper data Was to compare the difference of the caliper
diameters to the smallest caliper diameter. This value was computed over every 3 inches of the
wellbore through the S reservoir. The azimuth of the largest caliper dimension was computed
and the data plotted in propell‘er diagrams (fig. 38). | | |

The azimuths of hole elongation followed a general northwest to southeast trend (table
8). The average hole elongation direction is N55°E-S55°W. The north to south trend in the
northeastern part of the B area changes to a more northwest to southeast direction in the
southern part of the B area. These are interpreted as the directions of minimum stress within
these wells. Because fractures should parallel the direction of maximum streSs, the induced
fractures are. expected to have azimuths of N80°E in the north to N60°E in the southeas;. The
20° variation is within thé error of the acoustic anisotropy méthod, which only measures at 30°

increments. The N°60°E direction does not parallel the trend of the McAllen fault or the axis of
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Figure 38. Rose diagrams comparing results of acoustic anisotropy tests on core plugs from the
McAllen B-18 well to the borehole elongation study results. Both indicate east-northeast to
northeast fracture orientation. Fracture orientations are perpendicular to the direction of hole
elongation.
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Table 8. Results of caliper hole
elongation measurements for

B area wells.

‘Well name ~ Azimuth
B-15 N40W-S40E
B-16 N38W-S38E
B-17 © ' N50W-S50E
B-18 N30W-S30E
B-19 N20W-S20E
Average azimuth N35W-S35E

Acoustic anisotropy N83E-S83W
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the rollover into the fault. This trend is approximately 40° off of the trends of the major

tectonic features in south Texas.

Acoustic Anisotropy

Compressional-wave ‘ultrasonic-ifelocity measurements are made across the diameter of
oriented core samples from different directions. The variations are interpreted to result from
the orientation of microcracks that form in response to the expansion of the core after
extraction. The cracks should form perpendicular to the maximum compressional horizontal in
situ stress. Thus the direction on the slowest acorlstic velocity is inferred to correspond to the
 maximum horizontal compressive stress and should correspond to‘the direction of fracture
propagarion.

Ten pieces of oriented, slabbed core taken from the McAllen No. B-18 well were ‘
delivered to v.Core Laboratories, Inc. The co‘re pieces represent dep‘ths from 12,788.4 to 13,488
ft (almost the entire extent of the S reservoir in the. B-18 well).bTwo-'inch-diameter (5 cm)
samples were drilled from each slab, keep_ing the length as long as possible. The cores were
dried to emphaSize anisotropy. Velocity measurements were madeby placing a transmitting
transducer at one side of the corevand a receiving transducer across the diameter of the plug.
Both the sample diameter and the travel ‘tim‘e of high-frequency (IMHz) sound waves were
recordeci at 20° intervals around the plugs. Because of the low degree of anisotropy, several
measurements were made at eaclr angle and averaged on 6 of the 10 plugs.

Sufficient anisotropy Was measured on 47 of 10 samples (>2 percent anisotropy =
Vmax/Vmin ‘= 1.02). The measurements on the deepest sample were ambiguous. It was
determined that this sample was a zone of soft-sediment deformation where the core
orientation was questionable. This sample was not included in the results. The averages yielded
a minimum travel time at N87°E, the inferred direction of fracture propagation in the S

reservoir.
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The B-18 acoustic anisotropy resultsrof» N87°E broadly agreed with the hole elongation
direction of N60°E. The small amplitude of hole elongation and low acoustic anisotropy and 20°
zingie of variance for the acous'tibc‘ anisotropy 'resuit in wi;le margins of error for both methods.
We interpret the 20° difference between methods as general agreement around‘a N8O°E to

N60°E azimuth.

- Petrography
Introduction

- Petrographic analyses of the § resevair Wete conducted to determine the controls on
petrophysical properties and tb find the diégenetic controls on por‘osity and permeability.
Petrographic study concentrated on understanding the distribution of diagenetic cements in
cored intervals. The paragenetic history that _modified the McAllen Ranch reservoir sandstones

was interpreted to understand the timing of various diagenetic events.

Detrital Mineralogy and Texture

The S reservoir sandstones are pdorly to moderately sorted feldspathic litharenites to
lithic arkoses (classification of Folk, 1980) having an average composition of Q3F33L3s (fig. 39).
Lithic f:agments consist predominantly of carbonate rock fragmehts (CRFfs) and volcanic rock
fragments (VRF’s) (fig. 39). V‘acuoliZation'and,seritization of plagioclase are the most common
feldspar alterations; calz'cite-replaced and leached feldspars\are also present ‘but in lesser
quantities. Original volcanit textures are génerally well presefved in VRF’s, and feldspar
phenocrysts are easily recognized in many' fragments. Silicification of very fine grained VRF’s is
common. Other observed alterations of VRF’s include replacement by calcite and chlorite,

leaching, and alteration to clays.
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Figure 39. Ternary plots showing composition and rock-fragment composition of Vicksburg
sandstones. n = 119, mean = quartz 23 percent, feldspars 37 percent, and lithics 40 percent.
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Detrital quartz content is less than 30 percent and averagés apprmrimately ‘18 peréent. .
Volcanic quartz is the dominant variety, although common quartz and metamorphic quartz
grains were also identified.

Carbonate rock fragments (CRF’s), wiiicli are dominantly microspar, are present in
variable amounts up ro 1‘4‘ perceht.‘ Lindquist (1977)‘ suggested that these clasts were derived

from calichifiéd Oligocene soils. However, the presence of foraminiferal tests arid invertebrate
shell fragments within some CRF’s indicates contributions from a Cretaceous carbonate source as‘
well. Other framework grains that occur m minor quantities include chert, plutonic and
metamorphic rock fragmenfs, and shale and siltstone clasts.

Depositional matrix can bé impbrtant'iocally, constituting up to 18 percent, but it is a
minor constituent in the samples studied Pseudomatrix, which forms by the deformation of
mechanically unstable framework grains (Dickinson 1970), was unexpectedly minor in the
sandstone samples studied and may have little influence on the porosity and permeability of

the S reservoir.

Authigenic Components -

The major authigenic phases of the $ sandstones are calcite, r:hlorite, and quartz cements.
Calcite cement is most abundant in the S; sandstone and can be locally abundant throughout
the S Teservoir. Thin-section, cathodoluminoscope, and microbrobe study has formd the
existence of three calcite stages: an Fe-poor stage (FeCO3 = 0.095 mole percent), an Fe-
intermediate stage (FeCOj3 = 0.474 mole percent), and an Fe-rich stage‘(FeCO;; = 1.26 mole
percent) (fig. 40). All three stages are presenr as poikilotopic and sparry calcite cements and
grain replacements. When present in the same thin section, Fg-poor calcite is always less
abundant and is being replaced by the two more Fe-rich stages. The presence of these calcite

stages reflects the multistage diagenetic history of the S reservoir sandstones.
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Figure 40. Ternary plot iridicating compositional variation of nonferroan and ferroan calcite.
Ferroan calcite cluster has higher concentration of Fe, and Mn, Mg carbonates.
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Chlorite cement is most abundant in the S4 and Sg sandstohes. Th‘in-section and scanning
electron microscopé (SEM) analyses indicate that chlorite cementation haﬁ occurred in at least
two stages. The earliest stage occurred as rims on detiital gréins and as a massive pore-filling
cement'.(fig. 41). This stage resulted in the fill'i'ng"ofi. primary pores and can be a major inhibitor
of porosity and permeability. A latef stage of“chlorite‘,cementation, which occurs as large, well-
developed flakes perpendiCular to grains, rimsk seéondafy pores (fig;' 42).
| Authigenic quartz i§ preséht as overgerths on detrital _quartz grains. These overgrthhs
are most common in the coarsest, mos; ,perm_eable ahd porous zones of the S sandstones.
Although quartz overgro‘wths' can be ubiquitous, they(form a volumetrically minor portion of
the cements and, therefore, do not occlude 'pordsity significantly. : -

Illite, illite-_smectife, laumontite, sphene, and 1eucoxen¢ aie minor-cements in the §
reservoir sandstones. The clays occh as pore liniﬁgs and pobre bridges and may effectively
occlude  porosity oﬁ a local scale. Laumontite, sphene; and leucoxene are volumetricéliy

unimportant in these sandstones.

Diagenetic Sequence

The diagenetic sequencé in the lowér Vicksburg Formation is presented diagrammatically
in figure 43. Depth relationships are based on stable-isotope data and burial-history curves (app.
B). Illite and illite-smectite clay cbats were the earliest authigenic minerals to precipitate in the
S reservoir sandstones. Leaching of Fe- and 'Mg-rich heavy minerals (Fé-Ti oxides, amphibole,
pyroxene, and so forth), which are common in volcanic source terrains, coincided with or
slightly postdated the clay coats. The precipitation of minor sphene and leucoxene cements
may be related to this ‘dissdlution event (Adams and others, 1974; Reynolds, 1982), but
temporal relationships are difficult to determine in thin section. The first major stage of
cementation began at approximately 1,000 ft (300 m) with the 'precipitat‘ion of Fe-rich chlorite

(Ca-poor). Chlorite precipitation was. quite variable throughout the S sandstones, and where
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Figure 41. Photomicrograph of early pore-filling calcite. C is Chlorite. Ca is pore-filling calcite. Pl
is plagioclase. ‘
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Figure 42. Photomicrograph of late chlorite cement “C” filling secondary pore.
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Figure 43. General diagenetic sequence in the lower Vicksburg Formation at McAllen Ranch
field. Depths at which specific events were initiated are based on petrographic observation and

isotope data.
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“chlorite rims were thin or poorly developed, quartz overgrowths formed (fig. 43). In zones of
major chlorite precipitation, pores were filled, preventing silica-rieh fluids from nucleating on
detrital quartz grains, therefore, quartz overgrowths are absent. Prec1p1tatxon of albite as
overgrowths on plagioclase coincided with quartz overgrowths. SEM analysis indicates that
zeolite precipitation postdated chlorite, but other temporal relationships could not be
defermined. The precipi-tation"-of nonferroan calcite postdates quartz overgrowths in most
cases, but petrographic ”ev'idence indicates that these two events may have overlapped.
Isotopic data were not available from the quartz overgrowths. However, assuming similar
conditions were prevalent during precipitation in ‘the Frio Formation and assuming
precipitation from water with a §180 equal to zero, quartz overgrowths would occur at
approximately 40°C (Land, 1984; his fig. 4) and a depth of 1,500 ft‘ (458 m).

Stable isotope analyses of the three stages of calcite cement (Fe-poor, Fe-intermediate,
and Fe-rich) combined with burial-history curves indicate that'Fe-pqor calcite (8180 = —7.27°/;,°)
was precipitated at approximately 50°C ata depth’ of 2,500 ft (750 m) (app. B, figs. 40, 43, and
44). This stage of nonferroan calcite coincides with the early calcite cement stage of. previous
studies (Loucks an_d others, 1979; Richman émd others, 1980). This early cementation preserved
much of the initial intergranular Qolume and prevented the development of pseudomatrix. The
precipitation of Fe-poor calcite was followed by a maipr leaching event that destroyed much of
the preexisting calcite and developed secohdary porosity. As burial continued two additional
stages of calcite precipitation occurred: Fe-intermediate calcite (8180 = -9.4°/,,) precipitated at
80°C and at a depth of 5,500 ft (1,500 m), and Fe-rich calcite (6180 = -11.4°_,) precipitated at
approximately 110°C at a depth of 8,000 ft (2,500 m) (app. B, fig. 43). Each of these stages of
precipitation was followed by a leaching event that resulted in the development of secondary
porosity through calcite, feldspar, and rock fragment dissolution (fig. 45). The results of this
leaching event varied considerably throughout the S reservoir and led to the creation of thin

porous and permeable bands.
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Figure 44. Photomicrograph of ferroan calcite “F” filling secondary pore and replacing
nonferroan calcite “NF.”
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QA 18943

Figure 45. Photomicrograph showing dissolution of feldspar and development of secondary
porosity. Q indicates quartz overgrowths. C indicates pore-rim chlorite cement. P indicates
porosity. '
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Secondary porosity and the correspdnding permeability are best developed in the
coarsest sandstones that contain little pore-filliri'g chlorite or calcite cements. In the tightly
cemented chlorite zones, secondary porosity is present but poorly developed. ,Calc'ite-
cemented zones have effectively prevented the formation of secondary porosity by the early
occlusion of all pore spaces. Near the end of the second leaching event, a second stage of
chlorite (Ca-rich) began to preeipitate rimming second‘ary pore spaces. This chlorite cement is a
minor phase and may not signiﬁcantly affect porosity and permeablhty gained during the last

dissolution event

Microresistivity Log

High-quality microresistivity curves were obtained from the B-17 and B-18 wells. The
dipmeter data were processed for both structural and sedimentary features. The log recorded in
oil-base mud contains sdine electrode contact noise that dictates longer correlation lengths. A
scheme of 8-ft (2.6-m) correlation lengths, 2-ft (0.6-m) steps between data samples, and a 50°
search angle were used to image structural features. A scheme of 1-ft (O.3-1i1) correlation lengths, |
6-incf1 (0.15 m) steps, and a 40° search anbgle were used to image sedimentary features.. The
eight microresistivity curves were edited, depth-shifted (for bedding dip offset), merged, and
averaged to generate a single microresistivity curve that was ueed for comparison with the cores.
The merged resistivity curve was displayed on a. l;to-lo depth scale to facilitete accurate depth
correlation with the cores. o |

' The microresistivity curve from the high-resolution (SHDT) dipmeter log contains patterns
that coincide with the depositional facies within the core. The upward-fining sequences are
reflected on the log and allow inch-by-inch correlation of the log and core (fig. 32). The
massive, proximal delta-front sandstones of the S¢ interval in core 4 are easily identifiable on
the log (fig. 32). Mid- and distal delta-front deposits may be differentiated by the presence of 3-

inch- to 2-ft-thick (10- to 65-cm) siltstones at the tops of upward-fining sequences (fig. 32).
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The microresistivity log was used to determine the most #bundant‘diagenetic facies. High-
resistivity excursions of the curve are blunt and rounded in dominantly chlorite-cemented
sandstones and more serrate and erraﬂcv in caldte- and quartz-cementgd sandstones (fig. 46). To
test this method, the dingenetic facies of the McAllen B-17 wéll was interpreted using the
microresistivity as a blind test. After 'p‘et‘rographic samples wére analyzed, the microresistivity
log was found to be 90 percent accurate in interpfenng the cemént stratigraphy.

Figure 47 illustrates how diagene’tic yrfarci‘es are interpreted using the density and
microresistivity logs. First, ‘the nlicroresistivity log is used» to segregate chlorite facies f;om the
calcite and quartz-overgrowth facies. Then the density log is used to sepafate the quartz- -
overgrowth facies from: the calcité facies. Siltstone and shale beds were discarded from
consideration through use of an appropriate gamma-ray or spontanenus potential log Cut-off.
Siltstones and shalés may vary considerably in densify and in microresistivity response. Since an
SP log was not obtained we used a gamma-ray cut-off of S0 péfcent from the shale response to
the clean sand response, approximately corresponding to the limits of sandstone within the
core. |

Within sandstone beds, serrate, angular resistivity peaks on the miéroresistivity logs
correspond to calcite and» quartz-overgrowth intervals in the core. Chlorite peaks are smoother
and more rounded. To test the ability of thiS method to distinguish between the diagenetic
facies, a blind test was conducted. The microresistivity curve from the B-17 well was analyzed,
and chlorite versus calcite/quartz-overgrowth intervals were picked. After petrographic samples
were prepared, the microresistivity log was fOund to be 90 percent accurate in interpreting the
cement stratigraphy.

The inferpretation of diagenetic facies 'leads tb significant differences in inferred
permeability from logs. If all plug samples from the McAllen B-17 and B-18 cores are ‘used
without considering diagenetic facies, regression of permeability onto porosity provides the
equation: |

K = 0.00169 x {02779 (r2 = 0.452) | (1)
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Figure 46. Comparison of the microresistivity logs of calcite- and quartz-cemented sandstone
and chlorite-cemented sandstone in the B-18 well. The examples come from mid-delta-front

intervals of similar grain size.
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When diagenetic facies are considered, the regression equations are:

K = 0.000203 x e0-4769) (g2 - (.945) | )
for calcite and quartz facies and

K = 0.000145 x e(0-3979) (g2 _ 0.518)
for chlorite facies.

At 14 percent porosity, the chlorite regression results in an estimate of 0.013 md, as
opposed to 0.11 md for ealcite and quartz diagenetic facies. Because at least some sandstone
intervals are almost entirely cemented by one diagenetic facies or:the other (that is; B-18, core
1; see fig. 60 below), core‘plugs taken in one part of the reservoir may provide erroneous
estimates of permeability in other wells or different sandstones. If we had used only estimates
from B-18 core 4 (chlorite cement), our permeability estimates would have been almost an
order of magnitude too low. | | |

If different diegenetic facies are sampled and a regression is made without respect to
diagenetic facies, the result will be strongly influenced by the number of plugs in each facies,

and the result may not be a’pplfc‘able to a given interval within a Vicksburg reservoir.

HETEROGENEITY WITHIN THE S SANDSTONE RESERVOIR

Two conditions must ‘be satisfied to demonstrate reservoir compartmentalization_that
might lead to recovery of additional natural 'ges reserves. First, there must be sufficient
heterogeneity within the reservoir to Creafe compartments. Tne potential compartments must
be large enough to produ'ce economic ,quandﬁes of natural gas, and they must be distributed in
such a way that field development practiees have left some of them undrained. The second and
more difficult condition to demonstrate is that potential compartments within the reservoir
have been undrained by current development practices in effect in the field.

Geological investigation of the McAllen Ranch S reser{roir indicates that heterogeneities

occur on numerous scales, some of which are large enough to result in potentially undrained

volumes of natural gas. The following section describes the heterogeneities that may segment
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the S reservoir and the potential for increasing reserves through defining some of these
potential untapped compartments. There are three possible types of S reservoir segmentatioh:
(1) structural segmentation (faults), (2) depositional -segmentation, and (3) diagenetic

segmentation.

Reservoir Segmentatiori by Faults

The S reservoir contain§ numerous faults at a variety of seales. Some of these faults offset
reservoir sandstqnes against shales and demonstrably segment the reservoir (figs. 10, 21, and
23). Because the S reservoir contains numerous stacked sandstones, faults méy juxtapose
different sandstones. It is difficult to use production or pressure data to determine the extent
to which faults may Compartmentaliie or connect sandstoﬁes in the S reservoir because wells
are commonly completed in more than one sandstohe. Therefore it is difficult to ascribe
production to any specific interval or area of the reservoir. The largest faults were interpreted

- from correlation of well logs and are presented on the structure map contoured on top rof the S
reservoir (fig. él). Smaller faults were detected with dipmeter IOgs and  VSP data. VSP data
suggest that the S reservoir section contains numerous faults. Interp'reted VSP sections are
shown in figures 48 and 49. The S reservoir interval ahd individual zones are indicated, and
more faults are present than had previously been thought. Most of the small faults have
approximately 20 ft (6 m) of throw. In the B lease, faults down to 20 ft (6 m) of threw have
been delineated by Hill and others (1991) from 3-D seismic data (fig. 22). |

There is some evidence that faults may create barriers to gas flow within the reservoir. For
example, in the McAllen B-18 welyl, a fault was cored in the S4 sandstone. Tt}e sandstones

y overlying the fault are tightly cemented with calcite and have permeabilities in the 0.001-md
range over a 4-ft-thick (1.3-m) interval.b If these calcite-cemented zones are laterally continuous
and thick, they may segment reservoits along fault planes, even where the faults do not offset

sandstones against shales. Many faults (like the above-mentioned fault) are too small to be
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Figure 48. Section from the vertical seismic profile results from the two VSP legs between the B-
17 and B-18 wells. Location shown in figure 14.
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detected on seismic sections or through correlation of well logs. Throughout the discussion that
follows, it is important to realize that fault compartmentalization may also contribute to the
diagenetic and depositional heterogeneities described below.

Faults are most numerous in the southern part of the field and least common in the B area
(fig. 21). One factor that favored study in the B area was the limited faulting and the better
delineation of faults through the 3-D seismic data base in that area (fig. 22). Faults were not
studied in detail because the focus of this research is on stratigraphic reServoir heterogeneity,
which is more amenable to extrapolation to other fields, and important conclusions were drawn
from areas in which faults were not inferred between key wells (fig. 22).

In the models described below and in our considerations of potential
compartmentalization, faults that offset the S reservoir against shales (shown in fig. 21 as
offsetting contours) were treated as barriers; where offset was less significant, the faults were

assumed to have no effect on gas flow.

Slumps

Features associated with soft-sediment deformation are abundant in cores of the §
reservoirs. Dipmeter logs from the S reservoir contain numerous rotational features, interpreted
as soft-sediment faults or slumps (Langford and Hall, 1992). These features may also act as

barriers to gas flow.

Depositional Heterogeneity

Sandstone distribution was more predictable than faulting or diagenesis. Figure 50
illustrates the distribution of the upper five sandstonesv (1 through 5) that compose the §
reservoir. The sandstone packages composing the S; through Ss intervals are small and strike
elongate, approximately 3.5 x 7 mi (5.6 x 11.2 km) (fig. 50), and are separated from each other

by siltstone and shale beds. The shales range from pure shale to sandy siltstone and are from 10
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Figure 50. Map showing the superimposed outlines of the S; through Ss sandstones.
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to 100 ft (3 to 30 m) thick. In general, the horizons are clay-rich in the southwest and siltier to
the northeast. The shale horizons are thicker to the west, generally thickening in the same
direction as the intervening sandstones. These shales extend across the field and provide the
primary stratigraphic framework for the sandstones of the S reservoir. Because the wells in the
field are hydraulically fractured, the primary question about this layering of the reservoir is the
extent to which the shaies are barriers to the vertical propagation of induced fractures. The
following section describes the different types of heterogeneity created by the arrangement of

facies within the reservoir.

Depositional Architecture

Vertical Arrangement of Facies, Layering of the Reservoir. The overall shape of each of the S;
through Sg progradational intervals is that of a arcuate wedge, dipping and thickening westward
into the fault contact with the Jackson Formation (figs. 4, 19, and 21). Each interval consists of
delta-distributary-channel and proximal delta-front sandstones at the top, overlying an upward-
coarsening delta-front interval 30 to 100 ft (10 to 30 m) thick (figs. 34 and 37). Approximately
half of the thinner distributary-channel and shoreface sandstones are separated from the
underlying delta-front sandstones by intervals of shale and siltstone (figs. 34 through 37). The
rest of the distributary-channel deposits are incised into underlying delta-front sandstones.

This layering of the reservoir provides potential for untapped compartments following
primary development ‘of the field; because of the restricted drainage resulting from the low
permeability (80 to 100 acres), each of’t‘hese sandstones must be effectively fractured in
adjacent wells (offset by 2,000 to 3,000 ft [610 to 915 m]) to be effectively drained. An
incomplete fracture that does not effectively connect the reservoir to the perforations creates
gaps within the completion. Portions of the reservoirs left unperforated because they were

thought to be tight or depleted may also leave untapped zones after primary production.
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Lateral Arrangement of Sandstones. Significant lateral variation also exists in the sandstone
facies of the S reservoir. Proximal delta deposits grade into distal delta deposits from west to
east. This change is reflected by the gradual shaling out of the delta-front sandstones (figs. 19
and 37). The eventual loss of sandstone creates the eastern margin of the S reservoir subcrop.
Numerous stacked distributary channels lie at the top of each interval in the west, whereas
thin delta-front deposits lie in the east (fig. 36). |

Each interval contains more sandstones in the western part of the S reservoir subcrop,
along the northwest-trending contact with the Jackson Formation (figs. S1 through SS). The
eastward decrease in the number of sandstones is the result of pinching out of distributary-
channel and distributary-mouth-bar sandstones. The locus of the maximum number of
sandstones is probably centered near the apex of each delta. In places along the western
margin of the subcrop, stacked distributary channels compose the entire sandstone poftion of

the S3, Sz, and S3 intervals (fig. 35).

Delta Lobes

Delta lobes are areas of thicker reservoir sandstone} in each deltaic complex. The lobes are
usually less than 1.5 mi (2.7 km) wide and contain stacked distributary-channei and éssociatedi
delta-front sandstones. Correlation between seismic data and well logs indicates that some of
the lobes are zones in which delta-front foresefs z;re thicker, rather than zones containing
thicker distributary-channel or distributary-mouth-bar deposits; The thinner delta-front
sandstones at the edges of the delta lobes have lower permeability and probably restrict gas
flow between vad]aceﬁt delta lobes. Figures 23 through 27 show the delta lobes that have been
identified through well log correlation. Figures 56 and S7 illustrate the appearance of these
features on seismic data. o
SWEPI provided cross-sectional slices from the 3-D seismic data set parallel to the VSP

subsurface coverage for use in integration of VSP results and interpretations with the surface
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Figure 56. Section of 3-D seismic data parallel to the VSP line in figure 48 illustrating the
appearance of delta lobes.
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Figure 57. Section of 3-D seismic data parallel to the VSP line in figure 49 illustrating the
appearance of delta lobes.
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seismic data. Two segments of these data are shown in figures 56 and 57. Interpretation of the
three segments of 3-D seismic provided by SWEPI using VSP data for direct correlation with well
logs shows excellent correspondence to structural and net-sandstone maps. Thick zones in the
S1 interval noted on the seismic sections suggest that with additional 3-D data major delta lobes
in the S sandstone intervals could be mapped. In April 1990, the Bureau of Economic Geology
was allowed access to a small segment of SWEPI’s 3-D seisinic data grid in the vicinity of the B-17
and B-18 wells. On the basis of interpretation of VSP data and extrapolation of individual S
sandstones from those data to three 3-D slices previously provided by SWEPI, it was postulated
that individual delta lobes could bé identified and mapped from the larger 3-D grid.

Although the delta-front sandstones thicken and thin across delta lobes, they are laterally
continuous. The degree to which they are compartmentalized requires analysis of detailed

production and pressure data and specifically designed engineering tests.

Laterally Discontinuous Sandstones

Distributary-channel sandstones exist as isolated bodies that are locally separated from
underlying delta-front sandstones by delta-plain and marine shale deposits of varying thickness
(figs. 35 and 36). Individual distributary-channel sandstone bodies are 1,000 to 3,000 ft (300 to
900 m) wide. Maps of log responses illustrate the distribution of the distributary channels (fig.
35). The sandstones are elongate and trend northeast to southWest, parallel to the minor faults
in the field. |

The distributary-channel sandstones are most prevalent in the S; and S, sandstones in the
southern area and in the‘S3 sandstone in the north. In the northwestern corner of the
southern area, five sandstones are present within the S; interval and five sandstones are
present in the S interval (figs. 51 and 52). |

The degree to which the S; through S5 sandstones form isolated reservoirs depends on the

ability of the intervening shales to restrict the vertical growth of induced fractures. However,
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the 10- to 100-ft-thick (3- to 30-m) shales that separate the distributary-channel sandstones
could be effective barriers to gas flow in similar fields completed with small fractures or without
fracturing.

Figure 58 provides an example of the opportunities for recompletion within distributéry-
channel sandstones. Because of the large number of ‘stacked sandstones within the reservoir,
many wells have been completed in only a portion of the reservoir. Two wells approximately
6,000 ft (1,800 m) apart have been completed in the two uppermost S distributary-channel

sandstones. Intervening wells provide opportunities for recompletion in this interval.

Diagenetic Heterogeneity
Diagenetic Facies

Diagenetic heterogeneity is important because different diagenetic facies with different
permeabilities are interleaved thfoughout the sandstones. A diagenetic facies is a portion of the
sandstone in which the diagenetic cements and fabrics are fairly homogeneoﬁs. The diagenetic
facies are termed quartz overgrowth, calcite, and chlorite.

The best porosities and permeabilities occur in the quartz-overgrowth facies (fig. 59). The
quartz-overgrowth facies contéihs larger quartz overgrowths and visible intergranular porosity.
Calcite cement does not fill most of the pore space. Chlorite cement has replaced some rock
fragments but does not fill most of the pores. Little or no matrix is present. Oversized pores are
common bécause of solution of volcanic rock fragments and feldspar. The quartz-overgrowth
facies is more common in the L, M, N, and P reservoirs;k very little is present in the
stratigraphically lower sandstones. ‘

The calcite facies is that portion in which the available ihtergranular and intragranular
space has largely been filled by calcite (fig. 44). ‘Commonly there is little chlorite or other
diagenetic clay cement in these samples, and volcanic rock fragments are less deformed. The

early cementation by calcite seems to have inhibited the later leaching and replacement of
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O Limits of the two uppermost
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Figure 58. Log facies map of the two uppermost sandstones in the §; interval in the
southwestern corner of the S reservoir subcrop illustrating the distribution of the channel
sandstones, the distribution of completions, and opportunity for additional completions.
Location shown in figure 7. : '
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Figure 59. Plot of the distribution of porosities and permeabilities for different diagenetic facies
in core 4 from the McAllen B-18 well.
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rock fragments and feldspars that contributed significantly to the porosity of the quartz and
~chlorite facies. Very little porosity is observed in thin section, and measured porosities are
generally less than 15 percent. Permeabilities are generally less than 0.1 md (fig. 59).

The chlorite facies has good measured porosities, but because pore space is largely within
chlorite aggregates, permeabilities are poor (fig. 59). Chlorite fills many secondary pores,
forming 2 to 17 percent of the bulk volume. Chlorite fills both priinary and secondary pores.
Quartz Qvergrdwths are commonly present but are volumetrically unimportant. Calcite makes
up between 10 and 25 percent of the volume, commonly ﬁlling intergranular areas. Pore area is
commonly within the chlorite-filled zones. Visible porosity is low, usually 3 to 8 percent, but
measured porosities are higher, 14 to 18 percent. The low permeabilities ({0.2 md) of this facies
supportkthe petrographic interpretation that most of the pordsity is microporosity, occurring in

chlorite and matrix aggregates.

Types of Diagenetic Heterogeneity

Figures 60 and 61 illustrate the distribution of diagenetic cement facies and the resultant
distribution of measured porosities and permeabilities in two of the McAllen B-18 cores;
- Cement facies vary widely within the cores. Four scales éf diagenetic heterogeneity are
recognized and are important in providing potential for reservoir compartmentalization. The
diagenetic facies coincide with distinct permeability and porosity values (R2 up fo 0.79) where
both permeability and porosity are allowed to vary independently of diagenetic facies type.

The largest scale of diagenetic heterogeneity occurs over the entire 50- to 100-ft-thick
(15- to 30-m) S; to S5 deltaic sandstones. The entire S; sandstone in the McAllen B-18 well
contains calcite and quartz diagenetic cements rather than the chlorite cement more commonly
found in other McAllen Ranch cores (figs. 60 and 61). The calcite-cemented 'facies contain
several zones in which permeability averages 0.01 md, an order of magnitude below the 0.1 md

average for chlorite-cemented sandstones of similar grain size and depositional features. If one
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or more low-permeability, calcite-cemented zones exist between wells, they may form effective
barriers to the flow ofbgas.

Reservoir quality decreases overall westward within the S reservoir because of diagenesis,
which represents the largest scale diagenetic overprint on the S reservoir (Russ Lennon, SWEP],
personal communication, 1989). This trend is evident in corrected porosity logs from the B
area.

The second-largest scale of diagenetic"hetemgeneity occurs in individual sandstones over
the scale of several feet. The S; sandstone in the B-18 well exhibits this type of heterogeneity.
Nine feet (12,802 to 12,81 1’ ft depth) of silty and fine-grained sandstones occurs in the middle
| part of the reservoir (fig. f>60). Permeability df this finer grained band is noticeably lower
because of pervasive calcite cementation, averaging less than 0.01 md, one-sixth of the average
for the entire core. The fine-grained foresets are inclined across the delta front sandstone ‘and
may create a flow baffle or barrier that tends to isolate portions of the IeServoir.

The third scale of diagenetic heterogeneity occurs on a 1-ft (0.3 m) scale. Zones of porous
chlorite or quartz-overgrowth facies alternate with tight chlorite or calcite facies (figs. 60 and
61)7 Commonly the cement facies are associated wi-th sedimentary structures (fig. 61), the
‘porous bands being associated with part of the coarsest portions of upward -fining sequences
Trough cross-strata exhibit similar variation (fig. 61).

The smallest scale of reservoir heterogeneity occurs where porous chlorite facies: is the
primary reservoir facies Bands (1 ft to 1 inch thick [30 to 3 cm]) of porous chlorite and tight
chlorite or calcite facies are prominent in almost every core from the field. Permeability
variations across the bands are one to three orders of magnitude and substantially increase the |

differences between vertical and horizontal permeabilities.
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Effects of Diagenetic Heterogeneity

The effects of the different diagenetic heterogeneities are difficult to determine. Because
the lateral extent and overall geometries of the different diagenetic facies are unknown, the
effectiveness in compartxhenfalizing the reservoir is unknown. In the B afea, where delta-ffont
sandstones are 'laterally co‘ntinu0us", the most probable contributor to reservoir
compartmentalization is jdiagenetirc hetérogeneity. The most importaht effect of the diagenetic
heterogeneity is in restricting drainage radii to different degrees in different sandstones.
Because the S reservoir -sandstones are fractufed du:;ing well stimulatibn and commingled during
production, a single drainage radius is assumed for each well. Bécause of diagenetic
heterogeneity, each sandstohe ‘may have different drainage radii{ some larger and some smaller
than assumed from tests 6f ‘ commingied pressure and production. Opportunities for infill
drilling may exist within those sandstones with restricted dralnage radii. Computer modeling of
the‘ S4 sandstone in the‘B area, described later in this report, indicates that diagenetic barriers

may effectively isolate adjacent wells.
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RESERVOIR EVALUATION

The evaluation of the Vicksburg S feservoir Was performed only on the B area and
consisted of two major steps. First, reserves produced from an‘d remaihing in the older Wells of
the B area were inferred by REC. Sécohd. the probable distribution of some of those reserves -
was analyzed by REC throUgh a detailed simulation model of the S reservoir. The framework for
determination of reserves was the reservoir geology and geometry provided by the Bureau of
Economic Geology and the porosity and water saturation data d'etermined by ResTech. Wireline
pressure measurements acquired by the proiect and by SWEPI and analyzed by ResTech were

critical information for the simulation study.

Porosity and Water Saturation

To determine the amount of gas potentially available for secondary recovery, the volume
of gas originally in place in the reservoir must be determined. To determine original gas in
piace, thé porosity of the reservoir sandstonés and the percentage of porosity containing gas
must be inferred from well logs. |

McAllen Ranch field is similar to other Vicksburg gas resefvoirs in that the largest
unknowns are the same: (1) the formation water resistivity, (2) the‘ effect of shale on both
water saturation and pordsity, and (3)> the effects of log quality control necessary tob ensure valid
porosity estimates. Each of these problems is addressed in the following text. The most critical
and uncertain problem was determination of the water saturation. The water saturation in a
particular sandstone is de'péndent on (1) height above the free water table, (2) pore s'hape and
size distribution, and (3) fluid properti’es.‘ In ViCksburg reservoirs, where formation water
salinity is low and clay éontribution to conductivity is high, a Waxman Smits model of water
saturation is appropriate.FWhen using this model, porosity and- clay volume must first be

estimated then combined with cation exchange capacity measurements, formation water
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resistivity at in situ conditioﬁs, and resistivity from well logs“to determine water saturation. In
the case of McAllen Ranch, two sets of core water saturatiod data were used to confirm the
resuits’ of the model. | | |

To illustrate the necessity of utilizing the model, 6ne can compare the results of a clean
model, in which the effects 6f clay or bound wafer aré‘ not allowed for, to a shaly sand model
such as Waxman Smits (Waixman ahd Smits; 1968). Assﬁming all parameters are equal, a shaly
sand model will identify a greater quantity of hydrocarbons than the clean model when sand

conductivities are less than the neighboring shales.

Porosity Determination

Comparison with core data ‘indicate the bulk density log to be the best log porosity
indicator in the Vicksburg Formation of South Texas. To allow for this and to test the
application of relatively new technology, the bulk density on the McAllen B-18 was recorded
with the neutron and gamma-ray logs on é 6-inch (15 cm) sampling increment and a 1.2-inch
(3 cm) sampling increment. The 6-inch (15 cm) sampling increment is common in South Texas;
however, the 1.2-inch (3 cm) incremént was tested for improved vertical bed resolution.

Core analyses taken over each foot’ were hsed to confirm log porosity calculations. In
intervals where thin caldte cement bands were present, mo‘re than one sample per foot was
taken. Samples were 1.5-inch-diameter (3..8-cm) plugs, which were dried at 230°F in a
convection oven before the anélysis was perféfmed. Measurements were made at a net
effective stress of 800 psi that closely resembles in situ pressure and also at 4,000-psi stress to
measure the effect of hydrostatic pressure reduction 'an'dvconsequent increaséd stress on
porosity.

Core pOtosities were plotted against bulk density. Godd agreément was found using a fixed
matrix specific gravity of 2.66 and a fluid density, 6r slope, of 1. Figure 62 shows the dossplot

with three lines. The two dashed lines represent a clean sand line and shale line, based on
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petrographic data. These lines use a fluid density of 0.9 g/cm3, Which agrees with the mud
filtrate density. The solid line is the best-fit line, and it represents the 2.66 g/cm3 matrix
deﬁsity along with the fluid dens;ty of 1.0 g/cm3. We used the best-fit line, even though the
fluid density on the B-18 well differed from the "oil-base mud filtrate density, and applied that
density to the other wells in the field. | |

An average grain density of the noncléy portion of the X-ray diffraction analysis was
computed for thg McAllen B-18 core samples. Major components were quarté, plagioclase
feldspars, and calcite. AVerage grain density of all these samples was 2.66 g/cm3, using
Schlumberger chartbook values for‘ individual mineral grain densities (Ellis and others, 1988).

Similarly, the average grain dehsity of the clay portion of 'the samples taken for X-ray
diffraction analyses was calculated to determine the proper clay correction for the density log.
Clays present are illite-smectite, layered illite, and chlorite. The average was determined to be
2.72 g/cm3 using Schlumberger chartbook values. This technique is relatively new but provides a
way to use all of the core analysis data. Historically, X-ray diffraction analysis was considered to
be semiquantitative. However, with neW computer X-ray analysis programs and with careful
sample preparation, the analysis is more accurate. Using the standard density-porosity
expression and making a clay correction based on the X-ray diffraction parameters, the
equation for calculating porosities is givén below (Schlumberger Well Services, 1974):

_ pb-rma v pcl-pma
~ pma—pfl =" < pma—pfl

¢ (3)
Petrographically determined ‘parameters for graih densities' did not agree well with
measured core porosities. Porosities interpreted for siltstones were significantly higher than
those measured from core samples. In other fields it will be necessary to examine the clay
correction method again to determine which porosity indicator to use.
High-Resolution (1.2-inch [3-cm]) Data. In» several intervals, measured core porosities were ‘

significantly lower than log-derived porosities illustrated by the bulk-density, core-porosity
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crossplot in figure 62 in which bulk densities plot beiow the line. Where these anomalies
occurred, immediately adjacent samples were takeh to compare the measured porosities. These
| ~ low porosities were qonfinned, making the log analysis Susﬁect. We infer that 6-inch-increment
(15-cm) bulk density logging was-ihsensitive to small variations in bulk density. During logging
operations, the bulk density log Was recdrded using two sample increments. The 6-_inch (15-cm)
sample increment was consistent with previous wells logged at McAllen Ranch. A 1.2-inch
(3-cm)‘sample increment was also-recofded to determiné_whether better vertical resolution
could be seen by using the smaller sample increment. |

Figuré 63 shows the bulk density from the 6-inch’ (15-cm) data and l.z-inch (3-cm) data
plotted alongside core density values calculated using reported grain density and a fluid density
of 0.9 g/cm3. A closer value of fluid density could ‘have been obtained using core water
saturations to determine the differences bet‘ween‘ formation water with a density of
approximately 1.0 g/cm3 and mud filt;ate with a densit& of approximately 0.8 g/cm3. Figure 63
illustrates the results of the firsf cored ihterval, which contains the most data points in
question. The most striking comparison occurs bgtwegn 12,770 and 12,780 ft. Every core
density measuremeﬁt is very close to the 1.2-inch (3-cm) bulk density log but falls significantly
above (higher bulk density) the 6-inch (15 cm) bulk density log. fhe 6-inch (15-cm) density
appears not td be an average of the da_ta. It appears to read on the low side of the core density
(high ‘s’ide of the core porosity) in many thin zonés. Because of this, we recommend recording

the 1.2-inch (3-cm) bulk density rather than the 6-inch_(15-cm) bulk density.

Water Saturation
Most water saturation formulas follow the format of Archie (1942):
> . v (4)

5o =,

where
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Sw = water saturation

n = saturation exponent

Cr = formation Conduaiﬁty

¢ = porosity |

m = cementation exponent

Cw = formation Water conductifrity

Corrections for shale content are normélly addressed by réplacing Cw with Cye (effective
water conductivity), which accounts for the effect of clay within the sandstone.

At McAllen Ranch the dual-water (Claviér and others, 1977) ahd Waxman Smits equations
were evaluated for use in the petrophyﬁical study. Both ére well-knowh equations, either of
which could have been used. A dedsidn was made to use the Waxmari Smits model because of
the ease with which parameters from core analysis could be applied.

The dual-water model substitutes Cye with the expression

- (Swr- ‘ Cwf+ xC .

Cuve = Svrt = Sub) gv“:t Swb b )
where
Cwe = effective water conductivity
Swt = bound-water saturation
Cwe = free-formation-water conductivity
Cwb = bound-_formatidn-water conductivity
Bound-water saturation is calculated by

Sy = 2t ©)

where
¢t = total porosity (clays devoid of bound water)

¢e = effective porosity (clays containing bound wéter)
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Bound-water conductivity and effectiire porosity are difficult to measure; therefore,
‘parameters must be selected by cross plots or local knowledge. | ‘

The Waxman Smits equation replaces Cy by

Cue=Cutgl %
where

B = equivalent counter ion‘c‘onductivityr

Qv= cation-exchange capaqity (CEC) per unit pore volume

Qy can be calculated from core analysis measurements, and B can be derived from charts.

On the McAllen B-18, caﬁon-exéhange capacity and porosity were measured in several
samples. These are related to Qy by the equation |

Qy = CIIEC l;:bt Per » (6)
where

CEC = cation exchange capacity-milliequivalents per milliliter meq/ml

¢t = total porosity

pgr = grain density

With known parameters we could use the Waxman Smits inodel with confidence, honor
all core data, and use either measured water saturations or capillary pressure measurements to
confirm results.

Cementation and Saturation Exponents. Cementation (m) and saturation (n) exponents were
measured by Core Laboratories, Inc. Table 9 shows the results for all samples and the composite
value. Composite m.fwas measu;ed at 2.10. Composite n was measured at 1489. Corrections for
BQy were made to calculate m* and n*, useful in the Waxman Smits equation. M* and n* were

equal to 2.29 and 2.30, respectively.
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Table 9. Core analysis performed on core from the
Shell A. A. McAllen No. B-18 well.

Core.
depth (ft)
12,788.4
13,198.0
13,199.4
13,201.7
13,394.0
13,403.8
13,408.5
13,439
Composite

Log
depth (ft)

112,777.0
13,184

13,185
13,187.7
13,395
13,393.8
13,398.5
13,428.5

2.14
2.14
219
2.01
2.18
2.09
2.01
2.07
2.10

1.63
1.65
1.87
1.97
1.88
2.07
1.76
2.16
1.92

CEC

4.27

' 8.79

2.79
3.38

-2.67

3.18
3.96

m *
2.35

2.51

2.17
2.36
2.24
2.19
2.29
2.29

*
n

2.13

2.13

2.35
2.33
2.45
2.27
2.92
2.30

* = Corrected for counter-ion conductivity and cation-exchange capacity.
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Formation Water Resistivity. Formation water resistivity (Ry) varies in Vicksburg reservoirs
depending on the location and depth of the field. It sometimes also varies between wells at: the
same depth within a field. In some cases Ry is difficult to quantify. when no water-bearing sands
are within the interval of interest. At McAllen Ranch, formation water resistivity was estlmated
at 0. 065 ohm-meters at 300°F. This value has not been verified by direct measurement. In an
effort to m_easure salinity directly, 16 core samples were sent to Core Laboratories to have salts
extracted and‘salinity measured after drying. Average chlorides were 13,452 ppm for the
samples. ’IlliS corresponds to’an" NaCl total of 22,195 ppm ora resistivity of 0.07 ohm-meters at
300°F. Because this was so near to the 0.065-ohm-meter value 0.065 was used in the
calculations. R

CEC Relationships. Cation -exchange capacity was measured by Davxd K. Davies and |
Associates directly on 22 samples X-ray diffraction analysis was available on 21 of these '

- samples. As expected, there is a strong‘correlation between clay volume and cation exchange
capacity (fig. 64). | | | |

A continuous logfderived CEC curve -was ‘calculated using results of the log-derived
calibrated clay-srolume curve and the results of the DaVies’ CEC and X-ray diffraction analysis
comparison. This curve was then com)erted to Qy using porosity results and multiplied by the
chart-derived B to provide the BQV term in the Waxman Smits equation. Finally, water
saturation was calculated using the log-derived poroSity and the deep indudion log.

Comparison of Results Cbmputed from Logs with Those Measured from Core. Two tests were
conducted to confirm the derived water-saturation‘calculations. Water-saturation measurements

~ were performed by Core iaboratories using a ‘Dean Stark apparatus on core plugs over each foot
of core. Capillary pressure measurements were conducted on 13 samples. Nine of these were
mercury iniectio‘n tests performed by Shell. Four were air/brine centrifuge tests performed by
Core Laboratories.. Air/oil centrifuge tests were also performed on three of the air/brine

samples.
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Log énalysis iesults agree with wiater saturations inferred from capiliary pressure curves if a
free-water level at 13,600 ft (4,145 m) is assumed. This depth 'iS'below the lowest sandstones in
the S reservoir in the B-18, suggesting_ that the well should produce no‘water, as is indeed the
case.

Figure 65 shows the log analysis water saturations along with the core measuréd water
saturations and the capillary pressure watér saturationsf over the second cored interval. As
discussed previously, the capillary pressure results agree well with the log analysis results. The
core measured water saturations are significantly less th‘anklog-derived values in the silty zones
above 13,165 ft and slightly‘less in the cleaner zone below 13,165 ft.

Explanations of S, Differences. There are several expianations for differences between core
measurgd water saturations and log-derived Water'saturafions:

(1) True resistivity is masked by the thin shale streaks and should be higher (J. Richardson
Consultants, Inc., 1990). '

(2) BloWdown has affected the core samples, and true water saturation should be higher.

(3) Evaporation has occurred by exposing the core to surface conditions, and true water
saturation shduld be higher. ‘

(4) Centrifuge capillary pressure tests were not run to equilibrium.

If resistivity is being masked, then core‘-watervsaturations shquld read both-higher and
lower than log-derived water saturations. The average should be close to log-derived water
. saturations. If resistiVity uniformly reéds too low then the log-water saturations would ag;ee
with core-water saturations but be low‘er thén capillary water saturations, making resistivity
corrections unwarranted.

Blowdown may be' a/‘ problefn in some zones, particularly silty intervals where water
saturations are high and relative pérmeability to gas is low.

Evaporaﬁon could have occurred on the surface, but cores were wrapped within 2 hours
Qf retrieval at the surface and were recbvered ohly at night or ,eariy morning when

temperatures were not extreme.
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Centrifuge capillary pressure tests were probably not run to eQuilibrium conditions.

Evidence suggests that the plugs should have been spun longer.

It is the opinion of ResTech that the low core water saturations are caused by a

combination of blowdown and evaporation losses. Even if the cores were only exposed for 2

hours, it appears that this was long enough for some evaporation to occur.

Conclusions in McAllen B;18

Log-derived porosity, water saturation, and lithology data for the B-18 well are presented

in figure 66 along with X-ray diffraction analysis, thin section analysis, core porosity, and core-

water saturation. Results are shown for the entire section. The reader should focus on the

following items:

(D
(2

3

4

(5)

The net-sandstone thickness of the S reservoir '(Sl through S¢) is 700 ft (213 m).

All of the sandstones appear to be at irrgdudble water saturation. Bulk volume water
(Sw x ¢) is a consistent 0.09 except where shaliness causes an increase.

Maximum porosities to be expeCtéd in the B area are 18 to 22 percent. Cut-off
porosity is generally accepted to be 12 percent‘ at McAllen Ranch. Onlly four B-17 and
B-18 core plugs having less than‘ 12 percent porosity have permeabilities greater than
0.1 md, whereas most of the plugs having greater than 12 percent porosity have
perméabilities greater than 0.1 md. J

Log water saturations range from 20 to 40 percent‘in the ﬁxore' permeable sandston‘es,
dependent upon height 'above:the assumed‘ free water table. Water saturations
greater than this are recorded in pay intervals in lower permeability (silty or low-
porosity) rock. |
Thin-section and Xfray diffraction analysis do not agree well because of varying

mineralogy of the fine (<5u) fraction.
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Figure 66. Log analysis results for the McAllen B-18 well over the “S” section.
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Repeat Formation Test Results

Numerous pressure tests were taken fhr"ough the S reservbir. Results were improved (rati_o
of successfui tests to a‘tfempted tests) by decreasing the pretest chamber size to 5 cm3. The
smaller chamber is more quicklf filled, éllowing time for more tests.

Eighteen successful pressure tests were recorded. The de;raths’, pressures, and stratigraphic
intervals are dispiayed in table 10. Test results indicate that individual sandstones in the S
re;ervoir afe not in appreciablé pressure communication. Pressure differe’nces of 700 psi were
observed in the B-18 well between the upper S; and the Ss sandstones. Each individual
sandstone (Sy, Sz, S3, and so forth) was at a uniform pressure, but different sandstones had
significantly different pressures from the sandstones ébv‘ove or below. The most strikihg
difference is seen in comparing the upper ahdv‘lower parts of Sz.‘ The upper part averéges
11,195 psi, whereas the lower part averages 11,640 psi.

There is a wéll4defined pressure gradient thrpughout the § reservoir; all wireline pressure
data plot along a O.97-psi/ft gradient excépt for a few sandstones thaf contain uniform, but
lower, pressures infefred.to have béen deple_‘ted by offset production. The -only intetvals
indicating measurable depletion are the B- 18, upper part of the S; (400 psi), B-17 Sz (1,400 psi),
B-15 S4 (2,100 psi), and S, (700 psi)

Log Normalization

Normalization may be a critical step in the evaluation of logs, particularly in older fields
where calibration procedures were not as precise as they are today 6: where logging conditions
are hostile. At McAllen Rénch, this may b‘é a significant problem, particularly with the density
log, because of the heavy mud weights, high temperature, and changes in tool design and

calibration procedures during the course of field development.
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Table 10. Wireline pressure tests recorded from McAllen Ranch B area waells.

B-15
- Pressure
Depth (ft) (psi) . Interval
13,315 11,250 S
13,321 11,240 Sp
13,332 11,249 S2
13,350 11,295 Sz
13,410 11,802 Sy
13,424 11,840 S2
13,137 11,813 Sq
13,130 11,814 $1
13,599 10,909 S4
13,638 10,145 S4
13,663 10,122 S4
13,673 10,126 S4
13,686 10,171 S4
13,490 11,730 S3
B-18
Pressure

Depth (ft) (psi) Interval

12,762 11,656 S1
12,766 11,657 S
12,770 11,657 Sy
12,778 11,657 S
12,936 11,187 S2
12,940 11,135 S
12,960 11,204 Sz
12,990 11,617 Sz
13,010 11,659 S3
13,017 11,643 S3
13,076 11,841 S4
13,078 11,844 S4
13,185 11,790 S4
13,200 11,788 S4
13,283 11,850 Ss
13,262 11,885 S5
13,310 11,872 S5
13,390 11,864 Se

B-16
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B-17
Pressure Pressure
Depth (ft) Si Interval | Depth (ft) (psi) Interval
12,652 11,166 7 14,0135 12,714 u-v
12,671 11,170 57} 13,976 12,447 U-v
12,684 10,640 - S2 13,964 12,535 u-v
12,712 11,160 So 13,938 12,454 uU-v
12,834 11,325 S4 13,924 12,688 u-v
12,859 11,184 S4 12,942.5 11,355 Ss
12,874 11,186 - S4 12,920.5 11,368 Ss
12,892 11,174 S4 12,912 11,306 Sg
12,897 11,635 S5 ] 12,8985 11,120 S5
13,052 11,600 Sg 12,831 10,960 S4
13,386 12,130 T 12,825 10,950 S4
13,476 12,165 T 12,811 10,953 S4
13,495 12,168 T 12,798 10,983 Sy
14,1315 .. 12,776 u-v 12,694 9,980 S2
14,160 11,943 u-v 12,687.5 9,990 Sz
14,205 12,519 U-v 12,722 9,601 S2
14,241 12,650 Uv 12,584.5 11,380 T
B-19 B-20
Pressure Pressure
Depth (ft) (psi) Interval | Depth (ft) - - (psi) Interval
13,966 12,417 u-v 12,745 11,457 S1
13,956 12,215 U-v 12,721 11,498 Sq
13,736 12,453 T 13,070 11,580 Sy
13,268 11,030 S5’ 13,064 11,553 S4
13,196.5 11,474 S5 12,095 11,246 7
12,925 11,415 S 12,880 11,229 So
12,870 11,435 S2 12,875 11,241 Sa
13,168 11,613 Sg
13,154 11,653 Ss
13,138 11,649 Ss
13,108 11,578 Sy
13,092 11,565 S4
13,702 11,975 T
13,700 11,991 T
14,380.5 12,560 u-v
14,437 12,625 U-v
14,4225 12,574 uU-v




During the :initiél 'development 1c_>f the field, field calibrators were used as a secondary
calibration standard for the formation density log. The primary field calibration was an
alumintxm bloek contained in the shdp of the service company to which the long and 'shortk
spacing detector cou‘nts‘ are measured monthly. The field calibrator contained a small radioactive
source that was ad]usted to read the same number of cotmts when placed flat and in contact
with the density tool detectors

When a field job was performed, the field calibrator was again placed in contact with the
detectors and the panel was adjusted to read the same density as the a‘luminum block.
Unfortunately, there is ‘r:oom fot error in the plaCemept of Vthe field calibrator on the density
tool. Any space left between the detector and the calibtatof due to misalignment or wear or
warping of the density tool or calibrator will result in a miscalibration of the density tool and a
too dense reading from the tool. In the late 1970's this problem was corrected by modification
of the panel, which allowed input of the known aluminum block counts. The first five wells in
the B area were drilled befkore‘-th»e panel was modified and three df them required a negative
correction to the bulk dehsity. The other twb wells were properly calibreted. Of the subsequent
nine wells, four were also propeﬂy calibrated, three required positive corrections for calibration
error, and two required negative corrections.

The cortections were made by making a field-wide histogram of the density logs in the
shale directly above the S reservoir sandstones. Each well Wés compared with the histogram and
corrected accordingly. As a check on this procedure, the brange of sandstone densities in each
well was compared with the upper and lower limits of the shale densities Figure 67 illustrates
this procedure tn the B-2 well. |

The histogram method is well suited to fields with cbmplex lithologies where limestone
and anhydrite exist for calibration markers. In sandstones and shales, particularly McAllen
Ranch where oil-base mud and overpressure are encountered, the method is less reliable.
Because the uncertainties in the calibration procedure and v‘change‘s in tool design, we

recommend normalizing the logs. Errors with this technique are possible, but we feel they are
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small compared with the error introduced in the calibration procedure. The histogram modes
for the B area wells are presented in table 11. The table also shows the corrections needed to

a'gree with the field-wide histogram.

Application to Other Wells in the B Area

All wells in the B area were checked for log quality'usirig histogram analysis. The well data
were normalized, and the parameters used in the B-18 were applied to the other wells. On
wells B-1, B-8, and B-10, no‘ density logs were availéble. On these wells an acoustic log was used

to calculate porosity. The following equation was used:

0= Aittﬂ‘_AfAtglnﬂ; = (Vg X 0.25) 9)
where
At = At log‘
Atma = At matrix -
Atg = At fluid
Vsh ~ = Volume of shale

Instead of volume of clay, on the B-1, B-8, and B-10 wells, volume of shale was computed
from other source‘s because of the lack of high-quality clay indicators. Clay volume was
estimated at one-half of the total shale volume. This estimate generally agrees with X-ray
diffraction analyses. On well B-1, there was no gamma ray, so the logarithm of the induction
resistivity log was used to determine the volume of shale. On well B-8 the gamma-ray log was
badly affected by temperature but was corrected and used. On well B-10 the gamma-ray log was
of good quality, but the acoustic log had numeréus cycle skips and tool sticks. Overall the
porosity determined on these wells is of questionable reliability. This is seen most dramatically
on well B-1, where net feet of pay was calculated at 278 ft (85 m). The cumulative production

was 1.87 Bcf, much less than should have been expected from the amount of pay observed.
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Table 11. Modes of histograms for gamma-ray (GR) énd bulk
density (pB) logs and the respective corrections.

Well pB - pB Normalization GR GR

name shale sand required shale sand
B-1 2.53 :
B-2 2.59 2.44 -0.06 .54 24
B-3 253 - 250 0.00 124 52
B-4 2.56 2.40 -0.03 80 36
B-5 257 - . 2.46 -0.04 920 43
B-6 2.53 240 0.00 102 32
B-7 2.56 2.44 -0.03 90 24
B-8 84 36
B-10 ; 94 40
B-11 2.50 2.36 +0.03 :
B-12 2.56 2.46 -0.03 - 92 40 .
B-14 2.55 2.40 ~0.02 88 36
B-15 2.53 2.40 +0.00 100 48
B-16 2.47 2.32 - +0.06 108 52
B-17 2.51 2.42 +0.02° 93 40
B-18 2.53 2.36 +0.00 94 44
Composite 2.53 2.38 ’ 88 40
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On all other wells clay volume was ‘carlculated. On the B-11 well, no gamma-ray log existed
and the bulk density log was used to dgterrﬁine the volume of clay. On wells B-2 through B-14,
the density log was used for porosity and the gamma-ray log for percent clay. On wells B-15
through B-18, a compensated neutron log aliowed computation of the apparent grain density,
which was used as an additibnal clay indicator. All of the parameters used in the log analysis are
presented in table 12. The results of all llog analyses were compiled and used in subsequent

reservoir simulation by REC.

ENGINEERING STUDIES OF THE S RESERVOIR
Volumetric Recovery Calculations and ReCovery Performance

The recovery performance of 11 wells in the B area was evaluated by REC to determine
whether the completions were effectively draining the S reservoir at the current well spacing.
Calculations were performed by extrapolating the decline in rate of production to an assumed
economic limit to obtain an estimated ultimate recovery (EUR). Production and pressure data
were obtained from the working interest partn_ers‘ and from commercial sources. A comparison
of the EUR with the initial gas in place and to recoverable gas at abandonment conditions was
made using the porosity and water saturation determinations of ResTech (see above). The
current pattern of development is 1 Well per 80 acres of spécing, the di‘stance‘between wells
being about 2,000 ft (610 m). The recovery calculations are based on this spacing. An 80-acre
area has a drainage radius of about 1,050 ft (320 m). The reCovery calculations show that th‘e
effective drainage areas are variable, average about 49 écres per well, and do not exceed 109
acres per well. The difference betwéén the restrided drainage radii and the allocated 80-acre
area can be attributed to one or moré of the following conditions:

(1) Some gas is trapped in structural or stratigraphic compartments.

| (2) Depletion effects reduce the ability .of wells to \'drain gas from large areas as pressures

are decreased around the wells.
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Table 12. Parameters used in the McAllen Ranch log
interpretation study.

Rw = 0.65Q-m@ 300°F
m* = 2.29

n* = 230

Pma = 2.66 gcm3

Pfl = 1.00 g/cm3

Atma = . 556 S/ﬂ

Atfl = 189 s/ft

GRclean = 36

GR clay = 141

Apparent grain density clean sandstone = 2.68
Apparent grain density shale = 2.68
CECclay = 30Me%490g
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(3) The low permeability of the reservoir limits the effective drainage radius.
(4) The porosity and water saturation cutoffs used do not properly reflect the effective.

hydrocarbon pore 'volume.

Background

Porosity permeability data and historical completion frequency show that two of the six
sandstones in the Vicksburg S reservoir in the B lease, the Sy and S4, contain the largest share of
the commercial reserves. Compa_rison of the hydrocarbon pore» volume of the various Vicksburg
S sandstones shoyvs that about’ two-thirds of the gas is contained in the szi and S4. Wells have
been completed in from one to five of the sandstones. 'lllie'»average net productive thickness
for each completion is 80 ft (24 m): from a typical gross. interval of 200 ft (61 m). Although the
wells in the area are spaced at 80 acres, the completion density withm an indrvrdual sandstone
varies because of the completion opportunities in multiple sandstones

The primary producing mechanisms are thought to be ga,s expansion and reservoir
compaction.‘ The deep' geopressured nature of ‘the_ Vicksburg:reservoirs results in compaction
being a -potentially significant drive mechanism. Water drive is not suspected' because
correlation between wa_ter prodnction and structural position is poor and also l)ecause‘ gas-water
contacts within the reservoirs‘ are bpoorly definedr owing to the capillary effects at low
permeability. k v

The initial reservoir pressure for the S reservoir in the B area is 11,700 psi at 13,200 ft
(4,023 m), which yields a pressure gradient of 0.88 psi/ft. The geothermal gradient is 2°F per
100 ft (30 m) with a temperature of 325°F at 13,200 ft (4, 023 m). Effective permeabilitres to gas
have been determined from many well tests and range from 0.01 to 1.0 md with a typical
permeability of about 0.05 md. Successive‘ tests in the same well exhibit a decreasing

permeability to gas as reservoir pressure decreases. The productivity of a typical well decreases
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to about 20 percent of its initial value by ‘abahdonment of a well. The typical abandonment

pressure for wells completed in .the B lease is about 3,600 psi.

Method

The EUR of a completion in the Vicksburg S reservoir was détermined from production
trend extrapolation to an ending rate of 100 Mcf/d. The cumulative oil-gas ratio and gas-water
ratio were used to calculate oil and water recovery for the projegtéd ultim‘ate gas production. A
best-fit exponential trend was projected from the final producing trend in a way that ﬁeglected
any apparent well failure. This method maximized thé calculation of EUR by giving credit for
remaining reserves for wells, or completions, that had been plugged because of an abrupt
decrease in production performance. The average Vicksburg S reservoir completion in the B
lease area has an initial peak rate of about 2,664 MMcf with an initial nearly harmonic decline
of about 58 percent per year. vThe average EUR is 2.774 Bcf per completion with a projected
life of 16 years and an endihg productive rate of 100 Mcf/d. (An ending rate of 100 Mcf/d is a
representative economic limit assumed for these deep complétions.) The maximum life ‘for one
well is evaluated at 27 years after an EUR of 6.781 Bcf. The performance and extrapolations for
recoveries of the wells are found in appendix D.

The estimate of near-well reservoir pressure at abandonment conditions of 100 Mcf/d was
made by extrapolation of reported well test and productivity data to a final working wellhead
pressure of 450 psi. The reported shut-in pfessures and pressure build-up data provided by the
operator were examined to determine the maximum apparent drained gas volume for each
Vicksburg S completion in the B area. A material balance calculation was performed for each of
the reported static pressures. Particular attention was given to the pressure build-up data and
the calculationA of the extrapolated static pressure (p*). The maximum drainage volume from
these calculations was then used to determine the abandonment pressure by material balance

at the cumulative recovery determined from the production rate decline extrapolations to the
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assumed economic limit of 100 Mcf/d. This pressure was used to define. the fractional recovery
caused by gas expansion drive at representative operating cohditions and accounting for the
volume of gas remaining at abandonment conditions.

The initial and final operating pressufes, combined with the petrophysical information
(see section above) allow the caléulation of the apparent drained area. The depletion
efficiency between the initial pressuré of 11,700 psi and the abandonment pressure of 3,600
psi is 55 percent. This means that only §S percent of the initial gas in place is recoverable
through a gas expansion drive mechanism. A high formation compressibility will increase this
efficiency for the same operating pressures.

The productivity index, J, of a completion was determined for each of the available well

tests and was calculated from the relationship:
q Mcf/d

J= Pphp® — Pwne®  psiZ . (10)
where
J = productivity index
q = = flow rate (Mcf/d)
Ppohp = bottom-hole static pressure (psi)
Pwnf = wellhead flowing pressure (psi)

From this relationship,b the value of J was determined at abandonment conditions of 100
Mcf/d and a wellhead flowing pressure of 450 psi. The average productivity of the evaluated
completions was found to decrease to about 20 percent of‘ the initial productivity. The
decreasing productivity probably results from decreasing relative permeability to gas and
decreasing fracture conductivity. |

The net hydrocarbon thicknessés for the completed sandstones were determined using a
porosity cutoff of 12 percent and a water saturation cutoff of 60 percent. The total
hydrocarbon thickness of the completed sandstones was also evaluated. These petrophysical
parameters were assumed constant in the drainage area of each well.

An apparent drainage area was used to evaluate the volumefric recovery performance of
each of the 11 completions. The production of condensate and water with the changes of pore

volume due to compaction effects were Incorporated into the calculation method. The
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condensate and water production figures were obtained from the records of the working
interest partners. The condensate productioh was converted to a gas equivalent and combined
with the gas production. A formation compré#sibility of 20 msip was selected as being
reasonable to demonstrate the effects of compaction on vOlumetric recovery because :the
Vicksburg reservoirs at McAllen Ranch are geopressured, having pressure gradients of 0.88
psi/ft. During depletion of the reservoir, the gas pore space is reduced by co‘mpaction from
overburden loading and expansion of the reservoir liquids. Reservoir pressure is reduced by the
production of gas and liquids, whgreas the rcompaction effects support the reservoir pressure.
The analysis of th‘e volumetric recovery performance must account for these processes
(methods and equations uged for recovery and drainage calculation are given in app. C). The gas
expansion and reduction in pore volunie caused by liquid expansion and by compaction equals
production when extemél influx is neglected. The fractional recovéry of gas caused solely by
gas expansion from 11,700 to 3,600 psi and af températures of 325°F can be shown to be about
5SS percent using the material balance presented in: appendix C. The fractional recovery of gas
between the Sanie pressures, but including a compaction effect of 20 msip, is calculated at about
69 percent from the same equa‘ltions’. These calculations assume that there is no change in
permeability to gas with respect to pressure and that an abandonment pressure of 3,600 psi can
be achieved by either drive mechanism. The comparison of drive mechanisms demonstrates the
degree that compaction can affect recovery of the sarﬁe pore volume between the same initial
ahd abandonment operating pressures. Between the same operating pressures, when
compaction is significant, the same g&s volume can be produced from a smaller reservoir pore

volume. Gas expansion alone requires a larger pore volume.

Results

Volumetric recovery performance calculations for Vicksburg S completions in the McAllen

Ranch B area suggest that the completions effectively drain a limited area. Extrapolated
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ultimate recoveries average less than would result strictly from gas expansion for an 80-acre
drainage area to an average drainage area pressure at abandonment of 3,600 psi. The average
drainage area is calculatéd to be about 49 acres if a porosity cuidff of 12 percent and a water-
saturation cutoff of 60 percent are used.

The drainage area of a well is the reservoir area in effective préssuré communication with
the completéd reservoir(s) in the well‘.' Any flow equation or reservoir simulator will predict
that, in the absence of barriers, a singie wéll will' ultimately drain‘frorh‘ unlimited areas of
reservoir and that ultimate recovery is nearly,independent of the well density employed.
Increased well density, or tighter spad,ng; will result ih only accelerated récovery of reserves.
The initial wells will behave With rate and pressure decline that are supported by the whole |
reservoir volume. The production from additional wells will change' the pressure and rate
decline from the oﬁginal wells in a manner that reﬂects the rgdistribution of the drainage
volumes. In a reservoir where flow barriers exisf, the production from additional wells in the
reservoir may not affect the rate and pressure trends of the older wells. This is dependent on
the ‘distribution of the barriers and the wells. When completions of additional wells result in a
calculation of additionali gas in place, from ’predictions‘based on the older wells, ﬂow barriers
exist on a scale that is significant with respect to the densit‘y of the wells across the reservoir. -

Recent step-out wells drilled in this area demonstrated that the S reservoir area is larger
than the p;eviously developed comple'ﬁony spacing and drainage areas. These new wells are 't‘he
B-17, B-18, and B-20 (see the section below on modeling the S4 reservoir). The conciusioﬁ of
limited drainage areas is spppoi_ted by pressure data obtained from these step-out wells during
drilling operations. The location of these wells, subséquently proved as commercial producers,
and relevant pressure data are shown on figures 22, 68, aﬁd 69. Negligible drawdown of the
initial reservoir pressure was measured in the new wells, which are at distanceé ’of about 2,000 ft
(610 m) from completions that had been producing for 12 years. The older offset wells are the
B-2, the B-4, and the B-lS.k These pressures were measured in the S; and S4 intervals, which are

the primary producing zo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>