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| DISCLAIMER
1

LEGAL NOTICE This report was prepared by the Bureau of Economic Geology as an account of

work sponsored by the Gas Research Institute (GRI). Neither GRI, members of GRI, nor any
person acting on behalf of either: ' '

a. Makes any warranty or representation, expressed or implied, with respect to the accuracy,
completeness, or usefulness of the informatioh contained in this report, o‘r that the use of
any apparatus, method, or process disclosed in this report may not infringe privately
owned rights; or ‘

b. Assumes any liability with respect to the use of, or for damages from the use of, any
information, apparatus, method, or process disclosed in this report. '
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The ‘objective of this report is to better enable natural gas producers to
develop additional natural gas resources in fields with conventional porosity

and permeability by describing and evaluating the effect of reservoir
heterogeneities in a mature gas field (Seeligson field) of the Oligocene middle

-Frio Formation in the Frio Fluvial/Deltaic Sandstone along the Vicksburg Fault

Zone (FR-4) play in South Texas.

A major goal of the Infield Natural Gas Reserve Growth Joint Venture project
is to assess the potential for increasing recoverable reserves of natural gas,
mainly in reservoirs with conventional porosity and permeability. These
reservoirs commonly contain incompletely drained compartments that are
defined primarily by depositional facies heterogeneity and secondarily by
structural heterogeneity and local variations in porosity and permeability. At
Seeligson field and in other fields in the FR-4 play, complex fluvial reservoirs
contain opportunities for identifying potentially undrained reservoir
compartments. Remaining natural gas in these compartments can be contacted
either by recompletion of old wells that have bypassed these compartments
or by infill welis that contact compartments not drained by current well
spacing. Exploration for compartments or bypassed gas zones in old fields can
be improved using detailed geologic studies that integrate engineering and
petrophysical methods.

This report summarizes the results of a 3-yr research program including results

from a project experiment site in fluvial reservoirs in Seeligson field. These

reservoirs consist of channel-fill and crevasse-splay sandstones, levee
siltstones, and floodplain siltstones and mudstones. Although Seeligson field
contains poorly contacted reservoir compartments, its potential for secondary
gas recovery in the middle Frio Formation is less than that of other fields in
the FR-4 play. Seeligson field contains well-connected fluvial sandstones that
have been effectively drained by relatively greater numbers of completions.
In contra!st, many other fields in the play (Stratton and Agua Dulce) contain
less intensively completed, isolated fluvial sandstones that represent
uncontacted reservoir compartments. Differences in fluvial reservoir
architecture and completion practices must be considered as an important part
of any infield exploration program for fields in the FR-4 play and in other gas

plays.




Technical
Approach

Bypassed gas zones were identified by reservoir-characterization methods and
state-of-the-art petrophysical techniques. The reserve-growth potential of
bypassed and untapped zones was evaluated using an advanced cased-hole
logging program. Pulsed-neutron, gamma-ray, and acoustic logs were recorded
in selected cased holes and interpreted using new techniques that
demonstrate their effectiveness in identifying gas-bearing zones. Five
successful recompletions were made in two zones (14B and 19B) that have
produced more than 1.4 Bcf of additional gas from poorly drained reservoir
compartments in approximately 18 mo. Poorly drained compartments in the
14B and 19B reservoirs occur in sandstones bounded by channel-on-channel
contacts where partial permeability barriers- are inferred to exist along
mudstone-intraclast zones.

Other reservoir zones at Seeligson field-are stratigraphically complex but were
initially developed as homogeneous reservoirs. For example, the Zone 15 and
19C reservoirs appear to be relatively continuous but have a high degree of
internal architectural complexity and contain a limited number of
compartments with uncontacted gas reserves. Anomalous bottom-hole
pressures occur in recompleted wells in Zone 1S that contact incompletely
drained channel-fill deposits. Although there appear to be few compartments
between closely spaced wells (200 to 1,000 ft [61 to 305 m]) in the Zone 15
reservoir, even between wells in different facies (for example, proximal splay
and channel fill), compartments may be recognizable at a larger scale (for
example, in channel-fill complexes that are separated from each other by
thousands of feet of mudstone-rich floodplain and distal-splay deposits).
Drainage in the Zone 15 reservoir has occurred between (1) small splay
compartments that are well connected to channel-fill compartments and
(2) along depositional axes of channel-fill complexes. However, well-separated
channel-fill. complexes should be targeted for recompletions or infill wells

.because these complexes have been poorly drained by wells in other channel-

fill complexes thousands of feet away, even though the distant completions
are at the same stratigraphic level.

The research integrated advanced geologic mapping, petrophysical
techniques, engineering analysis, and geophysical measurements to evaluate
controls of both interreservoir and intrareservoir heterogeneity on the
recovery of incremental gas. A total of ¢ight tasks were undertaken to meet
the major project objectives. Tasks (1) through (4) were undertaken in an
early phase of the research that was conducted as part of a GRI co-production
study, whereas tasks (5) through (8) were undertaken later as part of the
secondary-gas recovery project. These tasks were:

(1) To evaluate fields and reservoirs in the FR-4 play that have potential for
containing bypassed gas-bearing zones and uncontacted compartments. ‘

(2) To select a field in the play for study and to develop a cooperativé
relationship with the field operator to facilitate ‘data acquisition and to
formulate recompletion strategies.

(3) To provide a detailed geological characterization of selected gas reservoirs
in the field and to describe depositional and diagenetic controls on reservoir
geometry.
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(4) To identify potential reservoir compartments containing uncontacted or

~ bypassed 8as and to recommend these recompletion targets to the field

operator for evaluation with cased-hole logging.

(5) To use the results of cased- hole logging to evaluate reserve additions in

bypassed zones in the field

(6) To select a site in the field to conduct an experiment from which reservoir
heterogeneity could be inferred from pressure-communication tests.

(7) To characterize and contrast different scales of reservoir heterogeneity in

' the field from seismic, geologic, engineering, and petrographic data.

(8) To evaluate the gas- -reserve - growth potential of Seeligson field by
comparing and contrasting completion and production data in the field to
other fields in the FR-4 play.
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EXECUTIVE SUMMARY

The Lower-48 States contain approximately 800 Tcf of techniéally recoverable natural gas
resourcés in reservoirs witﬁ cdnventional porosiiy and permeaﬁility (Finley and others, 1988).
Many of these reservoirs'ﬁaife incompletely drained compartments that are definéd pri‘marily
by depoSitional facies heterogeneity and secondarily by structural hetetogeneity and local
variations in porosity and permeability. Additional natural gas in these compartments’can be
contécted and economically produced by recompleting old wells that have bypassed these
compartments or by infill .Wells that contact compartments undrained by cufrent well and com-
pletion spacing. Infield exp‘loration,in mature gas fields can be improved using a combination of
detailed geologi’c studies that integrate éngineering, petrophysics and reservoir geophysics. |

This report summarizes the results of a 3-yr research progranﬁ including results from a
pro]e'ct experimeﬁt site in fluvial gas reservoirs in Seeligson field, in the productive Frio
Fluvial/Deltaic Sahdstone.a‘long the Vicksburg Fault Zone play in Sbuth Texas. A gre’af potential'
for secondary recovery of éas resources exists in the South Texas Gulf Coa;t, where stratigraphi- |
cally com'plex Tertiary stréta ‘contain hundreds of lenticular sandstone r‘eservoirsv interbedded
with mudstone. Seeligson field produces gas from multiple, stacked fluvial Sandstones. The field
provides an excellent opportunity for studying heterogeneous fluvial reservoirs and for
inbtegrating geological reservoir characterization and cased-hole log-evaluaﬁon techriiques to
idenﬁfy poténtially bypassed-gas zones and poorly dfained reservoir compartments.

Bypassed-gaé 2oné$ ‘in Seeligson field were identifiéd with advanced reservoir-
characterization method; and state-of-the-art petrophysical techniques. Recompletion
opportunities exist in poorly drainédv compartments in channel-fill saﬁdstones that -are

bounded vertically by chahnel-on-c_hannel contacts, where potential permeability barriers are

ne-intraclast zones and laterally where lenticular belts of channel-fill

inferred along clay mudsto

| ' '
sandstones are separated from each other by thousands of feet of low-permeability floodplain

mudstone. Five successful recompletions were made in two reservoirs (Zones 14B and 19B) that



were identified as gas Saturated from cased-hole logs. ’l‘he »recompleted wells together produced
more than 1.4 Bcf of additional gas in approximately 18 mo. In addition,-anom’alously high
bottom-'hole pressures (928 to 1,111 psi,; 2 to 3 times as high as the fieldwide averagel were
observed in some reco,mpleted wells in the Zone 15 reservoir, which_' contains'incompletelyb
drained channel-fill deposits laterally separated by other channel-fill deposits by thousands of |
feet of floodplain mudstone. Two of these wells each produced approximately 1 Bcf after they
were recompleted The Zone 15 reservoir has been drained between (1) small splay
compartments that are well connected-to channel-fill compartments and (2) along depositional
axes of channel-fill complexes However, well-separated channel-fill complexes can be_
~successfully targeted for recompletions or infill wells because these complexes have been
poorly drained by wells in other channel- fill complexes thousands of feet away, even though’
the distant completions are at the same stratigraphic level
Seismic techmques for advanced reservoir characterization include three- dimenswnal
seiscrop maps that help resolve the shape and extent of reservoir compartments and allow
strategic positioning of develop_ment wells. Three-dimensional slices of reflection amplitude
and positive AVO response across gas horizons indicate that individual ch‘annel-fill deposits and
reservoir compartments in _Seeligson field are less laterally extensive than previously inferred
from net-sandstone ’and log-facies maps from well log data. Three-dimensional seismic maps in
Seeligson and other frelds should help better define reservoir compartments
Although Seeligson field contains poorly contacted reservoir compartments, rts potential
for secondary gas recovery in the middle Frio Formation is less than that of other fields in the
Frio fluvial-deltaic play.i Seeligson field contains well-connected fluvialhs‘andstones' that have
been effectively' drained by rela‘tively greater ‘numbe’rs of completions. In contrast, many other
fields ‘in the play (StrattOn andi Agua Dulce) contain less intensively cOmpleted, isvvolated fluvial ‘
sandstones thatk'represent uncontacted res_ervoir compartments. ’Differences in fluvial reservoir
' architecture and completion practices bmust be consideredb as an important part.of any infield

exploration program for fields in the Frio fluvial-deltaic play and in other gas plays.



OBJECTIVES

“This report summarizes three years of research of Frio gas reservoirs at Seeligson

field. The objectives iof this research were to identify recompletion targets in

hetetogeneousreservoirs in a maior gas play, the Frio,Fluvial/Deltaic Sandstone along

the Vicksburg Fault Zone (FR-4) play in South Texas, and characterize the potential for

contacting bypassed gas and poorly drained reservoir compartme_nts in these reservoirs.

Eight critical tasks were chosen to meet these objectives. Tasks (1) through (4) were

undertaken in an eariy' phase of’ the research (Jirik and others, 1989) that was

conducted as part of a Gas Research Institute (GRI) co-production study, whereas tasks

) through (8) were later undertaken as part'of a GRI secondarY-gas study. These tasks

were:

(1)

(2)

3

@

&)

(6)

To evaluate fields and reservoirs in the FR-4 play that have potential for

containing bypassed gas-bearing zones and uncontacted compartments

To select a field in the play “for study and to develop a cooperative

- relationship’ with the field operator to facilitate data acquisition and to

formulate recompletion strategies.

To 'provide a detailed geOIOgical characterization_:of selected gas reservoirs in
the fie_ld andi to describe ,depositional and diagenetic controls on reser‘voir
geometry. | |

To identify potential reservoir compartments containing uncontacted or
bypassed gas’ ‘and to recommend these recompletion targets to. the field
operator for evaluation using cased-hole logging.

To use the results of cased-hole logging to evaluate reserve additions in
bypassed zones in the field

To select a site in the field to conduct an experiment from which reservoir

heterogeneity‘could be inferred from pressure-commumcation tests.




(7) To characterize and ce"ntrast different scales of reservoir heterogeneity ‘in‘ the
field froin s?:ismie, geologic, engineering, ahd petrograﬁhic data. |
(8) To evaluate the gas-reserve growth potentiai of Seeligson :ﬁel_d.by éOmpa:ing ,
| and eoﬁtrasting eompletion and ptoductibn data ivr'l the field to other fiel_ds in

the FR-4 play.

INTRODUCTION

More than 200 gas fields in South Texas were evaluafed as potential study areas..v '
Seuth Texas leads the state in no_nassociated-ga’s‘ production, WHich is from multiple,
stacked, heterogeneous ﬂuvial' and‘deltaic Tertiary reservoirs in regional gtowth-fault
zones. Data fromy'the Reilroad Commission of Texas (RRC) and cemmercial sources were
- compiled to determine field lo_cetion and size, reservoir age; and cumulative production.

Seeligson field was selectedb because of itS geologic setting, straﬁg:aphie and stfuctural‘
fremewofk, production history, and availability of deta. The iniddlé. FrioeFormation in
Seeligson field was selected because it is highly produetive and possesses lithologic
heterb'geneity' sufficient to result in bypassed gas zones and unt’apped or ineompletely
drained reservoir corhpartments. The willingness ef Oryx Ener’gy Company uand_ Mobil"
Exploration afld PrOducing U.S., Inc., to participate in the cooperative program also
played an important part in the-selectioh. _ |
Seeligson field isb located in Jim Wells and Kleberg Cou‘nt‘iebs, South Texas, north of
the town of Premont (fig. i). The_A field encompasses ‘more than 40 mi2 (102 km‘z) and -
‘contains more thaﬁ 1,006 wells. Cumuletive :prodﬁctioh Htota»lls more than 2.5 ch of gas_
from 130 Frio ahd Vicksburg ﬂﬁvial and deltaic sandstbne reservoirs. This study focused
' primarily on unitized Erie reservoirs from an 8.5-mi;°' (22.0-km2) area in the field (figs. 1

and 2).



EXPLANATION

o . Well location
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'Figure 1. Location and extent of Seeligson field. Cross section A-A’ shown in fxgure 10. Modified
from Finley and others (1990)
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Figure 2. Center of Seeligson field, showing well numbers, cored wells, three dimensional
seismic grid, and map area of the 14B and 19B reservoirs in the east-central part of the field
(figs. 26, 27, and 47). Outline of Seeligson field shown in figure 1. Type log is figure 11
Modified from Jirik and others (1989)
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Secondary gas recov’ery from recompleti'ons in existing vvells or infield drilling in
mature tields can be an .effective, source of reserve a‘dditibns. ReserVe additions from old
fields benefit from investments already made in reservoir development and production
mfrastructure These 1ncremental-gas reserves exist in bypassed gas reservoirs or -
untapped and poorly drained compartments (fig. 3). Bypassed gas reservoirs have been
contacted by existing wells but have not been produced because they were considered
to be uneconomic or nonproductive on the basis of previous‘ log evaluation.
-Uncontacted reservoirs occur in zones of multiple gas reservoirs that have not been
' penetrated by existing wells. Poorly drained compartments occur in heterOgene'o’us.‘
reservoirs that are segmented by permeability barriers th_at_ _rfesult from boundaries
 between depositional facies, variations in diagenesis_, or com'plex structures.

Bypassed gas zones can be identified and developed by integrating advanced
 geologic ‘meth'ods and petrOphysical techniques. Since 1988, the Gas llesearch Institute
(GRI) has supported cooperative field research programs that develop and test methods :
that can improve ultimate recovery of gas from conven'tionalbreservoirs. 'l‘hese methods,
which include state-of-the-art logging tools and new techniques for interpretation, are
used to evalu'atebypas_sed gas-bearing zones either above orwithin producing intervals.

A great pot_ential for secondary recovery of bypassed-gas resources exists in the

south Texas Gulf Coast, where complex vTertiaryv strata contain hundreds of lenticular
sandstone reservoirs interbedded with mudstone. For example, ,an‘ additional 10 to
23 percent of postcycling gas-in-place can potentially be contacted through infiil drilling"
' and well re‘completion in vsome‘ mature Frio gas reservoirs .Oackson and‘ Ambrose, 1989)
~ in the FR-4 play (Kosters and .others, 1989) in South Texas (fig 4. A play is defined ‘as a |
set of reservoirs in a structural province that produce from srmilar depositional settings
(Kosters and others, 1989) Seeligson field is located in ther FR-4 play and produces gas
from multiple, stacked “ﬂuvial sandstones ‘The field provides an excellent opportunity
for studying heterogeneous fluvial reservoirs and for integrating geological reservoir

|
|
\
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Figure 3. Major types of reservoir compartments. From Levey (1991).
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characterization and cased-hole log-evaluation techniques to, identify potentially
bypassed gas zones and poorly drained reservoir compartments |

Oryx Energy Company (formerly Sun Exploration and Production Company), the
primary operator of unitized middle Frio reservoirs in Seeligson field, was systematically
evaluating recompletion opportunities in the late 1980"51 using pulsed-neutron logs in
temporarily abandoned wells. Studies fundedvby:GRI (irik and others, 1989; Finley and
others, >11990;'Jirik, 1990; Jirik and others, 1991), jointly undertak_en by the Bureau of
Economic GAeovlogy ’(BEG),‘ ResTech Houston, and, later, ReSearch & Engineering
Consultants, Inc. (REC), suggeSted addition_al‘ recompletion candidates to Oryx. _’i‘he
initial research effort of these studies.in late 1987 focused on an area encompassing
approximately 4 miz.(lo km2) in the east-central part of the field (figs. 1 and 2). Oryx
offered BEG and ResTech Houston'the Opportunity to recommend recompletion
k candidates, which, togetner with OryX's own evaiuations, resulted in five successful well
recompletions Total cumulative production in an 18- mo period ending in March 1990
- for the recompleted zones was more than 1.4 Bcf of gas. The recompletions were made -
in zones identified as containing bypassed‘ gas opportunities or in reservoir:
compartments in strUcturally\higher parts of the field. ResTech Houston estimated
reserves at 4.2 Bct for the five‘ recompleted wells from initial production data. Usin‘g the /
net value of the gas ($ 1.80/Mcf at 1990 pvrices) and dividing by the approkimate costs of
the project (3476,006), an undisCOunted rate of return on investment was»‘estimated to
be 10 to 1. A:more' conseryative estimate of 3 Bcf of reserves yielded a 4-to-1 rate of.

return (Jirik and others, 1991).
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- GEOLOGIC SETTING
Frio Fluvial/Del{aic Sandstone _a‘long the Vicksburg Fault Zone (FR-4) Play

- Seeligson ﬂéld is.IOCated in the prolific FR-4 play (KoSters and others, 1989), which
v extends from Nueces County to‘Stal;riand Hidalgo Counties in Sduth Texas (fig. 4) The
fields are ldc,ated on thé dofmithrown side of gfowth faults in th§ regionélly continuous
‘Vicks’burg fault zone. Thése faﬁlts thainly offset the Vicl‘<sbur‘g'Fc>'ry-m:—‘1tion but also -affect .
the overlying Frio 'Fdrmation.'-The FR-4 play is‘ the iargest bf vthe ‘onshore Texas Gulf
Coast ‘nonassgciated-g‘as} plays and had produced 11.8 T¢f of gas as of Jénﬁéry» 1, 1987, of
whiéh an unknown'amfou_nt' is recycled gas. The play is mature and has pfob[ably been

d.epleted by ,mor‘gbt‘héan ‘90‘. percent through. convef;tional production methods

' (Galloway andAOthers, 1982) Most discoveries were made between the 1-940’5 and early

1960’s. Most of the resérvoh_'s in the FR-4 pléy-prOduce n_onﬁséociated gas, as d6 inost of
the middle Fr_id reservo?i_rs at Seeligson field. Hdwever, some rese:voiis in the play have

| a thin oil rim; vd‘rive n;echaﬁlsms cémmonly are é cqmbi‘na.tion of gas-cap expansion,

solution gas, and water drive. |

'_l'he FR-4 pla y corréspprids to the downd_ip margin of the Gﬁe&dan fluvial ‘sy.stem, a

man'_r river sYstem tha‘t; occupied the“Rio Cran‘de Etﬁbayment during thé Cétah0ula—Frio‘
' (Oligocéne) depositionjal episode' (Galloway, 1977). Seeligson ﬁ.eld‘is .1o¢ated af the
downdip edge of the Gﬁeydan fluvial system, where it grades into the Norias delta
- system, (fig. 5). Nanz (i954) described the dipforiented,'lehticular Zone 19B reservoir at -
Seeligson field as"the délta-plain deposit of an Oligo‘céne"riVer, probably an'an.cestral'Rio
Grande. The Gueydan huviél System consists of cha'r‘mel-fillnand point-bar -sandston_‘es
'thvat weré ‘deposifed by m'ixed-load; sligﬁtly sinuous streéms having broad natural ievées
’(fig. 6).: The channel-fill deposits are flanked by thinn‘er,‘widespreédi crévasse-splaY

depdsits and floodplain mudstones and siltstones. Individual chémnél-fill sequences aré '
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Figure S. Frio depositibhal_systems in the Texas Gulf Coast. Middle and upper Frio sediments
were deposited in the Gueydan fluvial system, in which low-sinuosity, bed-load stream deposits

grade basinward into high-sinuosity, mixed-load stream deposits. Modified from Galloway and
. others (1982). ‘ o ‘ S ,
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Figure' 6. Three-dimensional facies relationships and characteristic SP log responses in middle
and upper Frio fluvial reservoirs in Seeligson field. Modified from Galloway (1977). '
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10to 30 ft 3to 9 ni) thick but are commonly stacked into composite-uniis as thick as
100 ff (30 m). Individual channel-fill deposits are approxlmately‘Z,SOO ft (762 m) wide,
but where they coalesce, their combined width is cbmmgnly more than 1 mi (1.6 km)‘
(Galldway, 1982). Splay deposits as much as 20 ft (6 m) thick proximal to channel-fill
deposits can extend laterally for more than 4,000 ft (1,220 m). |
:'Chan‘mel-fill and splay sandstones, the reservoir Afacies.,.ﬁave ’po'rosiﬁ'es averaging

=20 petcent'and. permeabilitieS ranging from 10’s to 100v’s of millidarcys. Floodplain
mudstones an\d silty levee deposits are both lateral and vertical barriers to gas.vﬂow.
Othéf vertical barriers occur between channel-fill sandstones where low-pefmeability
(1.0 to 0.01 md) mud-intraclast zones vexis’t at Chanhel-on-channel contacts. - | |

Both structufe and stratigraphy c.ontrol' prdductioh in the FR-4 play. Hydrocarbon |
trapS océur in broad rollover anticlines on 'the‘ dd‘wnthrow‘n side of the main Vicksbufg
'fgult. Middle‘ Frio reservoirs, which are internally compléx, ‘can .be ‘offset by minor,
subsidiary faults. Sandstones in these reservoirs éxhibif varying degrees of stratigraphic
complexity. Although eéch zoﬁe is generally less than 100 ft (30 in) thick, the majority
are_ compdsite intervals of several depositionally cohtrolled genetic units. Agg'regaté net-
sandstone thickness trends ai:e dominantly dip parallel, indicating fluvial environments
(Iirik ‘and others, 1989). |

Fluvial reservoirs in the FR-4 play are discor»)tbinuous and éom’monly coﬁ‘tain
| -internal permveability differences: that segment reservoirs into compartments that may
contain bypassed or 'compartmentalized gas resources. More than one-third of the‘
productioﬁ in the play may be from stratigraphic traps (GalloWay and othets, 1982).
bDetﬁiled three-d‘imensikonal' facies mapping, as part of an advanced tesefvoir
- Characterization program,'can provide a basis for designing infill wells and recompletions
"that target isolated, poorly ‘dlrained corhpartments_in thesvé ‘reservoirs (Ambrose and

‘Jackson, 1989; Jirik and others, 1989).
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Structural Framework

Seeligson field is bounded on the northwest by ‘a major growth. fault in the
northeast-trendrng Vicksburg fault zone (fig. 7). A subregional, two-dimensronal
reflection seismic profile (fig. 8) illustrates the position of the major Vicksburg g-rowth"
fault relative to.Seeligson field. In addition, stratigraphic control from a well with a zero-‘
offset VSP»(vertical sei‘smic,»profile). illustrates the relati’vely simple -structure associated
* with the Frio Formatidn compared'with that of the deeper Vicksburg Formation.

Minor synthetic and antithetic faults offset Vicksburg and Frio Strata in the field.'
Although upper Vicksburg and lower Frio strata are offset up to several hundred feet v
- middle Frio strata are offset by <100 ft (<30 m) The east downdip boundary of the field
is defined pri_marily by the limits of production because no significant bounding faults
segment the_ field into'a_ Well-definedblock. Most of'the gas is trapped in fluvial and
deltaic sandstones located over the crest of a broad, northeast-trending rollover
anticline assodated>With the growth fault. Structirral relief of reservoirs iscommonly
<400 ft (<120 m). Secondary structurally high areas occur along the northeast- trending - |
“crest of the primary rollover anticline,

Structure of upper Vicksburg and lower Frio Strata is cornplex and related to the
»maianicksburg grow«rth fault. ANortheast-trending faults th_a»t,offse't’these strata are
approximately parallel to the main segment of the regional Vicksburg growth fault.
Restoration of lower Frio throw across these faults indicates that fault movement'
' occurred before Frio deposition but that the faults were briefly reactivated after lower

Frio deposition.
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EXPLANATION
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- Figure 7. Structure map of Seeligson field, contoured on the Textularia mississippiensis (lower
“Frio) biozone. The principal growth fault offsets Vicksburg and Frio strata from 300 to 1,700 ft
(91 to 518 m) and forms the west boundary of the field. Cross sections E-E’, F-F’, and G-G’ are

located in figures 8, 21, and 9, respectively. Modified from Jirik and others (1989).
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Figure 8 . Structural seismic dip section E-E’ across Seeligson field with zero-offset VSP through ,
the Mobil No. 248 Seeligson well. Line of section shown in figure 7.

17



~ Stratigraphic Framework

At‘Seeligscn field, the Frio and upper Vicksburg Formations are informally divided
into four Stratigraphic units. In ascénding order, these stratigraphic.u'nits are: (1) upper
‘ Vicksburg Formation, (2) lower Frio Formatibn,\(3) rrliddle Frio Form'ation, and (4) uppér
Frio Form:ati_von.’ The upper Vicksburg and lower Frio Formati_ohs together cdmprise
~ nonunit reservoirs in Seeligson field, whereas unit reservoirs, operated by Oryx; occur in
~ the middle Frio Formation. ‘ |

Figure 9 (cross section G—G'):il»luvstratets ‘a vértical ‘slice.'through the thrée-
dimehsionai surface seismic grid vin north Seeligson field, located: in figure 7. The
intensity of faulting decreares in the ’shallbwerhorizo_ns on this cross section, especially
ascending from stratigraphic unit 2 to unit 3. | | |

The upper Vicksbrxrg Formation consists of thick progradational deltaic sandstone
deposits (Harr and Scott, 1981). Upper Vicksbrlrg s‘avndstonés are 50 to 150 ft (15 to
46 m) thick and occur as progradatiénal wedges ty;aically‘separated by 50- to 100-ft
(15- to k30-m) thick mudstones. Correlations in the structurally complex upper Vtcksburg '
Formation are difficult, and réservoir compartments in this lower section of the field are
mainly controlled by faults, as well as stratigraphic heterogen‘eity. _

The lower Frio 'F(I)rrrrationt is separated from the underlying upperV‘icks.burg
Formation by an angular qncohformity,‘ which is recognrzéd in dipmeter logs, tchanvges in '
resistivity and density-log rcspons,és, seiémic 'sections; and in electri\c'log correlations.
The lower Frio qumaticn,'which' contain,sblthe Textularia warreni bioaone, consists of
latera_lly continuous strandplain sandstones interbedded‘ with lower coastal-plain and
inncr-shelf mudstones. |

- The middle Fr.io Formation contains predbminantly fluvial "sandstones arld

floodplain mud'stones. Middle Frio sandstones at Se‘cligsorr field are typicai of those of
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grid in north Seeligson field. Line of section shown in figure 7.
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the Guefrdan flu‘vial syst,em.' Individual channel-fili déposits, which are flanked by
widespread cfevasse-s’play deposits, are apbroxiniately 35 to 50 ft (10 to 15 m) thick and
are approximately 2,500 ft (762‘ m) wide. ' _
Although the 'éontact with the upper and middle Frio Formation is gradatiohal,
locally it is erosional where channel-fill sandstones truncate middle Frio sttafa. The
upper Frio Formation contains laterally continuous strandplain sahdstones and lower
éoastal-plain mudstones, with isolated fluvial or thin back-barrier sandstones commonly
referred to as the Heterostegina-Marginulina san&stones. Upper Frio strata ‘cbnsi'st of
retrogradational shoreline sandstones that are overlain by shelf mudstones of the
Anahuac Shale, which was depdsited during a major transgression in the Gulf Coast

structural province.

Nonunit Reservoirs (Upper Vicksburg and Lower Frio Formations)

Nonunit reservoirs in Seeligson field, ope’ratéd by Mbbil, are in the upper
Vicksburg and lower Frio Formations and extend from below Frio 20C reservoirs .
(apptoximately A6,200 ft [1,890 m] deep) tov the base of the upper Vicksburg Formation
(8,000 to 10,000 ft [2,439 to 3,1049 m] deep (fig. 10). Thesé réservoirs vary in depth
becagse they are offset be hundreds of feet by faults. Nonunit reservoirs in the upper
Vicksburg Formation are continuous and occur in thick (50 to 150 ft [15 to 46 m])
progradational,b upward-coérsehing sandstones that afe 'sepatated by continuous
 mudstones thaf are 50 to 100 ft (15 to 30 m) thick. Lower Frio nonuﬁif resérvoirs are

continuous but only 10 to 50 ft (3 to 15 m) thick.

Unit Reservoirs (Middle Frio Formation)

Unit reservoirs in Seeligson field, operated primarily by Oryx, occur in the middle

Frio Formation and include Zones 7 through 20C (figs. 10 and 11). These reservoirs
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Figure 11. Type log (Magnolia No. 1-24 A. A. Seeligson) in Seeligsorr field, showing more than 20
middle Frio reservoirs in thin (typically <30-ft [<9-m] thick) fluvial reservoirs Log located in
figure 2. From Jirik and others (1989).
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range from approximat}ely 4,000 to 6,200 ft (1,2_20 to 1,890 m) in depth. Unit reservoirs
are typical of the Gues'dan Fluvial System'(Gall’oway, 1982). Dip-elongate channel-fill
and point-bar sandstones, cr'evasse-splay sandstones, and levee and overbank siltstones
and mudstones are characteristic lithofacies of Seeligson unit reservoirs (Jirik and others,
1989). Other unit reservoirs exhibit strike-elongate (northeast -trending) net-sandstone

patterns, suggesting local variation in the orientation of meanderbelt systems.

Fluvial Facies

Four.main facies (channel-fill, splay, levee, and ﬂoodplain) occur in middle Frio
reservoirs at Seeligson field as well as the nearby Stratton field, which is also in the FR-4
play (fig. 6). These facies are identified from cores, well-log interpretations, and net-

sandstone and 1og-facies maps (Jirik, 1990; Kerr, 1990; Kerr and Jirik, 1990).

Channel Fill

The channel-fill facies occurs mainly as dip-elongate belts of sandstone that
individually attain abma’xi'murn thickness of 20 to 30 ft (6 to 9 m) at Seeligson field.
These channel-fill belts are typically 2,000 to 2,500 ft (610 to 762 m) wide. Thalr«regs
(channel pathways), inferred from net-sandstone maps, were moderately sinuous.
- However, three-dimensional seiscrop maps suggest that channel'pathways were highly
sinuous. Channei-fill facies at Seeligson and Stratton fields are divided into three
subfacies (lower, middle, and upper). The overall succession of sedimentary structures
»and'textures frorn the lower to upper channel-fill subfacies is typical ofrmultitiere’d,
lateral-accretion bar deposits (Connolly and others, 1986). Lower channel-fill subfacies
consist of clay-clast conglomerates and crossbedded medium sandstones that have thin
mud layers draped on foreset strata (for example, fig. 12; 5,426 ft [1,654 m]). Middleg

~ channel fill subfacies contain plane-bedded and ripple-laminated fine sandstones (for
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example, fig. 12; 5,410 ft_[l,649 m]). The midd'le‘ channel fill also contains mud-draped,
low-angle surfaces that ‘tepresent lateral accrefion surfaces. Uppér channel-fill subfécies,
present' ih core from Strétton field, consist of structurele;s, fine sandstones and
I'nudston‘es having carbonate nodules, desiccation cracks, and root rhottling th_at indicates
soil-forming environments.

The channel-fill facies at Seeligson field is infe‘rred‘fromi’blocky or upward-fining
(upward-right deﬂeCtiOn) SP responses, consistent with ex_pécted upward increase in
clay cont‘ent in point-bar deposits (fig. 6). Howevér,‘concentration of mudéton'e
intraclasts at the base of the channel-fill facies may suppress the SP l’og‘response,
although the resistivity response is commonly not suppressed. The upper limit of
channel-ﬁli fﬁcies is interpreted to occur at the top of the broad shoulder developed in
the resistivity curve. |

Vértical changes in porosity énd permeability in the 'channel-fill facies are related
to variations in tekture and sedimentary structures. The intraclast-rich channel-lag
deposits have low poroSify and permeability values (5 to 20 percent and 0.01 to
10.0 md, respecﬁvely_). In contrast, the large-scale crossbedded, medium to fine
sandstones contain higher values (20 to 30 percent; 100 to SO0 md). Plane-bedded and
ripple-laminated, fine to very fine sandstones have 1arge variations in porosity and
pérméability vertically over a few feet (15 to 20 percent; 1 to 200 md). These data
indicate that flow barriers, controlled by small-scale lithologic heterdgeneities, may exist
in apparently continuous, homogeneous sahdstbn'es as .inferred from conventional ’_

wireline logs.
- Splay
- At Seeligson field, $play facies flank the channel-fill facies, where they are as much

as 20 ft (6 m) thick. They pinch out over a distance of thousands of feet, to as much as
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2 mi (3.2‘km)'away from the inferred crevasse break. The splay facies consists of several
sandstone beds that collectively represent multiple flood events from a single crevasse
or merging of splay complexes from different crevasse breaks. Net-sandstone thickness
ﬁatterns of the splay‘ facies commonly have a fan vor lobate shape. However, because
most splay deposits ‘"oc'cur as complexes composed of the deposits of rhultiple flood ,
events, irregular net-Sandstone thicknesses also occur. 7 |

The splay facies consists of fine and very fine sandstone with medium-scale Cross-
stratification and parallel and ripple stratification (fig. 13). Some splay sandstones
contain root mottling and soft-sediment deformaﬁon caused by dewatering. These
structurés and presence of infiltrated mud and siltstone suggest deposition in standing
water (small lakes or ponds) in the interfluvial area. |

The log profile of the splay fé_cies ‘is typically ‘upward coarsening (upward-left
deflection on the SP curve), reflecting progradation of the splay lobe in the
iﬁterchannel area (fi’g. 6). Howéver, this pattern can be complex in splay deposits‘ that
consist 6f several éuperimposed lobes from different sources. Additionally, upward-fining
‘and blocky SP responses indicate splay-channel deposits proximal to the channel fill.

Porosity and permeability values in splay sandstones vary widely (5 to 30 percent;
0.1 to 500 md, respe&ivély) at Seeligson field (fig. 13), refletting the wide range of
hydraulic conditions of sandstones deposited from proximal- to distal-splay environ-
ments. The marked vcontrast in permeability suggests thaf flow barriers may exist -

between individual sandstone beds within a splay complex.

Levee

The levee facies consists of narrow wedges (<500 ft [<152 m] wide) that'flank
channel-fill facies (fig.- 6). Although levee deposits are locally thick where they are

adjacent to'channel-fill déposits, they pinch out over short distances (100 to 150 ft [30
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the Sun No. 16-125 A. A. Seeligson well at Seeligson field. Well located in figure 2. From Levey
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to 46 m]) (Kerr, 1990). Additionally, levee deposits may not occur along the entire
length of the channel system. The levee facies consists of interbedded sandstones and
mudstones that commonly contain low-angle iaminae, slump structures, root traces, and
paleosol fabrics. The SP response of the levee facies is subdued, baseline, or spiky.
However, the resistivity response is commonly spiky, which suggests thin sandstone
" beds interbedded with mudstone. Porosity and permeability data are unavailable for the
levee facies. However, this facies ptobably has low permeability and is therefore

inferred to be a poor conductor of fluids between reservoirs.

Floodplain

Floodplain facies occurs over wide areas and separates channel-fill and splay facies
both vertically and laterally (fig. 6). Vertical separation of floodplain and channel-fill
and/or splay facies ranges from less than S ft (1.5 m) to as much as 200 ft (61 ft). Lateral
extent of the floodplain fa_cies is also highly variable, depending on the extent of
channel migration.

The floodplain facies at Seeligson field consists of mudstones. (siltstones, claystones)
and silty sandstones (fig. 13). These rocks vary in color and are green, red, purple, or
variegated. Variations in the value and chroma of red and green hues indicate
differences in the oxidation state of iron-oxide and hydrous-iron-oxide minerals and, to
a lesser extent, differences in organic carbon content. The fine sediménts of the
floodplain facies are structureless or poorly‘lamihated; ripple lamination is uncommon
but present in some siltstone beds. Sediment-filled root molds and carbonized root
filaments with reduction halos are also present. Vertisol-type paleosols contain several
pedogenic fabrics in the mottled intervals of the floodplain mudstone facies.
Slickensides, which are clearly unrelated to coring processes, are presenf in the

claystones. Carbonate nodules and ped structures are also common.
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The floodplain facies is identified by a baseline SP response on the basis of inferred

high clay content. Acéurate porosity' and permeabilbity ‘data are unavailable for this
facies; Like the levee facies, the floodplain mudstone facies probably has low

permeability and is also inferred to be a poor conductor of fluids between reservoirs.

Subsurface Mapping of Fluvial Deposits

A detailed stratigraphic analysis of each selected reservoir was made to define
discrete stratigraphic intervals composed of geneticallybrelated facies and to infer the
existence of potential lateral or vertical reservoir compartments. Cross sections and
detailed correlations of sandstones and teéistivity and conductivity markers in shales
were made to establish the stratigraphic framework of the reselrvoi‘rs. Amalgamated
' sandstone bodies were subdivided into discrete genetic units (facies deposited
approximately contemporaneously) through detailbed correlation of SP and resistivity
curves. |

The lateral and vertical exfents of sandstone bodies were inferred from net-
sandstone thickness maps and cross sections constructed with closely spaced wells
(<3,000 ft [<915 m] apart). Net-sandstone thickness was inferred by measuring.thickness
of SP deflections along a vertical line drawn at one-third the 'dis{an‘ce from the Shale
baseline to the line of maximﬁm (negative) deﬂection. The extent of sandstone bodies »
was determinéd from cross sections in the oil-pfoducing parts of the field, where well
spacihgs are 500 to 1;000 ft (152 to 305 m) and extrapolated to the more sparsely drilled
gas cap. Depositional eﬁvironments and facies associaiions were inferred from cére

. descriptions and compai'ison of net—san‘dstone and log-facies maps.‘
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" RESERVOIR INVESTIGATIONS
Reservoir Nomenclature

At Seeligson field, the nomenclature of gas-produéti‘v'e horizons in the middle Frib
Formation fs é 'numerical system in whfch reser.voii"s are grouped into zones numbered
from 7 through 20 in a descénding stratigrap.hic order (fig. 10). Individual reservqirs in
these zones, which are commonly identified with an alphabetic subscript (for example,s
Zone 19C), are defined by vertical lengths of perforations and are the basic interval in
which production i§ reported to regulatory agencies. Each indiVidual reservoir méy
contain multiple sandstone beds that represent discrete genetic units corresponding to
v depositional facies (fdr exémple, Zone 19C lower, middle, and upbér). Reéompletion :
targets and heterbg’eneity in Seeligson reservoirs are identified and discussed at the
»level of genétic depositional units that are illustrated by nét-Sandstone, log-facies, and
three-dimensional seiscrop maps. ‘

The data base consisted of approximateiy 250 well logs in the center of the field
(fig. 2). Additional data, provided by Oryx, included modém log suites (sonic, neutron
density, thermal decay time [TDT]), repeat-forinatiqn test data, and bottom-hole
pressure (BHP) data for selected w_élls. Well-history s'ummat‘ies Were used for more‘ than
. 100 wells.. Approximately 270 ft (82 m) of wholé core from two wells (Sun No. 16-125
Seeligson and Sun No. 141 P. ’Canales, located. in fig. 2) was used to perform
petrophysical ‘andbpetrographic analyses, ‘to characterize facies; and to,calibrdte log
responses. Numerous >mineralogical ahd coré analyses provided pOrosity and
permeability informatipn; Mobil Exploration and vProd'ucing U.S;, Inc. (Mobil), providéd
similar data for nonunitized loWer Frio ahd ﬁppét Vicksburg wells. Open- and bcvased-hole
log data in two wells (Mobil Nd. 247 and No. 248 A. A. 'Seeli'gsdn,' located in fig. 2) were °

used to evaluate additional uncontacted gas in lower Frio and upper Vicksburg reservoirs.
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Vertical-seismic-profile and three-dimensional surface seismic data were analyzed to
further determine the areal extent and continuity of middle Frio reservoir sandstones
and to identify any overprint of Vicksburg structural features on the relatively

B

structurally simple middle Frio reservoir section.

Zone 19C Reservoir

The ane 19C reservoir occurs at depths ranging fromv5,600 to 5,900 ft (1,680 to
' 1,7770 m) at Seeligson field. Zone 19C is a complex, amalgamated reservoir that contains
three major genetic units (upper, xhiddle, and lower ([fig. 14]).‘The Zone 19C reservoir
was chosen for stddy because vertical seismic profiles and variations in ptessure data
from wells were initially thought to indicate changes in net-ﬁandstone thickness over

short distances between wells.

Depositional Environments

The lowér and middle 19C genetic 'ﬂu_n'its are each composéd of single-channel
systems. The l‘ower Zone 19C genetic unit is ébmposed of two dip-oriented channel-fill
deposits approximately 20 ft (6 m) thick and less thanr 2,000 ft (610 m) wide, flanked by
widespread c’revassé—spléy deposits (fig. 15). The middle Zone 19C genetic unit contains
dip-briented channel-fill séndstones ‘approximately 20 ft (6 m) thick. Width of ‘these
channel-ﬁll deposits varies little from 2,000 ft (610 m). Areas of truncation bf overlying
channel-fiil sandstones occur loCally in the field (fig. 16).

The upper Zone 19C genetic unit is combosed of three superimposed channel-fill
systems that were map;[)ed- as one undivided body (Jirik and others,i 1991). Depositional -
axes in the upper Zone? 19C genetic unit are defined by two straight to slightly sinuous
northeast-trending belt§ of more than 20 ft (6 m) of net éandstone that vary in width

- from 1,500 to 4,000 ft (457 to 1,220‘ m) (fig. 17). Locally, these depositional axes contain
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Figure 14. Stratigraphic cross section in the Zone 19C reservoir in north Seeligson field. Zone
19C is a composite of three genetic sandstones, each <20 ft (<6 m) thick. Wells in cross section
located in figure 2. :
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Figure 15. SP log-faéies map of the lower Zone 19C genetic unit -in north-central Seeligson field.
Two narrow channel-fill deposits flanked by crevasse-splay deposits compose this genetic unit.
Modified from Jirik (1990).
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Modified from Jirik (1990).
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»Figure 17. Net-sandstone thickness map of the upper Zone 19C genetic unit in north-central
Seeligson field. Two northeast-trending depositional axes, defined by more than 20 ft (6 m) of
net sandstone, occur in this part of the field Three-dimensional seismic map shown in figure
19. Modiﬁed from Jirik (1990).
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more than 40 ft (12 m) df net sandsforfe. The northeast-trending belts of sandstone
reflect a locally océurring, strike-oriented section of a meanderbelt containing accretion-
bar complexes flanked by»crevasse-splayand floodplain deposits (fig. 18). |
A thrée_-dimensional seismic map of the upper ‘Zone 19C genetic unit (fig. 19)
suggests that individual channel-fill deposits in Seeligson field are less extensive léte:ally ‘
. than previously inferi'ed, from net-sandstone and log-fades,m‘aps from well log data
(figs. 17 and 18). The conventional net-sandstone and log-facies maps indicate that
chahnel-ﬂll deposits in the field occur in straight to slightly sinuous belts that are
1,500 to 4,000 ft (457 to 1,220 m) w»idé (Jirik, 1990), whereas the»fhree-dim’ensional
-~ seismic map indicates hig‘hly sinuous channel-fill sandstones that were deposited in
meanderbelt systems with an average waveléngth of approximately 2,700 ft (823 m) and
widths ranging from only 500 to 1,000 ft (152 to 30S m). Comparisons between thé
three-dimensional seismic and the net-sandstone and lobg~facies maps suggeét that
reservoir compartments .may be smaller than previously ‘inferred and therefore poorly
contactéd at present well spacing. | |
| The potential'impactv in utilizing three-dimensional ‘seismic data in a fluvial
~ reservoir is illustrated by the calculated difference in channel sinuosity between
inferred geology using well control and seismic-defined topology from 'three-dimensi‘onal
imaging. Using net-sandstone thickness to define the‘ thalweg position‘ on the basis of
well control indicates the channel sihﬁosity in the upper Zone 1§C genetic unit to be
apprbximateiy 1.1 (fig. 19a). In contrast, the three-dimén_sional reflection amplitude
anomaly indicates that the probable chénnél sinuosity is significantiy higher and
approaches 1.9 (fig. 19b). In the simplest case, édvance ‘knvov(/ledge of Sinuosity and of} ‘
the _thickést reservoir ;reas would allow stratégic posi‘t‘ioning 6f development Wélls in
the reservoir. In field redevelopment the impact might be greatest in screening which
wells have the_'greatest access to laferally extensive reservoirs or might be potentially

separated from other reservoir compartments in the same reservoir.
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Figure 18. SP log-facies map of the upper Zone 19C genetic unit in north-central Seeligson field.
- Three-dimensional seismic map shown in figure 19. Cross section D-D’ shown in figure 28.
Modified from Jirik (1990). '
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Figure 20 shows a seiscrop map of the amplitude versus offset (AVO) near the level
of the Zone 19C reserx;oir. Coinparison With figure 19 illustrates a closé correspondence
of both reflection amblitude and the positive AVO fesponse. Strong coherence of the
relative position of seismic anomalies between these two types of iinages suggests that
both seismic reflection amplitude and saturation res'pc'mse may be affected by sitﬁilar or
related factors. Both images show a similar topology that Strongly suggests a sinuous

- pattern typical of a fluvial depositi‘onal system. ‘

- Figure 21 illustrates two offset VSP images in the nonunit reservoirs in the middle
Frio Formation. A high intensity 6f interwell variability is inferred frdm the rapid and
- strong thanges in waveforrh character‘away from the 247 well. Répid lateral changes are
commonly associated with fluvial deposvi'tio‘nal systems'whefe highly sinuous chahnel :

patterns dominate.

Potential for Reservoir Compartments

The gas cap in the Zone 19C reservoir has expanded'significéntly because it was
used for recycling and pressure maintenance of an oil an. According to operator
records, the cumulative gas prvovductio.n»from 12 wells iﬁ the gas cap was 40 Bcf, and the
cumulative injection volumé was 47.4 Bcf. The negative net production is explained by
the eXpansion of the gas cap and gas productio_h from wells in the 611 rim. Since 1974,
cumulative gés prbduced was 19.6 Bcf, with 7.9 Bcf as injected gas. The origihalbreservoir
pressure was 2,789 psi, and in 1991 it had declineq to about 200 psi.

The gas-recyclfng profecf for thé Zone 19C reservoir used two wells for injection
until 1977, when the reservoir pressure in the gas cap was about 1,25'0 psi. Gas
withdrawalsb were modest from 1977 until 1984, when workovers and reéompletions in

~ the Zone 19C reservoir resulted in a significant increase in producing rate (fig. 22a
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Figure 20. Topology of positive AVO response near the level of the Zone 19C reservoir,

Location of three-dimensional seismic grid shown in figure 2.

40



2-way travel time (s)

F F'
SsSw NW
Mobil No. 247 -
= -
I > (<X
(
&
1.2
T
1.3 b} ) :
~ ﬁz
1.4 - ¢l
1.5
1.6 <
T T T | B | |
# 1000 500 100 100 500 1000 ft
. . QAIB766

Figure 21. VSP images extending away from the Mobil No. 247 Seeligson well on cross
section F-F’. Variable waveform character indicates a high probability of stratigraphic variation
away from the well bore. Locations of VSP profiles shown in figure 7. - '
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Figure 22. Production data for wells in the Zone 19C reservoir in Tract 1 in north Seéhgson
field. (a) Semilog plot of daily producmg rate versus time. (b) Daily producing rate with
cumulative production. v
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- and b). This increase iﬂ rate sugg‘ested that incompletely d‘rained reservoir
compartments with relgtively high pressure existed in the Zone 19C reservoir. |
The Zone 19C reservoir was selected “for studyvbec'ause of five wells (1-41, 1-85,
1-86, 1-89, and 1-171 [fig.' 18]) at close proximity for interference tes'ting and borehole
seismic tomography. It was hoped that transient well tests would compliment the
geophysical data acquisition. The concepts to be examined in this reservoir were
potential splay-channelibarriers and ve'rtiéal heterog}eneity' of channvel sandstones.
Production frem completioné located in the north part of the field (fig. 23) wére
evaluated for evidence‘of reservoir ,compartments. The monthly production data were
from 1974, when monthly records started, to 1990. The trend of» the pressure data
indicates that average reservoir pressure was about 1,450 psi in 1974 and had declined
to about 200 psi by 1991 (fig. 24a and b). The cumulative production since recycling
operations ceased in 1977 for these completions was about 11.7 Bcf 'thrOugh 1990. A
plot of pressure versus composite cumuiative indicates a sfraight-line trend, indicating a

volumetric depletion of the wells in a common reservoir without pressure support.

Pressure Data

The pressure data from the gas wells in figure 23 were averaged to obtain annual |
pressures and estéblish trends. The cumulatiife produetion from the completionsvv‘vere
added to give a composite cumulative prod}uction‘. The historical pressure data for the
wells consists of shut-in wellhead pressures converted to bottom-hole pressures. Many
of these reported’ data appear to be unreliable. The average annual pressﬁre data sipce
1974 plot as a staight-line trend with cumulative production 'v(fig. z4a and b). Any
_ reserve growth frdrh th% completion additions made later would have caused a flattening

of the trend. Thereforé, the pressure data probably db not suggest reservoir compart-

- ments or reserve growth for the Zone 19C reservoir.
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Figure 23. Location of wells completed in the Zone 19C reservoir in Tract 1 in north Seeligson
field. Wells 1-78, 1-86, and 1-89 located in figure 2. :
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Rate Data
The historical production data from the gas wells are plotted from 1974 through

1990 in figure 22. The sharp drop in producingvrate at the end of 1976 follows the end
of injection and the simultaneous abandonment of two pr_imary producing wells in the
reservoir. The increase in producing raté after 1984 is the result of completions and
workovers. The production plots for these wells suggest reserve growth had occurred.
However, the preséﬁre data and the composite pressure versus cumulative production
indfcate that significant reserve growth did not result from these additional completions |
in the reservoir. The observed rate increase after 1984 is probably the result of repairing

damaged wells and increasing the producing well count.

Well Test

The objectiires of well testing in middle Frio reservoirs were to describe potential
heterogeneity between cha‘nnel-fill and splay facies and to v‘quantify reservoir
performance characteristics in these facies. Five wells, shown in figure 18, were
identified for inclusioh in a test plan, which would have‘observ.ed pressure pulses from
two producing wells at three observation wells. Two of the wells, the 1-41 and 1-86, are
cutrently producing from the Zone 19C"reservoir. The other three wells were to be
recompleted in Zone 19C and tested. ffhe 1-89 well was importént because it was
completed in a proximal-splay deposit.

Two channel-fill completions (1-41 and 1-86 wells in fig. 25) in the Zone 19C
reservoir were tested by pressure buildup in November .1990. The 1-86 well was flowing
430 Mcf/d, with a bottom-hole flowing pressurev of 124 psia before shut-in. Calculations
from the pressure buildup dafa yield a permeability of 280 md for the 21 ft (6.4 m) of

net reservoir thickness. The extrapolated pressure was determined to be 182 psié at |
reservoir depth. The 1-41 well-was flowing 402 Méf/d, with a bottom-hole pressure of

151 psia before shut-in. A pevrmeability of 169 md was calculated from the buildup data
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Figure 25. Sttatigraphic cross section D-D’ in the undivided Zone 19C reservoir in north
Seeligson field. The wells in this cross section are in channel-fill deposits and in pressure
communication. Line of sectxon D-D’ shown in figure 18.
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using a net reservoir thickness of 26 ft (7.9 m) The extrapolated pressure ‘was
determined to be 205 psia at reservoir depth. The 27 psia difference between the wells
: is insignificant and is partly the result of extrapolating the pressure at gauge depth to
reservoir depth». The pressure recorders were placed at the bottom of the tubing, which
was 12_0 to 140 ft (36.6 to 42.7 m) ahove the perforation depths. The 1-89 well was
recompleted in ione 19C, and the reservoir pressure was measured using an electronic |
: gauge, ‘which was left on the bottom for 24 hr in May 1991. The static pressure of
Zone 19C was found to be a constant 216 psia at reservoir depth over the 24-hr test
period. The 1-171 well was tested for the purpose of a central pressure-observation well
an interference test plan. The bottom-hole pressure was 525 'psia_ and ri‘sing. This
pressure was concluded to be the result of communication with 'another zone through a
,channel behind pipe. ,Thatb'well was found unsuitable for well tests and evaluation of
the Zone 19C reservoir. A completion was also made in the 1-85 well. Unf_brtunately, a
pressure leak ofthe casing liner in the well did not. allow a determination of the static
'reservoir pre‘ssureof Zone 19C in this well. |

The low reservoir pressure and mechanical p‘roblem’s of key wells prevented the
execution of the planned interference test for the Zone 19C reservdir However, the
splay facies sandstone in the 1-89 well had a pressure consistent with the static
pressures measured in the offsetting channel-fill compietions A review of the Zone 19C
production history of the 1-89 well shows that the well was an excellent producer
during the time_ of gas recycling. The gas injection well'was_ completed in a thick portion |
of the channel-fill facie's. ‘We infer. that (1) no effective channel-splay barrier isolates
the 1-89 from the main channel complex and (2) the splay sandstone has a permeability

comparable to that of the channel-fill facies.
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Results

The postiniedion pressure (P/Z) trend versus cumulative production plots as a
'straight line, indvicating that the completions and workovers did not develop
inérement'al reserves thét were trapped in incompletely drainedv compartments. The
productive capacity of the Splay completion in the 1-89 well suggests that proximal-
- splay facies have perméability and deliverability equal to or superior to that of channel-
fill facies éompletions. The large cumulatiire pr‘oduttion atfribﬁted to the 1-89 well -
indicates that it was ih excellent conimunication with the main channel complex.

Pressure m'easutements 'in the Zone ‘19C reservbit confirm a geologic hypothesis of
resérvéir communication between proximal-splay and channel-fill deposits ih this
reservoir. Proximal-ﬁplay and vchannel-fill‘ sandstones are commonly well connected
physically and confain similar rock properties (average grain size, mudstone content)
because they are deposited in similar high- to moderate-eriergy‘éettings and flow
regimes. Gas-prbducing wél‘ls in channel-fill deposits are therefore expected to produce
gas from nearby proximal-splay deposits. Future pressure-buildup studies in other fields
should be conducted in well pairs in distal-splay and channel-fill deposits, rather than in
well pairs in proximal-splay and channel-fill deposits. Unlike proximal-splay and
chaxinei;flll deposits, which are commonly well connected and separated by only
~ hundreds of feet, distal-splay and channel-fill deposits are commonly separated latefally
by tho’usandé of feet and »may containperme‘ability barriers where thin distal-splay

sandstones pinch out into floodplain mudstones.
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- Zone 19B Reservoir
Depositional Environments

The Zone 19B reservoir is composed of.three genetic units (lower, middle, and
upper) of which only the lower and middle units are herein described. The lower Zone
19B genetic unit is composed primarily of chénnel-fill sandstones that average 2,000 ft
(610 m) in width (fig. 26) (Jirik and others, 1991). Greatest net-sa'nds'tone thickness in
the ldwer Zone 19B genetic unit is only 12 ft (3.7 m), reflecting_truncatibri by the
overlying middle Zone 19B genetic unit. The lower Zone 19B genetic unit is completely
truncated in the northwest corner of the map area (fig. 26). _In contrast, the middle
Zdne 19B genetic unit contains channel-fill and crevasse-splay sandstones as thick as

27 ft (8.2 m) and thin levee deposits in the northeast. corner of the map area (fig.'27).

Potential for Reservoir Compartments -

. The Oryx No. 1-168 Seeligson Well, shown in figures 26 and .27,‘ was recompleted in
channel-fill sandstones in the lower Zone 19B genetic unit (figf 28) (Jirik and others,
1991). Open- and cased-hole water saturation values were similar, and indications of gas-
saturated sahdstones Were observed on ldgs (fig. 29). In addition, a successful
recompietion was made in channel-fill sandstonés from both the lowerv and middle Zone -
198 genetic units in thevO‘tyx' No. 1-35 Seeligson well (fig. 28 'and table 1). These
~ successful r'ecompl‘etionsv were frorﬁ reservoir compartmen{S bounded by chénnel-on-
channel contacts, where partial permeability barriers are inferred to exist along
mudstone-intraclast zones. The middlé and lower Zone 19B sandstones are in erosional
contact throughout most of the east-central part 6f the field, and therefor»ev may be

separated by partial permeability barriers.
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Figure 26 Net-sandstone thickness map of the lower Zone 19B genetic unit in east-central
Seeligson field. Area of map shown in figure 2. Cross section B-B’ shown in- figure 28. Modified
from Jirik and others (1991).
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Figure 27. Net-sandstone thiCknesS map of the middle Zone 19B genetic unit in east-central
Seeligson field. Area of map shown in figure 2. Cross section B-B’ shown in figure 28. Modified

from Jirik and others (1991).
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Table 1 Successful i'ecompletions in the Zone 14B and 19B reservoirs in
east-central Seqligson field. Modified from Jirik and others (1991).

| Cumulative gas to

March 1990 Current rate BHSIP
Well .Zone (Mcf) (Mcf/d) ~ (original)
1-94 14B 399,683 614 240
1-202 14B- 298,900 743 240
1-236 14B 403,607 903 240
1-35 19B 212,411 230 210
1-168 19B 96,855 230 ' 210
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Zone 18A Reservoir

Depositional Environments

The Zone 18A reservoir consists'bf a system of south- and southeast-trending
meanderbelt (channel-fill) deposits that are locally only 1,000 ft (305 m) wide (figs. 30
and 31). Thése chémhel-fill deposits, which are commonly flanked by crevasse-splay and
levee deposits, merge eastward info composite belts that are up to 3,500 ft (1,067 m)
wide. However, floodplain deposits are restricted to the southwest part of the map area
(fig. 31). The cre?asse;splay" deposits in the east are inferred to be eitherv compound
overbank deposits or erosional remnants of older deposits that héve been disseCtéd by
younger channelsﬁ The Zone 18A resérvoir exhibits gtea't variability in net-sandstone
thickness in the 3.4-mi2 (8.8-km2) area (fig. 30). The easterﬁ' area cohtains:thick,
‘multiple channel-fill sandstones, whéreas the west part éontains discrete, narrow -

meanderbelt deposits that are flanked by extensive, sand-poor levee deposits.

Potential for Reservoir Compartments

Cased_-hole logs were obtained from the Zone 18A reservoir in the Oryx No. 1-85
- Seeligson well, wh}ch is located é;ﬁproximately 5,000 ft (1,524 m) north of the
northwest cbrner of the map area (fig. 30). This well enéouﬁtered a 15-ft (4.5-m),
upward-co‘arsening sandstone interpreted to be in either a proximal-splay or a chaﬁnel-'
fill deposit by" northwestward projection of the sinuous belt of channel-fill deposits in’
the nortthst part of thevmap area (fig. 30). Thc cased-hole logs indicated a marginaily
gas productive sandsfone with high wafer saturatioh (60 percent), and the :e'servoir' was

therefore inferred to be nearly depleted in this well (app. 1).
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Zone 17 Reservoir
Depositional Environments

Zone 17 is a composite reservoir unit consisting of as many_ as five genetic
depositional units. Net-sandstone thickness of the undivided Zone 17 reservoir ranges
from 15 to S0 ft (4.5 to 15.2 m) ’(‘fig. 32). Zone 17 is a complex system of soutbheast-
trending, dip-elongate channel fill sandstones, inferred from blocky and upward-fining ,
SP log response, that vary in width from less than 500 ft (152 m) to more than 4,000 ft
- (1,220 m) (fig. 33). This variance probably reflects the composite nature of the |
resefvoir. Individual channel-fill sandstone deposits are inferred in the southwest part
of the map area, whereas several combined channel-fill sandstonie deposits occur in the

wide (4,000 ft [1,220 m]) belt in the east.

Potential for Reservoir Compartments

Because the Zone 17 consists of multiple sandstones rather than a single sandstone, |
this. reservoir nas potential for containing poorly contacted cornpartments.‘For example,
’crevasse-‘splay deposits in the Zone 17 reservoir.occur as scattered, -isolatedv pods of
upward-coarsening sandstone commonly less than 1,000 ft (305 m) across (fig. 33).
Crevasse-splay deposits in the Zone 1? reservoir have a limited areal extent, which
suggests that potential reservoir compartments in this facies may not have been fully
~contacted at current completion spacing. Cased-hole logs were obtained from the
‘Zone ‘17 reservoif in the Oryx No. 1-‘89 Seeligson well, located approximately 3,000 ft
(915 m) north of the northwest corner of the map area (fig 32). In this well the
Zone 17 reservoir consists of three genetic units (sandstones), with either upward-

' coarsening' or spiky SP log responses, each separated by up to 5 ft (1.5 m) of mudstone.
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Figure 32. Net-sandstone thickness map of the Zone 17 reservoir in east-central Seeligson field.

Cased-hole logs were run in well 1-89 northwest of the map area. Modified from Jirik and others
(1989). '
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Figure 33. SP log-facies map of the Zone 17 reservoir in east-central Seeligson field. Cased- hole
logs were run in well 1-89 northwest of the map area. Modified from Jirik and others (1989).
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The 1-89 well is inferred to occur in ctevasse-splay or levee deposits a‘djacent to a system
" of channelfill sandstones projected northwestward from the map area. Cased-hole logs
indicated residual gas, although the high water saturation (60 percent) suggested that

the reservoir is virtually depleted in the 1-89 weII‘ (app. 1).

Zone 15 Reservoir

At Seeligson 'field,’the Zone 15 ‘rese,rvoi'r occurs at depths ranging from 5,100 to
5,400 ft (1,530 tb‘ 1,620 m) and is divided into four maih genetic units (sandstones 15A
through 15D). Sandstbdes-ISB‘ and 15C, which are locally separated by a thin (1 to S ft |
[0.3 to 1.5 m]) shale bed (fig. 34), have the widest distribution in the center of the field.
The Zone 1S reservoir was the vfoc_us of a cooperative data-collection :_program‘ between
BEG and Oryx (Jirik and'others, 1989).- Wireline pfessure tests in a cooperative well (Sun
- No. 141 P. Canales, located in 'figs. 2, 35, and 36) jndica,ted higher pressure than

anticipated from this supposedly nearly depleted reservoir.

Depositional Environments

| Genetic}unit 15B consists of elongate dip-parallél belts of channel-fill sandstones
ranging from 2 to 20 ft (0.6 th 6 m) .in thickness. Two main south-trending depositional
axes in the east study area, vconsisting ‘of channel-fill and splay deposits, merge
soruthward into a wide (4,000 to 5,000 ft [1,220 to 1,524 dl]) sodtheéSt-trending belt of
sandstone (figs. 35 and 36). In contrast to overlying 15B sandstones, 15C channel-fill
sandstones are thin (maximum _thicknéss insr 10 to lS ft [3 to 4.5 m]) and distributed in
narrow bands 1,000 to 2,000 ft (305 to 610 m) wide (figs. 37 and 38). These sandstohes
pinch out wc;stward into mudstones. In addition, isolated areas of mudstone, possibly

representing abandoned channel-fill deposits, occur between depositional axes. |
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Figure 34. Fence diagram of the Zone 1§ reservoir in central Seeligson field. The reservoir has
been divided into four genetic sandstones, 15A through 15D. The 15B and 15C sandstones have
the widest distribution and are commonly vertically isolated by a thin mudstone. From Jirik and
others (1989). ’
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Figure 35. Net-sandstone thickness map of the Zone 15B genetic unit in north-central
Seeligson field. Major southeast-trending depositional axes occur in the east-central and
southwest parts of the area. Modified from Jirik (1990).
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Figure 36. SP log-facies map of the Zone 15B genetic unit in north-central Seeligson field. -
Modified from Jirik (1990). _ '
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Figure 37. Net-sandstone thickness map of the Zone 15C genetic unit in north-central
Seeligson field. Primary depositional axes, defined by more than 10 ft (3 m) of net sandstone,

occur throughout the area. However, sandstones pinch out in the west part of the area.
- Modified from Jirik (1990).
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Figure 38. SP log-facies map of the Zone 15C genetic unit in north-central Seeligson field.

Crevasse-splay deposits (upward-coarsening log response) are more widespread than in the -
Zone 15B genetic unit. Localized muddy areas may represent mudstone plugs in abandoned
channel-fill deposits. Cross section C-C’ shown in figure 45. Modified from Jirik (1990).
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-. Potential for Reservoir Compartments

Production data from completions located in Tréct 1 ifx north Seeligson field
'(fig, 39) were ‘evaluatedvfor evidence of reservoir compartments. These comvpletions
were made from 1966 through 1990. The cumulative production since productvion
deClihe began in 1974 fof Tract 1 Zone 15 completions was about 17.5 Bcf (fig. 40a). The
trend of the pressure data indicates the average resérvoir pressure was a_boﬁt. 1,200 psi
in 1974 and had decline‘d‘ to about 250 psi by 1990 (fig. 40b). The trend of ptessufe
versus‘ composite cum,ul_ative indicates a straight-line, which in tu.rn indicates a

volumetric depletion of the wells in a common reservoir without water-drive support.

Pressure Data

The ptessuré data for wells in the ‘riorth part of the field were averaged tovobtain.
annual pressures and ‘establish trends. The cumulative. productidn from all the
c‘ompletions'in the Zone 15 reservoir in the north area of the field were added fof a
composite cumulative production from that part o‘f the ‘resenlzoir. The historital pressure
data for the wélls consists of shut-in wellhead press’ures' converted to bottom-hole
préssures. Mény» of the fepdrted data appear to be unreliable. The average annual
pfessure data plot a staight-line trend since 1974’ (fig. 40a). Any reserve grthh from the
completion additions made since that time would have caused a flattening of the trend.
Therefore, reservoif cbmpartm.ents are not inferred in the channel-fill »complex

number 1 in the Zone 15 reservoir.

Rate Data

The histbrical production data from wells completed in-the Zone 15 reservoir in
the north study area are plotted on figure 41a and b. The increase in producihg rate

after 1987 is the result of completions made in the Zone 15 reservoir in wells 1-98_:,'
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~ Figure 39. Completions in the Zone 15 reservoir in Tract 1 in north Seeligson field.
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Figure 40. (a) Pressure versus cumulative production in wells in the Zone 15 reservoir shown in
figure 39. (b) Post-gas- recycling (1974 to present) pressure -decline plot for the undivided
Zone 15 reservoir.
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Figure 41. (a) Production rate versus time in Zone 15 wells in north Seeligson field. (b) Pressure
versus cumulative production in these wells. -
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1-100, and 1-225, located in figure 39. A detailed plot of production from these wells
since 1987 is shown in figure 42a. The production plots for these wells suggest the
possibility of reserve grthh; however, the préssure data from these wells and the
COmposife pressure versus cumulative production (fig. 40a and b) show that ho
significant reseri'e growth occurred as a result of these additional completions in the
reservoir. The production performance of a spiay completionvi-s shown by well 1-100 in
‘fig,ure 42a. The productidn-rate data from that well plot directly over the rate data from
the 1;242 well (a channel-fill facies completion). This limitedr one-well example
indicates that splay fades can have permeabi‘lity and prqductivity sifnilar to that of the
channel-fill facies.

Most wells ih the Zone 15 reservoir are inferred to be in pressure communication
(f_ig. 40). Wells with low BHP’s (300-600 psi) occur about 1 mi (1.6 km) from each other
in sandy chaﬁnel;fﬂl and channel-margin deposits in a major channel-fill complex
(number 1 in fig. 43). These wells (1»225, 1-114, and 1-163) have probably drained this
major channel-fill complex; well 1-225 has prodixced 35 Bcf of the total 57 Bcf that has
been produced from the Zone 15 reservoir in the southeast part of the field. Well 17-1
occurs in a proximal#splay deposit that is adjacent}to the major channel compvlex- and is
apparently in communication with the reservoir. In addition, wells 1-157, 1-47, and
1-160 (northwest corner of map in fig. 43) are m‘érginal to a narrow channel-fill depoSit
and exhibit low reservoir pressures, indicating that these wells are also in préssure

communication.

Well Tests |

Zone 15 was tested by wireline RFT measurements in the Mobil No. 248 Seeligson
well in June 1989, locat'ed in channel-fill complex number 1 (fig. 43). Thfee valid RFT
measurements Wére obt_ained in the 22-ft (6.7-m) sandstone interval to inve‘s'tigate'

vertical pressure differences of two channel-on-channel sandstones. Both the Zone 15B
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Figure 42. (a) Gas-produCtion rate versus time in Tract 1 wells (shown in fig. 39) in the Zone 15
reservoir in north Seeligson field. (b) Pressure versus time in the Oryx No. 1-100 well.
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Figure 43. SP log-facies map of the undivided Zone 15 reservoir in north-central Seeligson field.
Two major channel-fill complexes are separated by a tongue of floodplain mudstone. Higher-
than-expected reservoir pressures were encountered in some recompleted wells (shown in
fig. 46) in the southwest channel complex labelled number 2. Modified from Jirik (1990).
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and 15C genetic sandstones were tested sveparately, The 15C bgene-tic sandstone was
“measured to be at 346 psi, and the 15B genetic sandstone had an average pressure of
345 psi' (fig. 44). These data indicate that the two channel-fill' sandstones are in pfessure
communication at this well. The trend of the static bottom-hole pressure data in the
Zone 13 reservoir from the nearby completions indicates a;n, average of 353 psi in 1989
(fig. 405) and closely matches the results of the wirebline‘t‘ests in well 1-248. The
Zone 15 reservoir'compl_etions in the northern area (fig. 39) are-prdbably in effective
lateral and vertical pressure communication. | |
A pressure buildup test to evaluate lateral pressure variation in the Zone 15
reservoir was performed in November 1990 in the Oryx NQ. 1-100 Seeligson Weli. This
well was tested because it was interpreted to occur in an(incompletely drained proximal-
splay deposit adjacent to a chénnelffill deposit (Jirik and others, 1989), a completion
made aftef a previous st;idy of the Zone 15 reservoir (Jirik and others, 1989) (fig. 45).
The well test w.ag made to evaluate whether there was pressure discontinuity bet;veen
the proximal-splay and channel-fill facies and whéther thésé two facies have
differences in permeability. The 1-100 well was vsucce'ssfully cdmpieted in the reservoir
in December 1988, but it could not be determined from the existing data whether the
reserves were incremental or Were due tb accclerated résérvoir decline.

The 1-100 well wés flowing at 726 Mcf/d with a flowing bottom-hole pressure of

188 psi at the time of shut-in. The well was shut in for 21 hr using a downholé shut-in
tool, io minimize Wellbdr_e-storage effects, and the pressure data were obtained using a'.
high-resolution electronic gauge. The radius of iﬁvestigation of the' test was 674 ft
(205 m). The average permeabilify was fqund to be 184 md for the 18 ft (5.5 m) of net-
sandstone thickness. This »perm-eability is comparable to the channel-fill facies
| completions tested in Zone 19C. The Horner-plot extrapolated. pressure was 24S psia.
Although there was an indication of barrier effects in the plot of the pressure buildup

data by a change in slope, the reservoir pressure was found to be similar to that in the
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Figure 44. Interval with wireline RFT measurements in the undivided Zone 1S5 reservoir in the
Mobil No. 248 A. A. Seeligson well, located in figures 2 and 43.
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Figure 45. Cross section C-C’ in the Zone 1S5 reservoir. Pressure tests in the 1-100 well' located
in a proximal-splay deposit, suggest that this well is in pressure communication with the
channel-fill deposit in the 1-225 well. Line of section shown in figure 38.
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surrounding wells in the v.Zone 15 resérvoir. The,boun'da'ry observed in‘the pressure
buildup data may be the sandstone pinchout westwardito. rhudstones between wellsv
1-100 and .1-203, orvth‘e channel-splay boundary betWeen wells 1-100 and 1-225 as
shown in figure 45. In either case, the boundary observed in the well test from well
1-100 is not an effective pressure barrier.‘The static reservoir pressure was on-tiend with
the regression fit of the average static pressure for completions in this part of the field. |

The results of the pressure tests suggest that no effectivé permeability barriers exist
between proximal-splay sandstone in the 1-100 well and channel-fill sandstone in the
1-225 well (fig. 45). The lack of flow barriers bétweenvthese two facies is expected
because proximal-splay and channel-fill sandstones (1) are commonly closely spaced and
connected and (2) have similar rock properties (ave;age grain size ':md»mudstone
content) because they are deposited in similar energy settings and flow-reginﬂe
conditions. However, permeability barriers may v’ exist over'»comparatively longer
distances between channel-fill and distal-splay facies (1-225 to 1-203 wells in fig. 45).
Across the trahsition from channel-fill to proximal-splay to distal-splay, the thickness of
resefvoir-qua‘lity sandstone ‘con‘xrn.Onlyb decreases and sandstonés are interbedded with
low-permeability mudst‘o'nes’ where the edge of the distal-splay deposit pinches out intd :
floodplain inuds'tone. '

Although,m'ost wells in the Zone 15 re_servoif are in pressure communication,
especially where closely spaced wells ére in proximal-splay aﬁd char_melv-fill deposits
respectively, there are examples of incvompletve'ly drained reservoir compartments in
channel-fill complexes that are laterally separate'd f;om other channel-fill complexes in
_the_ fieid. Bottom-hole pressures (1,100 to 1,200 psi) in the fecentfy completed
Sun 16-97, 16-124A, 42-67, and 141 Canales wells are anomalously hiAghb(fig. 46). These
~ wells are located in channel;fill complex number 2 (fig. 43). A bélt of mostly floodplain
’ mudstone, averaging 2,000 'ftv (610 m) in width, sebarates thesé high4pressure wells in

'channel-fill complex number 2 from ldw-pressurev wells in channel-fill, complex
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Figure 46. Bottom-hole pressure versus time for 11 wells that have produced from the Zone 15
reservoir at Seeligson field. Data from Oryx. Wells shown in figure 43. Modified from Jirik and
others (1989). ‘
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number 1 (fig. ‘4‘3)..Three of the wells (16-97, 16-124A, and 141 Canales) are ‘located in
channel-fill complex numbe: 2, whereas a fourth well (42-67) is located in a separate
channel-fill complex approximately 2,000 ft (610 m) southeastward (fig. 43). Two of the
wells (16-97‘ and 1124A) have produced 1.02 Bcf and 0.92 Bcf, tespedively, since théy
were recompleted in 1987. The 16-97 well had an initial bottom-hole préssure" of 1,111
psi, whereas the 16-124A well had a bottom-hole pressure of 928 psi. The average
presSure of :the completions in channel-fill complex humbet 1 in the north part of the
study area (fig. 43) was about 430 psi at the time of thesé completions. The distance
between the recompleted wells in the southern aréa and the more depleted ‘wells to
the north is between 1 and 2 mi (1.6 and 3.2 km). The prbduction results from these
completions show that ‘succesvsful reserve growth occurred by developing an
incompletely d;ained reservdir compartment. The incompletely draihed reservoir
compartments found by these completions in the southern area suggests that the
horthém and southern channel-fill complexes are effectively separated by muddy levee

" and floodplain deposits shown in figure 43.

Results

It was concluded that the proxinieil-splay bc'ompleti‘ori in thé 1-100 well has
permeability and productionbharacteristics that are similar to thé channel-fill fécies
completionv'in the 1-225 Well} (fig. 45). Therev appéar to be few reservoir compartménts
‘betwe'en'closely spaced wells'(ZOO to 1,000 ft [61 to 305 m]) in the Zone 135 reservoir, .
even between wells in different facies (for example, proximal splay and channel fill).l
Hdwever, reservoir compartments in Zone 15 may l;e recoghizable at a larger scale (for
example, in channel-fill complexés that are separated from each other by thousands of
feet of mudstoné-rich floodplain and distal-splay deposits). The examples from the
Zone 135 reservoir suggesf that reservoir drainage has occurred betweé‘n (1) small spléy'
compartrﬁenfs that are well connécfed to ;hannel-ﬁll compartvments and (2) along
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depositional axes of channel-fill complexes. However, well-separated channel-fill
complexes should be targeted for recompletions or infill wells because these 'complexves
have been pobrly drained by wells in other channel-fill complexes thousands of feet

away, even though the distant conipletion’s are at the same stratigraphic level.

Zone 14B Reservoir

The Zone 14B reservoir occurs at'd‘epths ranging from 4,960 to 5,150 ft (1,488 to
1,545 m) in a 4-mi2-(10-km2) area (fig. 2) in eastern Seeligson field and,consists of three
genetic units (lower, middle, and uppér). Only the middle and upper genetic units are

described because the lower genetic unit contains no reservoir facies in the east.

Depositional Environments

The middle genetic unit iﬁ the ane 14B reservoir i$ composed primérily of
“channel-fill deposit‘svthat are flanked by levee and splay deposits. An east-trending belt
of channel-fili deposits with more than 10 ft (3 m) of nef sandstone is approximately
2,000 ft (610 m) »wide (fig. 47). Splay sandstones range fr‘om. Sto 18 ft (1.5 to 5 m) in
thickness. | ' |
'I‘he upper genetic unit,"which is composed almost entirely of channel-fiil vdepos'its,
directly overlies the middle unit throughouf most of the area. Alfhough the two genetic -
units are separated by shales that are too thin ’to vertically isolate the genetic units, sites
where sandstones of the middle unit are truncated by chahnel-fill deposits of the upper
unit may contain permeability barriers at zones of mud intraclasts at basal scour surfaces.
Other permeability b‘arriet's at lateral piﬁch-outs of channel-fill and Splay deposits into

floodplain mudstones may also occur in the middle genetic unit.
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~ Potential for Reservoir Compartments

In tﬁe Zone 14B reservoi‘r,‘ cased-hole water séturatibn is not significantly higher
than open-hdlé‘water saturation, which «,:,i,s an indication that hydrocarbons have not
been thoroughly depleted. In this zone,&gas effect is observéd on the neutron sonic
porosity overlay and the near- and far-couht overlay (fig. 48a). Therefore, Zone 14B is a
gas-productive reservoir if fbrmation pressure is high enough. At Seeligson fieid, where a
low-pressure gathering systém is in place, this reservoir can be produced even whéh
nearly depleted relative to conventional line pressure. | |

The 1-94 well (fig. 48b, located in fig. 47) was covmpleted in the Zone 14B reservoir
in a 14-ft (4.3-m) interval composed of Sﬁperimposéd channelfill sandstones in both
the middle and upper genetic units. The Open-hole water saturation averages
42 percent, whereas the cased-hole water saturation averages 52 percent, indicating gas
depletion from offset production. The indication of bypassed gas in the Zone 14B
reservoir is mainly >due to the location of the well, which is structurally higher than
older pfoducing wells in this zone. Two other successful éompletipns were made in the
Zone 14B reservoir from nearby wells in Similar'structural positions (wells 1-202 and
1-236 [table 1 and fig. 47]). More than’ 1.4 Bcf of gas was produced in approxirﬁatély
18 mo from recompletions in three wells in the Zone 14B reservoir and in two other
recompleted wells in the Zone 19B reservoir in the east part of the field Uirik and

others, 1991).

Summary of Facies-Related Production Performance

Zones 15 and 19C were examined for production performance of gas completions.
to determine facies controls on production. A total of 14 channel-fill and 3 splay

- completions in these two reservoirs were idéntified in the north part of the field. The
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Figure 48. (a) Combined logging suite of pulsed-neutron log and sonic log in the Oryx No. 1-168
Seeligson well, indicating gas in the Zone 14B and 15 reservoirs. (b) Combined cased-hole log
suite in the Oryx 1-94 Seeligson well. Porosity and water-saturation analyses indicated on right
side of these logs. Wells located in figures 2 and 47. From Jirik and others (1991).



‘limited number of splay facies completions is ~insufficietit to conclude that they are
diffeljent in terins of performance or reservoir connectivity from channel-fill facies
completions. Moreover‘, the "production pérformance of the splay completions exhib-
ited no difference from the channel-fill completions.

v The 'average net-sandstone 'thiékness of the channei-fill completions in the
Zone 15 and 19C reservoirs is 21 ft (6.4 m) and 13 ft (4 »m) in the splay completions; It is
impossible to determine whether only the thicker splay sandstones aré productive or
whether the thinner, distal partS of the splays were avoided in completi»onvattemptsv.

In the Zone 15 réservoir; .completions were compared ih the 1-100 well (proximal
splay) and the 1-225 well (channel fill) (fig. 4S5). The;e two wells have similar
production-decline rates. The pressure of the splay completi.on at the 1-100 well is on
trend with the previously established préssufe decline of the other completions.
Therefore, the splay facies o>f the 1-100 well is in effective cbmmunication to the main
channel and is as productive as the chaﬁﬁel-fill facies completions.

The Zone 19C reservoir in Tract 1 in the north part of the field has had only one
gas completion (the' 1-89 well) in a splay deposit (figs. 18 and 25). The 1-89 well
produced from the Zone 19C reservoir from i966-‘th‘fough 1977 and has a reported
cumulative of 12.3 Bcf of gas from a 6-ft (1.8-rh) sandstone.- The 1-89 well produced
during the time of gasv recycling. The gas-injection well nearest the 1-8§ well was the
1-12§ wel‘l,' which'wés utilized for gas iniection unti“l 1977. The large cumulative gaS
p'toduction frqm the 1-89 well is thoﬁght to be the_resﬁlt of the gas recycling and does |
not indicate 3’;eservoir dtairiage volume. Three other channel-fill facies gas completions
were producing from the Zone 19C in Tract 1 at the same time as the 1-89. However,
the 1-89 well produced at a rate higher thaﬁ did these wells. Pressure tests were
' una‘{ailable to compare the static pressbure of the 1-89 with the other completions.
Excellenbt communication of the 1-89 with the main chaﬁnel is indicated from

(1) produttion during the time of gas recycling and (2) a production rate and cumulative
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production higher than from surrounding wells. The productivity and permeability o_f
 the proximal-splay sandstone are inferred to be better than that in the channel-fill

sandstones.

Facies-Related Permeability

Three well tesis were performed in Novgmbei 1990 to determine near-well
permeability and static reservoir pressure of completions in Zones 15 and 19C. Two
‘ channel;fill and one splay facies completions were tested by pressure buildup. The
permeability of the splay completion was found to be similar to that of the channei-fill
facies completions (table 2). Thesevtests support the conclusion that because production
performance of the 1-100 splay completion was similar to that of thé channel-fill

completions in Zone 15, permeability will be similar.

Effective Drainage Area

The drainage volumes and effective areas were calculated from postinjection (1977)
presSuré and rate data for the eight postinjection gas_prodﬁcers in the Zone 19C
reservoii in Tract 1. The effective drainage areas are large compared with the well
vspacving. The avetagé drainage area is 750 ac/completion, althoﬁgh the average
completion spacing of the gas wells is between 40 and 80 ac. The resuits of these
calcul‘ations are limited because the complete prod‘uct’ion hist'orias Of the wells areb
unknown, the wells are irregularly spaced, and the wells did not produce at the same

- time.
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Table 2. Permeability measurements in the Zone 15 and
19C reservoirs. :

h k k

Reservoir Well Facies (ft) (md) (md-ft)
Zone 15 1-100 Splay 18 176 3,168

Zone 19C 1-41 = Channel fill 26 =  97.6 2,537
Zone 19C - 1-86 Channel fill 21 280 5,880
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] Drainage Volumes of Gas Completions in the Zone 15 and 19C Reservoirs

The drainage volumes for 17} completioris in the Zone 15 and 19C reservoiré in the
| north part of the field were calculated from the most postrecy'cling production decline

trend and the available pressure data. These calculations are limited because the spacing

‘pattem of completions is irregular aﬁd all completions did not produce at the same time.

The calculations provide an insighf of general reservoir capabilities. The aVerégé
drainége pore-volume per completioh was found to be 67 MMcf. Converting the pore |
volume to an area for each completion resulted in an average drainage area of 670 ac/
coinpletioh. The average spacing for these completions was found to be 100 ac/
completion, on the bvasis of the distance to the nearest neighbor completed a£ the same
reservoir level in Zones 15 or 19C. The mé]orit-y of the’comi)letions were found to be
| spaced closer than 80 ac. The drairiége areéé for the completions in these reservoirs

were found to be greater than the average completibn Spacing_.

RESERVOIR SANDSTONE COMPOSITION AND POROSITY DISTRIBUTION
‘Sandstone Composition

Two distinct reservoir types (types I and‘ II), differentiated on thé basis of
framework m-ineralogy, diagenetic history, énd reservoir quality, have been defined in
the middlé Frio Formation in Soﬁth Texas (Grigsby and Kerr, 1991). Type I reservoirs
consist of sandstones that Contain no volcanic glass detritus, have a strong positive
correlation kbetween pOrosity and permeability, and have a gon primary intergranulér
pore system; Type II reservoirs consist of sandstones rich‘ in v_olcanic glass detritus,
Which eihibit a weék correlation bétween porosity and pe;meability and have a poorly

developed intergranular pore system. Type II reservoirs occur in the middle third of the
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middle Frio Formation. However, in Seeligson field typé I reservoirs are prevalent,b and
fype IT reservoirs are not widely déveloped. Even though volcanic glass detritus occurs
in overbank mudstones between‘4,900-ft (1,490-m) and 5,800-ft (1,763-m) log depth, it
is absent or rare in middle Frio sandstoneg at this ,dépth interval. This is in contrast to
Stratton field where type II reservoirs -are predominant in the glass-rich interval,
possibly indicating differences in source material of different drainage basins of the
Gue&dan fluvial system (Kerr and Grigsby, 1991). |
’ A total of 260 ft (79 m) of conVentional core was'available from two wells (see
fig. 2). Core depths rangev frorxi 5,180 ft (1,579 m) to 6,146 ft,(1,874 m). In addition to
conventional core, side wall core was available from two wells (fig.'Z). These samples
range in depth from 4,121 ft (1,256 m) to 6,599 ft (2,012 m). The 'composition- of middle
Frio sandstones in Seeligson field wés determined from 116‘ thin sections. Data from an
additional 97 thin sectbions were available from Sullivan (1988). Standard thin section
petrogi'aphy, scanning electron microscopy, and X-ray diffraction analysis were used to
identify the framework and authigenié mineralogy. Electron probe microanalysis was
used to determine the chemical composition of authigenic components.
The following sections will discuss the framework ihineralogy_, diagenesis, and
porosity and p'ermeab'ility' relationship§ of sandstone reservoirs in Seeligson field as
bi‘mportant aspects of reservoir quality affecting resefvoir heterogeneity and

comp’artmentalization; These are typical examples of type I reservoirs.

Detrital Framework Mineralogy

Middle Frio sandstones in Seeligson field are poorly to moderately sorted
feldspathic litharenites to litharenites having average compbsitions of Q30F24L4¢
(fig. 49). Lithic fragments are predominantly volcanic, although carbonate rock

fragments, which are predominantly microspar, are present in variable amounts (up to
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- Figure 49. Detrital composition of middle Frio sandstones in Seeligson field. Classification of

Folk (1974).
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16 percent). Plagioclase, which is the most abundant feldspar, is commonly leached and
shows variable degrees of dissolution. Calcitization, seritiiation,_ and i'acuolization also
occur but in lesser quantities. Voléanic rock fragmehts are generally well preserved and
contain readily,récognizable feldspar_laths. Partial alteration by siliéification,
pyritization, dissolution, argillizatibn, or c‘hloritiz_ation is common. Detrital quartz
content is less than 30 percent and averages 19 perceht. Volcanié quartz is the
dominant variety, although plutonic and metamorphic bquartz grains are present.
Depositional matrix, which averages 4 percent, is a minor constituent in type I
reservoirs; however, it‘ can be important locally, constituting up to 30 per.cén_f of the

rock volume.

~ Authigenic Mineralogy

Calcite is vthe most abundant authigenic mineral in Seeligson middle Frio
sandstones, averaging 14 percent of the rock volumé. It occurs as both a micritic cement
predpifated during pedogehesi§ (fig. S0) and as a sparry cement that fills intergranular
pores and replaces grains (fig. 51). The sparry cement is most abundant, and stainihg and
electron probe nﬁcroaﬁnalysié indicate that this calcite is nonferroan and corresponds
with the early stage of calcite cement discussed by Loucks and others (1984). Sparry
calcite precipitation is predated by formation of smectite gréin coats, pedogenic caléite,
and m'inor quartz and feldspar overgrowths. Following sparry calcite precipitation,
secondary bporosit‘y developed by leaching feldspar, unstable rock fragments, and calcite
cement. Secondary porosity is typically present as intragranular porOsity' or oversized
pores (fig. 52); moldic porosity is rare. Absence of éompac_tion and the presence of
patchy reﬁmahts having corroded boundaries are eVidehce that éalcite was once
pervasive but later dissolved. Secondary porosity averages Sv p'ercent‘and ranges from 0

to 18 percent. Intervals of no secondary porosity are tightly cemented by calcite.
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Figure 50. Phbtomicrograph of pedogenic calcite cement, ¢. Note the micritic nature of this
,calci.te. Bar scale equals 250 pm.
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Figure 51. Photomicrograph of sparry calcite cement, ¢, filling intergranuiar porosity. Note lack
of compaction. Bar scale equals 250 pm.
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- Figure 52. Photomicrograph showing the development of oversized, op, and intragranular, ip, -
secondary pores in middle Frio sandstones. Bar scale equals 250 pm.

94



The precipitation of kaolinite postdates creation of secondary porosity. Kaolinite is
present in Seeligson field at depths between 4,300 and 5,900 ft (1,311 and 1,799 m).
Kaolinite, which averages 1 percent and may constitute as much as 8 percent of the
rock volume, most commohly fills secondary pores (fig. 53).

A minor stage of pyrite precipitation, which averages 2 percent of ‘the rock
volume, appears to postdate the development of secondary porosity. However, the
exact timing of this event could not be determined. A general diagenetic sequence is .

illustrated in figure 54.

Reservoir Quality

In middle Frio sandstones at Seeligson field, porosimeter porosity averages
20 percent and ranges between 5 and 32 perceht. Permeability averages 462 md and
ranges between 0.2 and 4,766 md. These sandstones show a strong positive corrélation
between measured porosity and permeability (r=0.82) (fig. S§5). This relationship is
expected for an intergranular pore throat system and is typical of type I reservoirs. A
crossplot'of permeability versus point-count porosity results in a slight increase in the
correlation coefficient (r=0..84). This indicates that point-count porosity may more
accurately indicate effective porosity in these sandstoneﬁ. The precipitation of calcite
cement in intergranular pore spaces reduces porosity in tybe I sandstones (fig. S6a), and
the presen}ation or dissolution of calcite directly affects permeability (fig. 56b). Calcite
cementation in middle Frio sandstones has a highly irregular distribution, accounting for
large variations in porosity and permeability measurements. |

The distribution of kaolinite in secondary pores has a minor impact on reservoir
quality because primary intergranular porosity largely controls permeability in.these
reservoirs. Pyrite, which can fill both primary and secohdary pores, may influence

porosity and permeability on a local scale.
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Figure 53. Photomicrograph of kaolinite, k, filling secondary pores. Bar scale equals 250 um.
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Figure 54. Generalized diagenetic sequence in middle Frio sandstones in Seeligson field. Thin
- lines indicate events of minor importance, thick lines events of major importance, in the

diagenetic history of these sandstones.
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Figure 55. Cross plot of log permeability versus porosimeter porosity for sandstones of the
middle Frio Formation. This strong positive correlation is typical of type I reservoirs and
indicates a well-developed intergranular pore system.
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Figure 56. Cross plot of calcite cement versus (a) porosimeter porosity and (b) log permeability
for middle Frio sandstones in Seeligson field. Note strong negative correlations.

99



Porosity Distribution

During the evaluation of porosity distribution in middle Frio reservoirs, it is
“important to determine -values for both total and effective porosity. For the purpose of
this discussion, total porosity, B¢, is defined as the interconnective poré space occupied
:by water (both clay-bound water and free water) and hydrocarbons. E_ffectiv'é porosity,
HQe, is defined as the pore space occupied only‘ by free water and hydrocarbons. This is
shown diagrammaticaily in figure 57. | |
Routine core analysis yields tdtal porosity, émd_ well log response must be modeled
after this number. However, it is the effective porosity that will dominate the flow
characteristics or permeabiiity of a reservoir. For example, quantitative thin section
pointy—count‘ data will many times réflect changes in effective porosity and not total
porosity because these data cannot resolve porosity of less than S microns. This is
illustrated when a sl‘igh'tlyviniproved correlation is obtained after thin section porosity is
regressed against permeability rather than the core-measured total porosity, This effect
was noted in the previous section. In addition, shale may contain porosity that must be
accounted for when estimating the volume of gas in various Frip sandstone reseri}oirs. ’
Core data from Seeligson field shows that in additibn to having relatively large amounts
of total porosity _(19, to 20 bercent), shales may also contain significant_effective
porosity (8ito 12 percent).
~ That pdros'ity associated with shale probably contains bﬁly immobile or clay-bound
~ water; that is; it cannot contain free hydfocarbons. As a result, many log cbmputation
‘ models and progiams used by Service companies do not allow effective ‘pvorosity in
shales, and as a consequence, aie in error (Cannon and Coates, 1990). In the Frio, if no
attempt is made to determine the effective porosity as’si)ciatedrwith: the shale in the

shaly sands, or to compute this effective porosity from log analysis, the hydrocarbon
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Figure S7. The bulk volume of the rock is divided into dry clay, pore space occupied by clay-
‘bound water, pore space occupied by free water or hydrocarbons, and nonclay minerals. Shown
is the distribution of porosity and minerals beginning with rock consisting of a clay-free
sandstone reservoir and progressing to clay-rich shale. ' S
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pore volume will be in error. Thé effective shalé porosity may be capable of storing
‘hydrocarbons at reasonable capillary preSsufes or height above the free water level. Any
unvderestima'tion of the effective pordsit_f will directly reduce the bulk volume of
hydrocarb.ons.‘ The following secﬁons‘ discuss the determination of effective porosity in
middle Frio sandstones and shales. In addition, a method of log analysis is discussed for

the modeling of total and effective pbro_sity.

Methods

Thirty-sixfeet'of whole core, covering an interval from 5,406 ft (1,649 m) to
5,442 ft (1,659 m), was recoveréd from the P.C. Canale_s No. 141 well. In addition, a
modern suite of well logs was acquired (see Truman and others [1989] for a complete
description of this logging program). Thirty-seven core plugs were fhen obtained from
both sandstone and shale throughout this interval.,T»otal ambient porosity was ‘vrineasured
- for each core plug following convention‘al techniques. Effective porosity was
determined using tﬁe methods _.of Hill and others (1979). Sandstone axid shale
compositions were determined from core plugs using X-ray diffraction and infrared

absorption analysis.

Total and Effective Porosity from Core

- Humidity-Dried Samples

‘Thirty-seven samples, twenty-three from sahdstones aﬁd fourteen from ‘shales,
were selected for analysis. Two porosity measureingnts were made on each sample, and
a summary of these pokrosity méasUrements is presented in téble 3. Humidity-dried
ambient porosity was obtained by drying the samples at 40 percent relative humidity
and 140° F (60° C). This will leave at least one or two layers of absorbed water on the |

clay surface (Busch and Jenkins, 1970). The convectibn-dried ambient porosities were
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Table 3. Humidity-dried and éonvection-dried core .
porosity results from shale samples, beginning with
sample no. 18. '

Sample

number

1S
1
28
3S
48
2
3
"
58
5
68
6
7S
7
8S
8
98
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Depth
(ft)

- 5406.3
5406.4

5407.3
5408.2
5409.1
5410.1
5411.1
5412.1
5413.4
5414.2
5415.7
5416.3

5417.2

5418.2

 5419.3

5420.2
5421.3
5422.1
5423.1
5424.3

5425.6

5426.1

5427.4
5428.6 -

5429.8
5430.2
5431.5
5432.2
5433.1
5434.0
5435.0
5436.0
5437.0
5438.0
5439.0
5440.0

5441.0

.

(%)

21.7 -

20.9
20.5
19.5

20.5

23.0

20.1
20.6
20.4

21.3

21.6
18.3
26.5
27.5
22.9
26.6

1239

25.6
24.8
21.4
19.8
19.4
21.5
11.6

-11.2

9.3
12.2
11.6
10.9

o
vt

90 10 10 0010 00 Ny
N = O 00O O 00
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' Humidity-dried  Convection- -
. porosity

dried porosity
(%)
22.0
21.3
20.8
19.9
- 20.8
23.5
20.7
20.6
20.5
217
22.1
20.4
26.7
27.7
23.3
26.8
24.2
25.7
249
22.4
21.2
20.3
22.5
- 19.5
19.4
15.5
19.8
19.6
19.8
20.7
19.3
19.9
19.4
17.9
18.0
17.9
15.8



determined by drying the samples at 230° F (110° C) to constant weight. In the
sandstonerinterval (samples 1S to 14; table 3), which has an average clay volume .of
- 6 percent (table 4), the humidity-dried porosity is slightly less than the convection-
dried porosity. In contrast, in the shale interval (samgles 15 to 28; table 3), which has
an avérége clay volume of 31 percent (table 4), the humidity-dﬁed porosity is
approximately‘half of the convection-dried porosity. These results are surprising on two

accounts. First, the conVectionjdried porosity in the shale is quite large and only |
3.8 percent less than the convection-dried porosity in the sand. Second, the humidity-
dried porosity in the shale is significant, averaging 9.8 percent. As sﬁggested by Busch
and Jenkins (1970) this humidity-dried porosity can be thought to reflect effective

porosity, and the historical belief that shale contains only clay-bound water is in error.

Capillary Piessgrg

When a rock coritains effective porosity, whether it occurs in sand or shale, the
rock will bé cépable of storing hydrocarbons (Hill and others, 1979). According to Hill
and others (1979), if the distribution of clay and therefore bound water is such that any
particular void volume segment contaiﬁs its proportional amount of bound water, then
mercury saturation, Syg, is given by |

Stg=Sg + Stig Vb/ Vi, | (1)

and the gas saturation is given by

Sg = SHg (1 - Vb/Vy) = Spig De/By, ' (2)
where
'Sg = gas saturation from gas-brine capillary pressure tests,
SHg = mercury saturation from mercury capillary pressure tests,
Vp = bulk volume clay-bbund water,
V; = bulk volume clay-bound water + bulk volume pore water,
@ = total porosity, and
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Table 4. Summary of average bulk volumes for

v the cored interval.

Quartz

Plagioclase
K-Feldspar

Calcite

Dolomite

Dry clay

Total porosity
(convection dried)

Humidity-dried porosity

105

Average Average
bulk volume bulk volume
sand shale
(%) (%)

29 20

18 4

9 16

1§ 10

1 0

6 31
22.6 18.8.
9.8

22.1



@ = effective porosity.

Equation 2 shows that any rock with effective porosity greater than zero inay cqntain
hydrocarbons. | | ‘

Three samples were selected for determination vof air-brine capillary pressure
curves, two sandstone and one shale. In addition, mercury in]ectiori capillary pressure
curves were determined on tbhese same three samples ﬁlus an additional two shale
samples. All measuremehts were converted to equivalent he_ight above the free water
level in a gas reservoir.

The capillary pressure relationships for one of the sandstone samples is shown in
figure 58. The relationship for the shale sample is shown in figure 59. Effective porosity |
from the air-brine and air-mercury eap‘illafy pressure data may be esti.mated from
equation 3. |

| Be = D¢ Sg/Stig | | 3)
~ This provides another means of estimatiﬁg effective porosity in addition to humidity-
“dried por_osity; Comparisdn of humidity-drie'd porosity witﬁ the pérosity derived from
capillary ptessﬂte is shown in table 5; The effective porosity derived from the capillary:
pressure data is generally lower than humidity-dried ‘porosity for the three samples
analyzed. The shale sample (sample no. 18) shows an effective porosity of 8.1 percent
fror_n the capillary pressure data. This effective porosity in the shale can‘ store
hydroearboxis..Results indicate that et 570 \ft' (173.8 m) above the free water level, an
| equivalerit shaie associated with a sandstone gas reservoir would contain approximately.

14 percent of the lgas a sandstone reservoir of equal thickness would hold.

Cation Exchange Capacity
' Cation exchange capacity (CEC) was also investigated as a means of determining
effective porosity (Truman and others, 1989). The cation exchange cepacity method

~ yielded unreasonable results in the form of negative porosity in the shales. The' use of
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Figure 58. Comparison of capillary pressure data for air brine and air mercury in one of the
sandstone samples (sample no. 2).
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Figure 59. Comparison of capillary Ppressure data for air brine and air mercury in one of the
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Table 5. Comparison of humidity-dried porosity with effective porosity from capillary
pressure, including the resulting bulk volume mercury and air. :

Effective porosity

Bulk volume

570 ft above water contact

Sample Total Humidity- | Pc-derived Free water contact

number Depth porosity dried porosity porosity Mercury - Gas
2 5410.0 23.5 23.0 22.3 0.208 0.198
6S 5415.7 22.1 21.6 21.9 0.181 0.179-
18 5431.5 19.8 - S 12.2 8.1 0.066 0.027
20 5433.1 19.8 10.9 — 0.057 —
24 5437.0 19.4 9.0 — 0.016 —
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CEC to determine effective porosity may require the use of the ‘membrane potential
method to determine CEC. At present, membrane potential measurements are

commercially unavailable.

Total and Effective Porosity from Logs

The following pi‘ocedures were utilized ‘in the determination of total and. effective
porosivtyl from well 1ogs. The well log‘clay' indicators were calibrated to the clay content
detenhined from the infrared absorption using previously published techniques
(Truman and others, 1986). The clay indicators u'tilized,we're the d»ensit‘y-neutron,‘
neutron-sonic, neutron and SP. The minim‘um clay indicator from these multiple
indicators was seleéted to determine the cla)? content. Porosity was determined from the

density and the neutron using the following general relationships:

g =Pe=P Pg=pcly

Pg—Pt  Pg-Pf | (4)
and S ,
=90 _ Pnd vy, ,
Onf  Onf , (5)
where

Va = bulk volume clay,

@ = porosity, either total or effective,
| pg = grain density, |

p¢ = fluid density,

pa = clay density,

@n¢ = neutron fluid, and

@nc = neutron clay. _

When total porosity is determined, the values fof clay dénsity’, pc, and neufroh clay
response, @ncl, will be the dry clay vaiues,.th,at is, no clay-bound water. When effective

porosity is determined, the values for clay density and neutron clay response will be the
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wet clay values, that is, with clay-bound water. Table 6 summarizes‘the par‘am_eters used-
in the above equations for :‘the computation of total and effective porosity from the well
logs. Figure 60 compares the total porosity and effective porosity computed from the
well iogs with the core total porosity and core humidity-driéd porosity, respedivelf.
'Theré is g’éod agreement between the weil logs and the core analysis. Figure 61
compares total and effective porosity from the logs. The difference between the two is

the volume of porosity filled with clay-bound water.

Discussion

Sandstones of the middle Frio Formation in Seeligson field are, in general, high
porosity and high permeability gas reservoirs with a primary inte‘fgranular.pore system.
The pre#ence or abéence of pore-filling calcite cement strongly influences porosity and
permeability distribution ‘within thesey sandstones. Total porosity acqﬁired from
conventional core plug anélysis closely estimates effective porosity withih r‘niddle' Frio
sandstones. Because of the high clay content in middle Frio shalés, total poro-sify
acquired during conventional core plug analysis will gfeatly overestimate effective

‘por‘o_sity. However, the fact that middle Frio shéies may contain effective -porosity, as
high avs 9.8 percent, ‘indi‘catesthat these shales‘can store ‘hyd‘tocarbOns. The occurrence
of effect&e porosity in shales will have the largest impact ih gas reégrvoirs without an
active water drive. Gas stored in effective shale porosify could contribute to production
as the reservoir is depleted and.the pressure differential between the shale and
sandstone‘ beds increa#és. This could cause the migration _6f gas from shales into the
sandstones. | | -

The only commercially available method for determining veff}ective porosity‘is use
of capillary presstre data.vAlthough the humidity-dried porosity yields higher values for

effective porosity than the capillary pressure method, the results are in qualitative
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Table 6. Parameters utilized for computation of
the well logs.

pg = 2.67 ) @nm =0

Pt = 0.97 Onf = 0.97

Pclwet =  2.21 Onciwet = 0.79

Pady = 2.66 : @ncldry = 0.53

m = 1.89 n = 1.79
= 0.11 @ 162°F
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Figure 60. Total porosity, effective porosity, and clay content measured on cores and compu

from log analysis.
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agreement. There_fbre‘, ‘the use of hum_idity-d:ied porosity to model effective porosity
for log analysis is certainly acceptable if these 'are thé only available data.

If core is un#vaila_ble, it is importanf to model total and effective porosity frdm log
analysis. The examp’ie discussed utilizes a log interpretation m‘ddel based on clay volume.
Similar results c"an'be obtained using a vshale-volume-based interpretatién. When this is
doné the apparent grain density from the density and neutron logs is an excellent shale
ihdicator. When hole conditions. affect either 6ne of these llogging curves, other shale

indicators can be used.

PETROPHYSICAL RESEARCH

-As part of a previous contract with GRi (cohtract no.. 50.86-212'-1426),. ResTech
developed a cost-effectix;e method for finding bypassed gés in cased-hole wells using
state-of-the-art logging technology. ResTech also developed an open-hole petrophysical
interp'retatioxi model based bn corés and geophysical logs in the Sun No. 141 Canales
well. Under a new contract with BEG as part of the Secondary Gas Recovéry Program,
ResTeéh perfomiedadditional research in the fciiowing areas: | | |

First, in cooperation with Mobil, the Mobil No. 247 and No. 248 Séeligson wells
- were drilled for deeber pool objectives to acquire additional data in lower and middle
. Frio reservoirs.. T-heﬁe reservoirs were being investigated by GRI and BEG for additional
gas research. The objective was to refine pfevious interpreiations of data.obtai_ned in
. the open-hblg No. 141 Canales well‘ (Jirik and others, 1989). Second, thfee wells (the
1-85, 1-'89,>and 1-171) were made available byVOryx to continue the tesearch in the
cased-hole évalqatio’n‘ program in Seeligson field. Third, research was also performed in‘
thei Nd. 141 Canales _well, where investigation of shale porosity and its iinpact on .

additional gas reserves was undertaken using special core analysis.
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Open,-Hole' Petrophysical Research

The ‘integrated' open-hole petrophysical model combining core analysis with

calibi'qted, log-derived parameters obtained in the No. 141 Canales well was used in the

Mobil No. 247 and No. 248 Seeligson wells (located in fig. ‘2) to test its applicability to

~ the Seeligson field area. bAs a result of the an‘alysis performed, a shaly, low-resistivity pay
Sandstone’ was .identifiéd in theb No. 247 ‘well in»the Vicksburg_Formation. :

Petrdphysicél problems encountered in Seeligson field a_re' similar to those found in
other,sha'lyv sandstone reservoirs. High-surfaée-aréa clays line the pores of sandstones
causing high, irreducible water saturation. For example, in the No. 247 well a low-
resi#tivity zone extends from 7,305 to 7,397 ft (2,227 to 2,255 m) (fig. 62). The log‘-b
derived pettophysicai results show a zone of interest in the upper paft with 30 percent
shale and 70 percent wéter Satufation. The interval from 7,308 io 7,332 ft (2,228 to |
'2,235 m) was perforated and produced gas at a'rate of 1.618 MMcf/d on a 9/64-inch
‘choke. The high apparent water saturation of 70 percent corisists mostly of .cl‘a'y'-bound

water on the surface of clays and capillary bound water.

Data Acquisition

A logging program was designed fdt the No. 247 and No. 248 wells to complement‘
joth‘er research in the project. The logging program recommended was open-hole dual
»inductbion, ‘formation densivty, compensated heutron, gamma-ray, long spaced sonic,
dipmeter, sequential forma‘tion tester, sidewall cores and cased-hole pulsed neﬁtto_n-
: gamma réy, temperature, noise ba;d cement bond ’logs (table 7). S_everai logs originaily in

the acquisition plan were cancelled because of adverse hole conditions caused by severe

- loss of circulation. -
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Figure 62 Induction log from the pay interval of the Mobil No. 247 Seeligson well Calculated

lithology, porosity, and water saturation also shown.
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Table 7. Log types available for the 1-85, 1-89, and 1-171
wells at Seeligson field.

Logs obtained 1-171 1-89 1-85
Full-wave acoustic log X X X
Pulsed neutron/GR X X X
Noise. X X X
Temperature X X X
CET X X X

X

Borehole gravity (Edcon)
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The obiecﬁve of the open-hole logs was to refine and test the application of the
open-hole shaly-sandstone model previously developed in the No. 141 Canales well in
order to identify poténtial gas-producing zones. The purpbse of the program of
sequeﬁtial pressﬁre tests waS to assess pressure éommunication of permeability barriers
in equivalent zones in nearby wells. -

The cased-hole pulséd-neutron log was run to assess prediction of formation
pressure behind casing using pﬁl'sed-neqtron count rate ratio. _The temperature, cement

‘bond and noise logs were run as diagnostic logs for cased-hole VSP data acquisition.

Development of the Petrophysical Model

The acquisition of data in the No. 141 Cahales well allowed development of a rock-
based shaly sandstone petrophysical interpretation model, which combines core analysis
with calibrated log-derived‘para'meters to give an éccurate description of reservoir
properties from well logs (Truxﬁan and others, 1986). Up to' 37 ft (11.3 m) of
. convenﬁdnal core was cut across the Zone 15 reservoir (fig. 12) and the underlying
sﬁale in order to obtain representative values of mineraldgy, porosity, and electrical
factors “m” and “n” in the Frio Formation.

The shale was cored to‘ provide minéralogy and porosity data to calibrate the shaly
sa’ndsfone model. Porosities were measured both by drying in a convection oven at
230°F (110° C) (to obtain total porosity) and in a humidity-controlled oven (40 pércent
relative humidity and 140° F [60° C]) to estimate effective ambient pordsity. Per-
meability was measured iii the sandstones but not in the shales. The results of this
research are "'described in the preceding section of the report (Truman and others,

1989).
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Core Mineralogy

Thin-section a'na'lysis' was used to calibrate the.log-derived shale indicator‘s and to
confirm the mineralogy. Porosity from thin section point count ranges from 13 to
20 percent and is mainly prixhary intergranular porosity. Shards of volcanic glass were
obser\_red in the mudstones, and may account for hlgher gamma-ray responses. |

Analysis of mineral content from both infrared absorption and X-ray diffraction
revealed that‘the primary mineral constituents of the toek are quartz, plagioclase, K-

feldspar, calcite, illite and smectite (Truman‘and others, 1989.)

Determination of Shale Voigmg

Volume of }shale' can be obtained by calibrating log-derived shale indicators to
volume of shale obtained from thin section point counts. In the Frio Formation a poor
relatiohship exists between core shale volume and gammaeray derived shale volume.
Commonly, the gamma ray willv overestimate the VOluhle of _shale. When this occurs, the
apparent grain density from the neutron-density combination and the neutron log by
itself provide secondary shale indicators. By using the minimum va.lue of all three ehale

indicators, a more representative volume of shale is obtained.

Determination of Porosity

- Total and effective porosity were determined from the density and neutron logs,

after cprrectibn for shale content, utilizing the following relationships

_Pg—Pb Pg—Psh Vin

Bpc -
Pg—Pt Pg—Pa
and
- ﬁ _‘QNsh

N =
‘T Ont Ong
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where
Vsh = volume of shale,
Opc = density porosity, corrected either total or ~effective,-
@ne = neutron porosity, corrected either total or effective;
pg = grain density, . |
psh = shale density,
pa = fluid density,

@ng = neutron fluid, and

@Nsh = neutron shale.

A grain density of 2.67 g/cm3 deri‘ved"from' core measufements was used for -pdfosity v
determination from the dén_sity log. A sandstone matrix was used for neutron jjorosity
derivation. After calcuiatin_g the density and neutron poroéities, a straight average is
made in n.ong_as zones to obtain porosity. Invgas zones the density and néu‘tr_on
porosities are affected in opposite ways. A.weighted average is used to account for the
gas effect on the two measurements. Geilerally more weight hés to _be given to the
density porosity. Good agreement with core porosity is found using these techniques

(ResTech, 1988).

Determination of Formation Water Resistivity

- Knowledge of ihe proper fofmatioh water resistivity is ivmpor'taht in drder to .obtain
‘a representative water saturation for the formations being analyzed. At Seeligson Field
the formation water tésistivity ranges from 0.18 to 0.24 ohmfnét'ers at 75° F [24° C].
These resistivity values were measured from several water samplés collected at Seeligson.
These samé values are fdund in neatby Stratton and TCB »fields in Frio bsandstones and
are tepreSentaﬁvé of m‘an); Frio sandstones_ along the Vicksburg Fault‘Zone. In the low-
resiéti-vity Vicksburg pay san:dstone in the No. 247 and No. 248A wells, an Ry, of

0.18 ohmmeters at 75° F [24° C] was used.
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Cementation EprV‘ngn; “m” and Saturation Exponent “n”

Other impoitant factors needed to obtain a representative water séturation are the
.va‘iues of the cémentatibn eXponent “m” and the saturation exporient “n” at reservoir »
conditions. The values of cementation expo‘nent' b“m" = 1.89 and saturation eftponéht
“n” = 1.79 were measured in the Zone 15 reservoir in the Nd. 141 Canales well. These
same values were used to interpret thé‘ other Frio reservoirs at Seeligson field. Because
these values are very close to parameters fdund in most sandstone-shaie seqﬁences they

were also applied to the No. 247 and No. 248 wells.

The dual-water method was used to calculate water saturation in‘the area of
Seeligson field. This shaly‘ sandStone model effectively accounts for the high surface area
of clays liﬁin'g the pores of shaly: sandstohes‘ in Frio Formation. As applied by ResTech,

| the rhodel also acébunts for any additibnal gas stored in the shale porvosity.k Another
method that should apply 'eQually well in the shaly sandstones "isvthe» Waxman-Smits
satﬁration‘ equation, which uses the CEC measuremenfs obtained f:om.speéia’l core
analysis in ‘clays. A check on the‘ log-derived water saturations, in pay zones, can be
made by éompatison with both preserved core water satutations anld’ saturations from
capillary pressure measuréments if the water table level is»known. The;e measurements

were unavailable from any of the cores from Seeligson field.

Application

~ The shaly sandstone log-eQaluation model described earlier fdr the No. 141 Canales
well was applied to thé No. 247 and No. 248 wells to provide a dés’criptionvof reservoir
properties from logs. _'I’his evaluatiqn model, specific to Seeligson, éllowed us to identify
.the Shaly pay zbne in the No. 247 .well. This ‘model has séveial advéntages over

conventional ‘interp’retat'ion models. First, the model accounts for the presence of
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effective porosity in shales, and therefore a better estimation is made of hydrocarbon
volume in shaly sandstones (hydrocarbon volume ‘may be underestimated | by
conventional models, which do not allow for porosity in shale). Second; this model has
been calibrated with results from core analysis of Seeiigson sandstones and is therefore
. more representative-of reservoir properties. Third, the model can be extrapolated to

other wells in Seeligson field.

Quick-Evaluation Techniques |

Reasonable results can be obtained using some quick-look techniques to find zones
of interest in the field Use of apparent water resistivity, neutron density and neutron-
sonic crossover analysis, and porosity and water saturation calculations using dual
induction, compensated neutron, formation density, repeat formation tester, and
sidewall cores, are common in the evaluation of Seeligson wells (ResTech', 1988).

The appai‘ent water resistivity (R;va) is determined from the Archie saturation

relationship where:

$?% = .81 Ry ]
: Re

R

Assuining Sw =1, the relationship becomes

1= 81 Rw
BIR:
93 R g2 = Rw
wa = § Re » and Rwa
where

D4 = dénSity porosity,
Rw = formation water resistivity or Rwa minimum, and
Sw = water saturation. ‘

Using this relationship, water saturations can be estimated by drawing a line on the

log et the known Ry (or Rya mininium) and determining the deflection of the
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Rwa curve. The ratio of Ry, : Ry can be used to predict water Saturationa A fatio
of 1/1 = 100 percent Sy, 2/1 = 71 percent S;v, 3/1 = 58 percent Sy, and
4/1 = 50 percent Sy. o '

Any shows better than 3/1 are productive, assuming that pressure is not depleted.

Any shows better than 2/1 afe significant and should be evaluated further. An example
of the Rwa technique is shown in figure 63 in the Zone 1S5 reservoir.

Gas affects neutron and density obpositely. The low hydrogen content causes the
| neutron porosity to read low, and the lower fluid density causes the density porosity to
read high (Schlumberger, 1987). These two log readings will cross over in clean
sandstones when gas is present (fig. 64). Sonic and neutron porosities can be used in the
same manner, with even greater sensitivity to gas. Shale affeds the neutron log
severely, causing it to read high and masking some shaly gas productive zones. Sonic and
neutron data are affected by shale_ in the same direction, thus allowing gas identification
in the shaly sandstones as well as clean sandstones (Schlumberger, 1987). Figure 65
illustrates use of the neutron-sonic log as a gas identifiér.

Porosity can be read directly from the density log if the density porosity is run
using a 2.65 g/cm3 grain density. Recommendations are to ﬁse density porosity directly
off of the dénsity log for log calculations as opposed to a neutroh-density crossplot. If
not corrected for shale, the crosSplot Will determine porosities that are much tdo high in
the shales and shaly sandstones.

The formation rtester is used to monitor fo-rmationy pressure and to determine fluid
type. In the unitized section, pressures are reduced as a result of offset production. If
pressure depletion is only partial, sandstones are still candidates for recompletion when
offset wells are no longer producing. Pressure monitorihg may be the most critical

evaluation requirement of all.
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Sidewallv cores are used for pordsity and permeability ibnformation and to determine
hydrocarbon shows. The information is only qualitative because percussion shattering

affects the answers significantly. They may also be used to help distinguish oil from gas. |

Problems Encountered

Tworwireline data‘ acqﬁisition problems were found that also apply to othef areas.
First, it was impossible to- obtai_n shear velocities in Frio sandstones from the full-Wave
acOubstic log. Second; S0 bercént of the séquential forniatiork pressure tests were
unreprésentative of formation i)ressures. |

| Figure 66 illustrates vthei problem encountered with the full-wave acbustic log.
Whereas the instrument is able to obtain high-quality valués for compreséional yelbcity,
it is virtually unabie to distinguish the shear arrivals from the tube or mﬁd waves. To
solve this problem a shear source must be used. At the tim'e'bf the data acquiSition a tool
with a shear source was unavailable from wireline companies. Since then, service
‘companies have developed a new type of full-vi'ave acoustic log with a shear source able
to mea_ﬁute a shear velocity' in acoustiéally sloi& formatiohs.

Problems were also éncountered during a_cquisitiori of sequential'fo_rmation pressure
data in the IOW-permeabiliiy shaly s‘ahdstones. The time necessary to obtain valid shut-in
pressures using the “tool may be>prohibitive. However, a $ignificant number of tests can

be salvaged ‘by kﬁowi_ng whenever the Ato‘ol' has been set in a low-permeability,
restricted-flow zdn_e or in a-éartially depleted zone. Many times a few minutes more of -
set‘ time is all that iS necessary for the tool-indicated pressure to build up to forrhatibﬁ '
.préssure. Therefovr’.e,y either taking additional time duririg. dafa ‘aicquisitlon of sequential |
pressures to assure that the pressures are stabilized oryrepeatin‘g a set in avtig‘h‘t zone will

improve the percentage of representative shut-in pressures.
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In the No. 247 well, the low-resistivity, high-water saturation rséndvsbtone was
| completed from 7,308 to 7,332 ft (2,228 to 2,235 m). The forr’natioh-press’ure test data
acto,ss the zoné'indigated a pressure of 201 psi. Subsequent;production tests aftét
| _pet_forétions indicate the zone had a formation pressure of 4,300 psi. Two sequential
_ pr‘éssure tests taken just below the zone at 7,341 and 7,342 ft (2,238 and 2,238.4 m)
ind'icatg mb:e than 4,606 psi formation pressure. The higher pfessuie is obviéusly the
correct one for the’completed zOn‘e. Figures 67 and 68 are the field recordingé of t_he.
two tests taken. The test at 7,323 ft (2,233 m) indicates 201 psi. The other test at
7,341 ft (2,238 m) indicates 4,603 psi. The latter (fig. 68) builds up tabidly to 4,603 psi.
‘ The'former' (fig. 67) was in the process of building ’up slowly when it was terminated.
Failurg to identify the fact that this test was prematur'ély_términéted Could have resulted
" in the zone not being completed. In.the‘No. 248 well, 40 pressure measurements wére
‘ : taken' and assumed to be‘ valid by the field engineer. After careful examination, 20 of
those tests were 'foimd to be prgmaturely terminated and thus only the remaining
20 tests were valid (ResTech, 1989). |

| The problems associatéd with the formation tester obviously need to be addressed.
| ‘One solution is to modify the tool mechénically to ‘increa‘lse the speed‘»at which pretest
o chambers in the formation pressure-tool fill (necessary for formation pressure). This can
be accomplfshed by decreasihg the size of the pretest c’hamber or by increasing the
surface area of the samplihg port‘.v Both techniques’ would improve the efficiency'of the
pr'essure test allowing a faster bﬁildup}in llow-permbeability forma‘tions.‘ A complete.
knowledge‘ of the capabilities of each service company,v‘as well as close supe:Vi$iori _df

the operation at the wellsite, is needed to obtain accurate results.

Pressure Prediction from Pulsed-Netitron Logs
Sequential formation pressure tests were correlated with pulsed-neutron

measurements from the No. 248 well. A correlation was found with the pulsed-neutton
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Figure 67. Sequential formation pressure tests taken at 7,323 ft (2,233 m) in the Mobil No. 247
Seeligson well. Pressure builds up to 201 psi immediately before tool is retracted. The test was
prematurely terminated.
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Figure 68. Formation pressure test at 7,341 ft (2 238 m) in the Mobil No. 247 Seeligson well.
Pressure builds up to 4,603 psi within 110 seconds of setting the tool.
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count ratio (fig. 69). The correlation is good in the clean gas sandstones. However, other
effects such as shaliness and reservoir fluid type reduce the accuracy. The technique

“holds some promise and is being developed in Stratton field.

Cased-Hole Petrophysical Research

Cased-hole evaluation techxiiques were used to identify and quantify gas-bearing
zones in exis'fing ,wellboies at Sélligson field by assessing gas pr’esencé; detérmihing
~ lithology, porosity, and‘ water saturation; and inferring the dégreé of préssure depletioh.
In order to identify-gas zones in old cased wells, additional éased-hole logs must often be
run to complement the available open-hole data. At Seeligﬁoq field, the ofiginal open-
hole data consists mostly of old electrical surveys, mictologs, and some sidewall core
'analysis. A cased-hole logging program must be designed to complemént the available
data. The pulsed-neutron with gamma-ray and the fu}l-wave acoustic log can be uséd to
obtain the parameters of interest and to identify gas zones. "I’he borehole gravity survey
has also been tried in Seeligson to obtain density and porosity through casing (the

No. 1-89 well).

Previous Research

Formation-ptessur'e test data were used to document reservoir heterogeneity
between well pairs and to demonstrate pressure communication 6: permeability batriers-‘
in equivélent zones between two relatively closely sbaced wells. Foﬁrteen wells were
selected in the east-central part of the field for pulsed-neutron logging (Jirik and others,
 1989). These wells, selected on the basis of availability, lithological heterogeneities of
unit reservoirs, and comparisoh vof offset-well production, were evaluated for water
saturations on the basis of estimated porosity. Gas shows in the fourteen wells were

compared, and the wells were ranked to Select intervals for cased-hole sonic logs. Data
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- from five cased-hole sonic logs were coinpared with data obtained from pulsed-neutron
logs to calculate porosity and‘ to determine gas effect on tﬁe logs. These tWo porosity
values were ﬁsed in c‘oniunction with captureb cross-section (sigma) data to calculate
cased-hole water saturation. Long-hormal curves from old electric lbgs were used to
estimate resistivity and were combined with newly acquired poros,ity data to calculate
open-hole wéter saturatioﬁ. The results were plkotted to include_ both' original open-hole
water saturation and cased-hole water saturation in conjunction with porosity from the
sonic and neutron logs. Gas-productive sandstones were identified from the log plots.
Opeh—hole water saturation was computéd from a combination of long-normal curve
values from the electric log and porosity values from the heutron and sonic log icurves.
This allowed use of the pre-1960 tgchnology (electriéal survey without a porosity log)
and modern through-casing sonic tools to calculate original open-hole watgr saturation.
The caséd-hole water saturation was calculated from the capture cross-section (sigma)

~curve of the pulsed-neutrbn log énd the neutron and sonic poroSity data.

Oryx Three-Well Pl_'giggg

Several gas-béaring zones were identified on three cased wells as a result of a
cooperative data collection and cased-hole evaluation plan conducted in conjunction
with Oryx operations in Seeli'gsorj field. The program focused on unitized (Zones 7-20)
Frio reservoirs. The objective was to use cased-hole logs, a borehdle gravity suri'ey, and a
cased-hole interpretaﬁo’n package (ResTech, 1988) to find bypas‘sed.gas zones, predict
pressure and deteﬁnine cement integrity. The résearch was ﬁetforméd on the No. 1-85,

No. 1-89, and No. 1-171 wells.

Before data acquisition, the wells were reentered, cleaned bf any obstructions, and
the casing was pressure tested. A complete suite of cased-hole logs including full-wave
acoustic, pulsed neutroﬁ, cement evaiuation tool (CE’I‘), noise, and temperature logs was

run for borehole information and formation evaluation, as well as to assist in the-
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pl‘ann_ing and interpretatién of VSP surveys. In the No. 1-89 well a borehole gravity
survey Was rﬁn/to test the application of this tool in Gulf Coast sandstone-shéle
sequences.

- Several gas-bearing zones were identified using the cased full-wave aco‘ustic‘*and
pulsed-neutron logs. The combination of these twb méasurements provide porosity, ‘
water saturation, and type of hydrocarbon. Compressional travel time using an acoustic
device was obtained through casing When bonding was 50 percent or better (Jirik and
‘others, 1991). The cement-evaluatioh log was used to establish zone;isolatioh and to
detbermi‘ne whether sufficient cemént in the annulus was available for accurate full-
- waveform 'aéoustic results. The temperaturé and noise logs were obtained to determine
wellbore integrity and to identify posﬁible noise problenis that could affect VSP data
“acquisition. | |

An example df the applicatio_n of this method is illustrated in figdre 70. In the
No. 1-89 well, the Zone 15 reservoir is gas bearing. Notice the gas crossoverbin the
porosity logs and pulsed-neutron couht rates, indicating gas presehce. The pressure-
prediction program "developed m the No. 248 well (see Open-Hole Interpretation
section) indicates that this zoﬁe may be partially depleted éls obsérved in figure 71. This
prediction is .alvsoAconfitmed from a sequential formation presSure of 356 psi measured in
the Zone 15B resevair in the néarby No. 248 Well. The open-hole and cased-hole water
saturations are low in this zone, also indicating that gas is present. However, a water
zone can be.obs.erved ibn' figure 70 from 5,458 to 5,470 ft (1,664 to 1,668 m). Notice
here the lack of gas' indication in the poro‘sity.logs and count ratio and fme high
calculated cased-hole water saturation. Therefore, t‘he.log-derived parameters suggest

that the Zone 15 reservoir is gas-bearing.
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Determination of Shale Volume and Lithology

As in the open-hole analysis, the simple lithology determination is based on the
input of several shale indicators. The volume of shale is calculated from the minimum
value of the cased-hole gamma-ray log and sigma from the pulsed-neutron log (ResTech,‘
1988). The gamma-ray log is not a good indicator of shale volume because of high
readings inv sandétones, which are probably caﬁsed by radioactive lecanIc rock
fragments. Using the minimum of the two indicators results in a shale volume calculation

that is representative of core descriptions from other wells in the field.

Determination of Porosity

Although many old wells have unavailablg porqsityvlogs, it is possible to obtain a
porosity measurement from cased-hole measurements such as the pulsed-neutron and
full-wave acoustic log. The pﬁlsed'—neutron log provides a cased-hole neutron porosity '
that is similar to a“conventional compensated neutron log. The pulséd-neutton porosity
is obtained from the ratio of the near and far counts. At Seeligson lfiéld, a sandstone
matrix was used to calculate pulsed-neutron porosity.

The acoustic log porosity is calculated from the compressional txlavel time of the
full-wave acoustic log. Ak reliable compressio‘nal fravel ﬁme can be obtained through
casing when cement conditions are adequate (Jirik and others, 1991). The Raymer-Hunt
equation was used to calculate sonic porosities: |

@ = At=Atma 625,

A
where
A = compressional travel time, and
Atma = fravel time of fnétrix = 55.5 usec/ft.
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Total and effective porosities can now be obtained by correcting pulsed-‘neutroﬁ

and sonic porosity for shale volume using the following general relationships:

On O
One = Ei“; - .af‘gf.v
and :
ﬂg =@s — Dssh Vsh
‘where
Vsh o = volume of shale,
One = neutrdn fluid,
Onsh = neutron shale, either wét or dry,
ONc = neutron porosity‘c‘orre'cted, either tot‘al or effective,
Jsc = sonic porosity corrected, either total of eff’eétive, and

@sw = porosity sonic shale, either wet or dry.

In sandstones where the sonic poi‘osity is reliable, the weighted éverage of Osc and
ONe 1s used. 'However,v when cement conditions vare marginal and a sonic porosity cannot
be obtained, the neutron porosity alone is used These porosities are then used for
calculation of water saturation and to observe gas Crossover. An example of the quality
that can be expected from a full-wave acoustic co‘mpressional log through casing is
shown> in figure 72. Here, a comparison of open-hole and cased-hole compressiohal
- travel time in a Seeligson well indicates that reliable .cased-holé cdmpre_ssional travel
times can be obtained when cement bonding is 50 'percent or better (Jirik and others,

1991).

Gas Indicators

~ Gas presence can easily be identified by observing sonic and neutron porosities on
‘a compatible scale. Sonic and pﬁlsed-neUtron porosities respond in a similar manner in

oil, water, and shaly zones. However, in gas-bearing zones the porosities separate (Js > v
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‘@), thus indicating gas (Jirik and others, 1991). An additional gas indicator is the near-
and far-count rates of the pulsed-neutron log, which, when observed in a comf)atible
scale, also separate lin gas bearing zones (Jirik and others, 1991). When combining those

two indicators, gas zones are identifiable on the composite displays.

Water Saturation

- Water éaturation can also be calculated using the pulsed-netitton log. Sigma, or
formation capture cross section, is uséd as an input, along with the porosity previbu_‘sly
determinéd to obtain saturation using an equation that'cqrrects for structural .shéle
(ResTech, 1988). Notably, a reliable quantitétive analysis of cased-hole water saturation
is possible usihg s‘igma‘and‘.porosity' since the gas-bearing Frio sand}stones exhibit a-
contrast between sigma gas (10), and sigma water (38). Also, sigma water of 38 capture
units is higher th#n expected for the lowésalihity formation waters in btvhe Frio
(Rw = 0.11 ohm-meters) because of the presence of boron and lithium in the waters
(MacPhersén’, 1989; MacPherson and Land, 1989).

Open-hole water saturation can also be éomputed using availabie electrical‘ logs and
c.as}ed-hole porosify. In this three-well study, only electrical logs were available. The tl‘ﬁn'
| sandstones make the 18-ft-8-inch lateral difficult for water saturation calculation
(Hilchie, 1979). Howe\}e;; the short and long normals can bé used to compute an
approximatev open-hole ‘water saturation. The ce,mentaﬁbn factor of 1.89 and the
saturation exponent of 1.79 (derived in the No. 141 Canales well) were used in the

formation water saturation equation.

Borehole Gravity Survey

A borehole gravity survey was run in the No. 1-89 well to test its applicabihty at

_ findmg gas zones in the Frio Formation and to determine formation densnty through
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casing. This tool is important because the measurement is unaffected by casing or hole
washout. Results show that the borehole gravity survey can be used to both determine
porosity and identify gas in Seeligson reservoirs, whether' or not the well is cased. In the ‘
Zone 15 reservoir in SeeligSon No. 1-89 well (fig. 70), the borehole-gravity-survey-.
derived porosity clearly identifies gas (34 > @y) in theinterval 5,363 to 5,379 ft (1,635
| to 1,640 m). In this interval the tool reads 2.18 g/cm (30-percent porosity), whereas the.
pulsed-neutron porosity is lower because of the decrease of hydrogen in gas zones.

The tool measures the earth'’s gravity at each station, where the tool is stopped and
a gravity reading is'made. A formation density is calculated from the vertical gradient of
gravity between two stations. Deviation of the surrounding rock from uniformity will

cause differences vvith ’t'he density measured from the wireline gamma-gamrna density

tool, thus indicating rock heterogeneity or changes in porosity (Exploration Data '

Consultants, 1991).

In gas-bearing forrnations the measurements of the borehole gravity density will
normally be lower than the gamma-gamma density because the borehole gravity
‘rneasurements are unaffected by the invaded zone. Borehoie gravity measurements are .
also practically unaffected by casing and hole washouts because the tool has a large
radius of investigation; A remote body with sufficient density contrast may be detected
at ‘a distance of between one and two times the height of the body (Edcon-
Schlumberger, 1991; Exploration Data Consultants, 1991),

Th_e accuracy of the borehole gravity survey | measurement depends on
uncertainties in depth and gravity differentials. For a set level of gravity' and depth
uncertainty, increased density accuracy is achieved by using larger depth incrernents.
Useful accuracy with the current tool (used in the No. 1-89 well) is difficult for depth
increments of less thanb 6.5 ft (2 m) (Edcon—Schlurnberger, 1991). A nevv tool known as
the Shuttle Sonde is being developed in the SGR proiect, which overcomes the 6.5-ft

(2-m) limitation. The borehole gravity report (app. 2) lists the bulk densities at all
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stations recorded in the well. Two other methods are described in appendix 2 that

confirm the earlier interpretativon of the Zone 15 reservoir in the No. 1-89 well.

' Temperature, CET, and Noise Log

The temperature, hoise log, and cemeﬁt evaluation tool were run fo diagnose
potential mechanical and well;integtity problems and to ihdicate zones where sonic and
, VSP,Surveys fnay be unreliable. For example, figure 73 shows some broblems in well 1-89

in the interval 5,165 to 5,210 ft (1,575 to 1,588 m). The CET acoustic caliper _indiéates
casing damage in a p_reviously perforated and squeezed zone. Nptice that the intern31

| casing size has increased because of damége caused during/ the life of the well. In fact,
K casing may not even ‘exist there. The cement;quality display (figure 74) shows that the B
squeeze is adéquate in front of the perforations but is marginal above and below. The
~ temperature log (fig. 73), run in static conditions,. indicates a cooling anomaly near
. 5,210 ft (1,588 m). "'l“his anomaly is caused by gas expansidn and indicates
communi*cafion behind Casing with nearby zones. The conclusion is that this squeeze
was not successfui. |

Some doubts arose about the quality of cement calculated at the wellsite, and the
CET résults confirmed these dbubts.; Aftet we mét With wireline representatives, a final
recomputation was made using the_proﬁer calibration values; Uhtil- more eXperience is
gained by wireline operators in the field on propei‘ calibraﬂon valﬁes for the CET, we
recommend using the conventional cement bond tool with variable density wavef@im'
display to test for cemvent'quality because the fiéld calibratién'procédures are well

established and provide reliable answers about the cement condition.
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Figure 74. The CET cement evaluation log showing that the perforated and squeezed interval
from 5,165 to 5,210 ft (1,575 to 1,588 m) is adequate but marginal above and below the

squeeze.
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Limitations

Several limitations exist when obtaining logs through casing. First, one of the
limitations is related to the outside diameter of th¢ toois currently‘availabie for logging.
All the cased-hole toolé, including pulsed neutron, température, noise, gamma ray, and
| the CET, have 1 11/16-inch outside diameter. However, fhe full-wave acoustic and the
cement bond logs have larger outside diameters of 2 3/4 to 3 5/8 in'ches, whereas the
borehole gravity survey is 4 1/2 inches. This may limit the acquisition» of these logs in
some wells using smaller casings or tubing. ‘Second, the tubing needs to be puiled out to
run the larger diameter tools. Third, the well must be dead, with no perforations opén,

and full of brine water in order to get valid cased-hole interpretation parameters.

Résul_ts of Petrophysical: Research

(1) In the Mobil No. 247 Seeligson well, the combination of state-of-the-art open-
hole logs and the ﬁse of an intetpretation model developed in the Sun No. 141 Canales
well identified a low-resistivity; shaly pay zone, which Was tésted and which produéed |
gas~in commercial quantities. This shaly sandstohe would have beén bypassed if proper
allowance was not made for' the presence vof shale laminae in the reservolir.

(2) In the‘ Mobil No. 248 'Seeligson well, a comp’arison of wireline formation
pressures with cased-hole pressure tests revealed the ﬁ'eed to confirm wireline-
formation-tester pressures before they are used for interpretati’oﬁ. It was found that up |
to 50 percent' 6f the wireline pressure tests taken in the No. 248 Well, assumed to be
valid by the wiréline_ Operator, were in fact pferﬁaturely terminated and did not
représent trﬁe formation pressures. Close supeivision of the operation at the wellsite is

needed to obtain more repreSentative wireline-formatio{n-tester pressure tests.
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3) In gas-depletioh drive reservoifs like the ones in Seeligson ﬂeld., estimation of
formation pressure in old case‘d.-hole wells will be needéd to find the most ‘promising ‘
pay zones. In the No. »248 well, the sequential formation pressures were correlated with

v several cased-hole iog measurements:} consequently, a correlation was found between
: pﬁlsed-neutron count rates and pressures in gas-beating zones. |

(4) ‘Additional gas zones were identified as a result of analysis of cased-hole ldgs
acquired in No. 1-85, 1-89, and 1-171 wells. These zone§ wére identified by using a
cased-hole interpretation methods previously developed in Seeligﬁon. This method

“combines the infOrmatioﬁ obtained from a pulsed-neutron and full-wéve acoustic log
through casing to obtain porosity, water saturation, and lit‘hology.v

(5) The core data available in the No. 141 Canales well were used to calibrate the
log-derived parameters used for evaluation in Seeligson field. Furthermore, core anaIysis |
results were ﬁsed for a study of effective and total porosity in shale to estimate the
impact of shale porosity on additional reserve calculatibns, which if not accounted for,
‘will cause underestimatioﬁ of reserveS.

(6) The pressure prediction tﬁethod devéloped ih‘the No. 248 well predicted that
the Zone 15 resen?oir in the No. 1-89 well may be partially deﬁleted. N

(7) The borehole gravity survey was tested for applications in the Frio Formation
and identified a gas-bearing sandstone in the Zone 15 reservoir in the No. 1-89 well.
However, the identified gas ‘_zones have not yet been tested. |

(8) Finally, the full-wave acoustic log was used to obtain porosity in cased-hole
wellS. It was found from prévious experiments that even with only 50-percent cenientf
bonding ’it' is possible to obtain reliéble porosities thtough casing ﬁoin the compressional
travel time. Determinvation df reliable shear travel time was not possible"due tob
limitations of current 'tool design. Te'mpefature and cement-quality logs were also run in

the cased-hole wells to find zones with potential recompletion problems.
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THREE-DIMENSIONAL SEISMIC PROGRAM
Introduction

’Ihr‘ee-dimensional seismic imaging ‘of subsufface stratigraphy is a standard, well-
structured technology and is a particularlf important tool for delirieating oil :eservoirs.
- However, the three-dimensional seismic techniqhe is not yet Widely used to evaluate
onshore gas reservoirs. The first three-dimensional seismic data base used at BEG for gas
resefvoir characterizetion was recorded et Seeligson field, Jim Wells County, Texas
(fig.'75) in late 1990 as part of the Secondary Gas Recovery Project. Three-dimensional
seismic data in an area encompessirig approximately 1 mi2 (2.59 km2) in the north part
of the field (figs. 1 and 2) were acquired to better define dime’nsions of gas reservoirs
and identify the topology of genetic sandbodies at the Seeligsen experimental test site.

At Seeligson field, gas is prdduced from a stacked sequence of fluvial-deltaic Frio
sandstones extending from a depth of abouf 5,750 ft (1,753 r_n) to approximately
4,750 ft (1,448 m). Oryx operates the wells that produce from this interval, and Mobil
has the mineral rights for deeper reserves. Consequeritly, ' the Seeligson three-
dimensional seismic data acquisition and processing costs were shared equally by Mobil,
Oryx, and BEG. Most of the technical decisions related to how to carry out the data '

acquisition and processing were made by Mobil and Oryx.

" Three-Dimensional Seismic Amplitude Maps

By slicing across a three-dimensional seismic data volume along selected
depositional surfaces, the areal iopography of individual reservoirs can often be
revealed in surprising detail. C,onsequently,v‘ this horizon slice technique was used to

interpret the Seeligson ‘three-dimension'al migrated data. Because BEG had no

149



&  Well used for data collection
/testing

® - Existing well
== e Source line
5-—— Receiver line
.. Extent of VSP image : 7 N
R Common midpoints (CMPs) 2 /
) Line of CMPs trending paraliel to receiver lines
Line of CMPs trending perpendicular to receiver lines

o 2000t

Figure 75. Field geometry used to record a three- dimensional surface seismic grid in part of
Seeligson field, Jim Wells County
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interactive geophysical workstation, the horizonvin‘terpretation Was contracted to'
Halliburton Geophysiéal Services, and BEG scientists mOnitoredb and adjusted the
interpretation using well control throughout the seis:h,ic data grid.

A horizon sliée generated at the Zone 19C reservoir level is shown in figure 19. In

seismic terms, the Zone 19 reservoir is considered a thin _bed because the reservoir
thickness (typically 10 to 30 ft [3 to 9 m]) is less then one-fouﬁh the dom.inant seismic
wavelength. (Trhe"dominant wavelength at the 19C level is appfoximately 200 ft
[60 m].) '

In a"sandstone-shaie seque‘nce; an important principle of seismic thin-bed
stratigraphy is that the amplitude of a thin-bed reflection is ‘directly propbrtional to the
amount of net sandstone in the thin-bed'intérvlal (Méchel and Nath, 1977). Based on
this principle, the darker amplitude responses on the mhp ih »figure 19 cdrrespond to

thicker amounts of sandstone.

AVO Maps

Rather than simply ‘slicing throiigh a three-dimensional volume of stacked seismic
reflectioﬁ amplitudes as is shown in figure 19, an alternate interpretation technique,
which relates seismic reflection behavior to reservoir stratigraphy, is to display how
_reflection amplitude variés with angle of incidence at a selected reservoir .level. This
intérpretation approach is commonly called AVO (amplittxdekv'ersuks offset). .

Oryx used the Seeligson data to generate a three-dimensional ’iniage of AVO
behavior and fhen calculated synthetic AVO responses to determine how to interpret
the field-measured AVO values. A slice across the Oryx AVO data volume, which follows a
horizon interptefed to be at the Zone 19C reservoir; is shown in figure 20.

On the basis of Oryx’s synthetic model calculations, the darkef (moxfe bbsitive)

responses in this display should map the higher gas saturations. The oval distribution of
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the higher gas saturations is reasonably similar to the oval topology of the net sandstone

shown in figute‘ 19.

Fundamental Assumptions and Approximations-

The fundainental source and receiver objectives required for three-dimensional
imaging' a&e illustrated in figﬁte 76. Basically, the energy -‘source(s)' must produce a
, doanoing illumination anefield ‘equivalent to the wavefield that would be produced
| by an 'ar'eally continuous source overlaying the entire image area, and the receiver(s) -
used to record the subsurface image must capture the reﬂected wavefield in exactly the
same manner as would an areally continuousb antenna overlaying the complete data
collection area. Geoph&sicists _areforcéd to apptoximétév these assumptions of an areally
continﬁous source and an areally continuous receiver antenna using a fini‘té number of
- discretely positioned point sources and point receivers. In the three-dimensional soufce_
approximation, a tiine-delayed sequence of discretely positioned, spherically spreading
wavefields is created across the survey area rather than a single, laterally extensivé,
downgoing, piané wavefield emahating uniformly» and simult;neously from every surface
point. Thé’ term "time-de_layed" refers tb the time pause that occurs between the
recording of sucéessiv,e vibrator outputs (or explosive shots) from individual shot points
across the data grid. Because of‘ this shot-to-shot iime pause, adjacent small portions of
the areally continuous source (fig. 76) are constructed ét time intervals of‘S to 60 min,
depending on field conditions such as equipment performance and weather. In the
three-dimensional receiver approximbation, individualiy recorded, spherical wavefields
from each shotpoint are converted ‘into upward-traveling, laterally extensive plaﬁe
waves and summed to produce a single upward .traveling plane wave encompasﬁing the

entire receiver grid.
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(a)

SOURCE OBJECTIVE - CREATE A SINGLE LARGE, AREAL SOURCE COVERING THE ENTIRE SURVEY
GRID AND CAUSE THIS SOURCE TO ILLUMINATE THE UNDERLYING SPACE WITH A SINGLE,
DOWNGOING PLANE WAVE.

e

SINGLE AREAL SURFACE SOURCE

]

DOWNGOING PLANE WAVE S T

RECEIVER OBJECTIVE CﬁEATE A SINGLE, LARGE; AREAL ANTENNA COVERING THE ENTIRE
SURVEY GRID TO RECEIVE THE REFLECTED WAVEFIELD GENERATED BY THE SOURCE DESCRIBED,
ABOVE.

'SINGLE AREAL GROUND ANTENNA f

| N S |

REFLECTED PLANE WAVE

Figure 76 (a) The fundamental source assumption involved in three-dimensional seismic data
acquisition and (b) the fundamental receiver assumption
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These approximations can be reasonably accurate implementations.bof the
assumptions illustrated in figuré 76 if budget restraints allow a propér number of' source
‘points to be,océupied and a proper number of receiver sites to be recorded. As
expenditures are reduced, compromises must be made, which cause the approximating
stt;.ps to deviate farther from the assumptions. A feasonable_ balance.between technical -
wvalidity and budget expenditure (about $75,000 for acquisition and processing) appears
to have been achieved id the Seeligson— three-dimensional seismic program. References
will be made to these fundamental assumptions as the three-dimensional data collectionb

and analysis are discussed in the following sections of this report.

Field Geometries Used in the Seeligson Three-Dimensional Seismic Survey

The specific source-receivetlgéometry that was used to record the three-
dimensional seismic‘data. volume at See‘ligson field will now bé described by referring to
figure 75. The data recbrding was performed by Western Geophysical, Pétty Number
V-3, in December 1990. The receiver, source, and common depth point attributes

resulﬁng from this field geometry can be described as follows:

Receiver Lines

Fourteen parallel receiver lines.(shown as solid lines in fig. 75) Were deployed in a
northwest-soufheast orientation, which is the approximate direction of structutal dib.»
~ The iine-to-line spacing is 495 ft (151 m). Each line was composed of 36 receiver groups,
spaced 165 ft (50.3 m)’apar”t,' which will be described in the next section. A total of
| 504'receiver gtoups (14 lines by 36 groups per line) were thus laid out  to creaté a
rectangular antenna measuring 6,435 by §,775 ft (1,962 by 1,761 m).' The reflected
wavefields arrivingkat all 504 receiver groups were simultaneously recorded for evéry v

illumination wavefield inserted into the subsurface during the data acqﬁisition pi'ograrh.

154



At Seeligson, recording data simultaneously at all points in this 504-element‘rectangular
recei{rer pattern is assumed to adequately represent the assumption of the areally

continuous ground antenna depicted in figure 76.

Receiver Arrays

Each of the 504 receiver gioups was constructed by plahting 12 in-line gedphones
~to form a linear array. Specifically, GSZOvD 10-Hertz geophories were used. The elément-
to-element spacing was 7.5 ft (2.3 m), whic_h produced an array 82.5 ft (25.2 in) long. A
| gap of 82.5 ft (25.2 m) was.left between adjacent receiver groﬁps, o) corhplete ground
coverage was not constructed. Thisv array geom"etry and the resuiting surface co§etagé

along each receiver line are diagrammed in figure 77.

Recording System

Westém Geophysical used a Geosoﬁrce MDS-16 system to record these three-
- dimensional data. This system is built on a modulaf cohcept in which eight-channel
remote units (RU’s) are distributed along the receiver lines. Data from eight ,géophone
groups feed into each RU in traditional analog form via standard twisted-pair cableﬁ. The
RU digitizes the eight ‘channels of information and sexids the data on to a central
recorder in digital_bform via a fiber optics cable. A ‘totél' of 63 RU’s were required to

simultaneously record all 504 receiver groups.

Source Arrays

Six source lines (fig. 75) were oriented perpendicular to the receiver lines. The

‘source-line-to-source-line spacihg was typically 1,485 ft (453 m), but numerous line
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Figure 77. Geometrical p_arameters‘ used to construct individual source and receiver lines in the
Seeligson three-dimensional seismic data grid.
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offsets héd to be m_ade to avoid well pads and production facilities‘in this Active' gas field.
These variatioﬁs in line spacing are accurately depicted in figure 75;‘

v\‘/ibration points were surveyed a‘t intervals of 165 ft (50.3 m) along each source
line so the source spacing would be identical to the receiver group interval. A comp.letev
seismic 1ine con.taine‘d 41 vibration points unless proximity to surface production
equipment forced a source location to be skipped. Each source line extended 6,600 ft
(2,012 m), or 40 x 165 ft (12.2 x 50.3 m), p;oviding a rectangular source array ineasuring
6,600 ft (2,012 m) by approximately 7,425 -ft (2,264‘m) overlaying the 504-element
receiver antenna pattern. ”

This six-line source pattei’n is assumed, 'at‘Seeligs»on,'to adequately represent the
assumption of the'areally continuous source shown in figure 76. If there is a technical
weakness in the Seeligson three-dimensional seisrfxic prbgram, it can probably be traced
tb the failure of édequatelyv approximating an areally continuous source. In this
instance, the technical benefit of adding more source lines to improVé the areal source
approximation was judged tov be not worth the costs of additidnal pennitting, bulldozing
- more lanes thrdugh the mesquite, and adding extra days of crew time to the acquisition
progfam. A reasonable compromise between‘ cost and data'_vélidity has been made.

"At each surveyed vibration point, fouvr LRS Model 315 vibratorS were stationed in
line and centered on the shot flag with their pads separated a distahce of 35 ft’(10.7‘m),
to produce a source array 105 ft (32.0 m) long with a gap of 60 ft (18.3 m) betWeen
adjacent arrays. This soﬁrce array geometry and the resulting grbund cové’rage along each
source line are illustrated in figure 77. A Model 315 vibrator can produce a péak force of
47,000 pounds (209,066 n) at full drive, but Western Geophysical reduces the peak |
force to 41,.000 pounds (182,377 n). Thus, a total peak force of 164,000 pounds
(729,508 n) couid be applied at each source location during each sweep. Ground force A
phase locking was used to keep the vibrators synchronized and‘ to ensure that a

consistent basic wavelet could be extracted for each source wavefield. Ground force
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) phase locking was an important requirement because significant variations in the pad-to—
: 'ear'th coupling existed at the 246 source locations owing‘to changes in soil type.

'fl‘his four-element source array executed sbt 10-85 Hz upsWeepsat each vibration
point, allowing the equivalent of 24 sweeps ‘frorn a single Model 315 vibrator to be
summed to produce each source wavefield. Each sweep length was 14 5 followed by a 6-s
listen time. |

Modern vibrator electronics allows the sweep drive signal to adjust the amount of _
energy produced by a vibrator in certain portions of the frequency band. This flexibility
can be helpful when the higher frequency components need to be amplified to ensure .
“that high frequency data will be recorded at long travel distances. A nonlinear
6-dB/octave drive signal was selected for the Seeligson survey, which is to say the‘
arnount of cumulative energy produced by the vibrator pad motion increases by a factor
| ~of 4 each time the sweep frequency doubles. The graphs in figure 78 illustrate how the
pad moves when controlled by this type of drive signal and how the pad motion energy
is distributed over the frequency band. Unfortunately, ‘Western Geophysical proyided.
‘plots for a 16-s ‘sweep for this figure rather than for the 14-s sweep actually used at
Seeligson, but the graphs still illustrate the principles of a nonlinear vibroseis ’sweep;

The nonlinear amplification of energy in the higher frequency part of the sweep
results from a continuous increase of the length of time required for the pad motion to
span a selected frequency interval (curve C) rather than by an alteration of the
- magnitude of the driving force (curve D). The result is the energy distribution shown by
curve B; labeled ‘_‘percent»of sweep energy above frequency.” The 'numbered points 1,
2, and 3 on this function show that only 4.25 percent of the total'energy is produced in
the first octave (10—20 Hz); an additional 17 percent of the output energy is created
during the second octave (20-40 Hz); and the bulk (68 percent) of the energy

associated with the pad motion occurs during the third octave (40-80 Hz). '
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Figure 78. (a) Distribut.ionl of vibrator sweep energy as a function of frequency and (b) the
nonlinear time functions controlling the pad frequency and the hydraulic drive level that
produces the frequency-dependent energy distribution in (a). ‘
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An additional visualization of the manner in which the enérgy content of the
vibrator wavelet is weighted toward the higher frequency componenté t.ésults Wheh the
75-Hz bandwidth (10-85 Hz) at Seeligson is divided into three eqﬁal' portions as shown(
by the solid tria_ngles in figure 78a. Curve B shows that only 15 percent of t_he total
energy is produced in the lowest third of the spectrum. This relatively small amount of
energy generation results bécause the vibiator pad is forced to make a smobth trjanvsition
from a lo-Hz oscilléfion to a 35-Hz oscillat’ipn in less than 3 s, as shown by arrow t)oint
labelled “a” in the frequency-versus-time curve, C. In contrast, SO percent of the energy
is prqduced in the upperv‘third of the spectrum becaugé_the.leﬁg'fh of time used to drive
“the pad over the 25-Hz inAterval> from 60 Hz to 85 Hz is increased to more than 85 (that
is,'the time interval from arrow point b to the end of sWeep at 16 s). |

The energy distribution described here represents only what the drive signal causes
‘the vibrator pad motion to be. The actual eﬁergy distribution within the propagating
vibtosc;.is wavelet &aries from this description i)ecause some enetgyb is lost and some
phase shifting of certain frequency components occurs because of inefficient and

variable pad-to-earth couplings across the survey area. ‘

Analysis of the Three-Dimensional Receiver and Source Array Responses

Two taciteiSsumptiohs in three-dimensionél seismic data acquisition and processihg
are: (1) All sensor groups throughout the surface reteiver grid have identical antenna
pattems, and (2) identical radiation patterns are generaated.at all source positions.

The validity and implications of thesé éﬁsumptions will be analyzed beforé discussing the
three-dimensional seismic data pr-0cessing at Seeligson field is discussed.

‘For the receiver antenna analysis, seismic wavefields will be allowed to arrive at a
typical 12-element SéeligsOn surface sensor array from a variety of directions in three-

dimensional space, and the resulting array responses will be compared. For the source
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radiation analysis, the shape of the radiation péttern emitted by the four-element
Seeligson soﬁrce array in a largevnumber of three-dimensional vector directions will be
calculated and compared. _ |
The three-dimensional cqordinate system used in these calculations is illustrated inb ’
figurev 79. In the réceiver anaiysis, the 12-element inli‘ne sensor group diagrammed in
figure 77 is assumed to be centered about the origin of this coordinate system and
aligned along the X axis. The angles and 6 shown in this figure a:rev used to define the
direction in thteefdimensional space along which the wavefield is traveling, upon
arriving at the receiver -array. When calculating three-dime‘nsi’o'nal source radiation
patterns, the four-element source array diagrammed in figure .77 is also centered at the
origin and aligned along the X axis. The energy radiated ixi the three-dimensional
direction defined by angles ¢ and 6 is then calculated ?or a large range of angles.
Examples of the three-dimensional characteristics of Seeligsoﬁ receiver array
antenna patterns and three-dimensiohal pictures of Seeligson source array radiation

patterns are provided in figures 80, 81, 82, and 83.

Source Radiation Patterns

The shape of the radiation pattern produced by the four;vibrétor sdurce array is
described by the polaf ‘coordinate plots in figure 80. Each plot showS how the radiated
energy is spa_tially distributed in a single, vertical plane fgr a particular frequenéy
component. Analyses are presented for the low énd of the source spectrum (10 Hz), for.
the middle of the soufce,spectrum (40 Hz), and for the upper end of the specﬁum
(70 Hz). | |

The flat top of each polér plot in this series of figures represents the earth’s
surface, and the shaded area describes the shape of the radiation pattern traveling into

the earth. The coordinate where the shaded area intersects the flat top of each
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Figure 79. Mathematical models used to investigate the three-dimensional directional
properties of the Seeligson receiver and source arrays. The earth’s surface is the XY plane, and
the positive z axis extends into the earth. In (a), a 12-element Seeligson receiver array is
centered at the coordinate origin O and distributed along the X axis. The receiver array
response is then calculated when a wavefield approaches the array in a direction specified by

angles ¢ and 6. In (b), the Seeligson source array is centered at O and the radiation pattern is
calculated for arbitrary directions specified by ¢ and 6.
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10-Hz wavefront traveling vertically into Earth 40-Hz wavefront traveling vertically into Earth‘. 70-Hz wavefront 'tmveling vertically into Earth

/ Source array

30° Azimuth angle between departing wavefront and axis of source array

‘EXPLANATION
Antenna pattern for source array :l, Departing wavefront

QAI8I02a

Figure 80. The shaded areas describe the shape of the radiation pattern produced by the 4-
vibrator source array used for the Seeligson three-dimensional seismic program. Vertical slices
are taken through the radiation pattern at azimuth angles ¢ = 10°, 30°, 50°, and 70° (see fig. 79
for a definition of ¢) in order to give a sense of the three-dimensional nature of the radiation

geometry.
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Figure 81. Thé shape of the 10-Hz antenna pattern provided by the 12-element receiver arrays.
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40-Hz. wavefront traveling horizontally along 40-Hz wavefront traveling upward at 45° to
Earth’s surface Earth’s surface ’

EXPLANATION

/ ‘Receiver array

30° Azimuth angle between approaching wavefront and axis of receiver array

Antenna pattern for receiver array ‘I‘ Approaching wavefront
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'Figure 82. The shape of the 40-Hz antenna pattern provided by the 12-element receiver array.
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Figure 83. The shape of the 70-Hz ahtenna pattern provided by the 12-élement receiver arrays.
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seiﬁicitclé defines the amplitudé of the wavefront traveling horizoritally away from the
- source. The position of the boundary of the shaded area on each ‘radia'l' line defines the
amplitude (in decibelS) of the wavefr_ont prdpagéting into the earth at an anglé,~ 8, equal
to the inclination of the radial line, where g is shown in figuté 79. The wavefront
traveling downward vat' an inclination angle g = 90° (again refer to fig. 79 for a definition
of o) is indicated by the symbol labeled‘_“dep&rting wavefront” in ea'ch} polar plot.

The source array i‘s céntered‘ at the origin of the radiél lines, and the short, h'eavy
line drawn thtough the ofigin sho;vs the orientation of the source array felative to the
vertical piéne cohtaining the polar plot. This azimuth angle between the axis of the
source array and the vertical analysis plane is the angle 6 shown in figure 79. Four
azi_muth diréctioné are analyzed ér’id specified as 10°, 30°, _50?, or 70° in the center of
each figure.

The principal point illustrated by these polar plots is th;t ‘no frequency
component of the ﬁeismic wavefield propagating away kfrom the four-vibrator array can
be represented by a siniple spherical wavefront—a common éssumption. In_stead‘, each

frequency component has a radiation shap‘e; which is not uniform in all directions, and

which is comprised of a sequence of lobes and nulls positioned at specific orientations.

This source radiation pattern differs significantly from the fundamental three-

dimensional source assumption shown in figure 76.

Receiver Antenna Patterns

A similar sequence of polar plots is used in figures 81, 82, and 83 to describe the
three-dimensional character of the antenna pattern aSsociated with the lz-elément
receiver arrays used t.o,record the Seeligsdn data. The notation in the figures and the
int‘erﬁretations of the polar plots are explajned in the preceding section’s discussion of

the source radiation patterns.
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Inspection of the receiver plots leads to the conclusion that the receiver array
does not create an antenna having a uniform response in all directions. Instead, the
| antenna exhibits ‘high gain (lobes) and low gain (nulls) in specific directions and does

not behave like the three-dimensional antenna model assumed in figure 76.

Common Midpoint Coverage

- The common midpnint (CMP) reflection coverage produced by the Seeligson.
source-receiver geometry is shown byv the grid of small black dots in figure?S. Each dot
~ is positioned at the center of a stacking bin encompassing an area 82.5 x 82.5 ft
(25.2 x 25.2 m) in the subsurface. Once the data are processed, the total image volume
spanned by these CMP’s can be _described in terms of 80 southeast-northwest reflection ‘
profiles and 82 southwest-northeast profiles. The laterai spacing between the:se profiles
is 82.5 ft (25.2 m), so the.imaged volume is a vertical block having a rectangular Cross-
sectional area of 6, 600 ft (2,012 m) (SE—NW) by 6765 ft (2,063 m) (SW-NE) and
extending straight down beiow this midpoint grid A horizontal slice through this data

volume will always contain 6,560 (that is, 82 X 80) data bins.

Stacking Fold

The number of seismic traces falling within each of the 82.5 x 82.5 ft
(25.2 x 25.2 m) stacking bins varies both laterally and vertically throughout the
Seeligson' data leurne. The maximurn number of source-receiver pairs that cause a
 reflection point to fall inside a specified midpoint bin is indicated in figure 84. ‘This,map
is a tracing of only a few contours from‘ a detailed color display of stacking fold, which
showed the maximum stacking fold can vary from a value of 1 ‘trace per bin at the edges
of the ixnage to a high_of almost 60 traces per bin in a few cells near the center of 'the

. grid. A black-and-white copy of this color map is displayed in fi'gure 85S.

168



190
170
—150
—130
1o

____________ 8 — — —
- Lo o
| |
|
70 | l_____za_____ﬂ | —70
‘ ; —_——l . L—__-i : v
! ' cn I l
N l | r . ! [ '
[ | ' I [ |
@sot | | I | | | 50
g : | | | | |
o | _ ,
o I l L'L A | | B
£ ‘ l 1 | | '
- | | | ] | I -
| I I I !
o l ! | !
| l I N [ :
30 | (. I | ! —30
: | —L_-—90 I I
I |
I r |
| L'_"""'I r—== ]
| |
|
J
10f b §—————————— £ _ Hio
1 L 1 ] 1
8 2 2 2 2

Shotpt—ainf range

- Figure 84. Simplified picture of the maximum stacking fold achieved in the Seeligson three-
dimensional seismic survey. The original stacking fold map was a detailed color display showing
that the stacking fold varied from 1 trace/bin at the edges of the image to almost 60 traces/bin
in a few cells at the center of the grid. Black-and-white copy of this color map shown in
figure 8S.
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The stacking fold behavior depicted in these charts is the maximum possible fold,

which is a condition valid only at late reflection times in which traces with the largest
source-receiver offsets can be included in the stacking sumrnation. As reflectors
approach the earth’s surface, only traces at shorter offsets satisfy the assumptions for
~ midpoint stacking, and the stacking ‘fold is necessarily reduced from what is implied in
' 'figure 84.
The geometry ‘uvsed‘ in the Seeligson data a_c’quisitiOn prograin causes the stacking
' fold‘to exhibit abrupt changes in magnitude, which parallel the source and receiver
lines. This behavior is exhibited by the series of bands crisscrossing the stacking fold
map in figure 8S. Tne bands parallel to't'he source lines"(the vertical bands in this map
orientation) are more obvious because the source lines are more widely separated than
the receiver lines and because the stacking fold discontinuity is greatest in a direction
perpendicular to the source lines.

Even when conditions for maximum stackmg fold exist at late reflection times, the

: stacking fold in much of the data volume is not large. The histogram at the right side of

figure 85 defines the percent of total data bins that can have certain magnitudes of .

stacking fold and shows that 35 percent of the bins have a stacking fold of 8 or less. This
amount of stacking fold is low for present-day seismic acquisition standards. Only the
central 17 percent of the irnage space can have a stacking fold of 30 or more, which
represents a more preferred stacking objective. (The histogram percentages do not sum
to 100 percent, owing to round off. For example, no stacking bins are shown to have a

~ stacking fold grearer than 48, although several such bins exist).

Data Processing

Western Geophysical was contracted to process the three-dimensional seismic data.

The objective of the processing is to convert these wavefields, which are generated and
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recorded at discrete spatial points, into the areally continuous downgoing and upgoing '
plane waves shown in the three-dimensional illqmi’nation assumption summarized in
figure 76. The processing sfeps followed by Western Geophysical t'o, accomplish this
traﬁsformation are listed in table 8 which is directly copied from a Western-processed
seismic display. | |

Exﬁmples of unptocessed field data recorded at all 504 receiver stations are shown
in figures 86, 87, and 88. These Wavefieldsvwerevproduced wheh th‘ev vibrators wefe ‘
positioned at the west corner, the east corner, and the center, 'respectively, -‘of the
SE-NW receiver grid. The source lbcation ‘is specifiedvas VP1, VP2, or VP3 in eacﬁ
wavefield display, and these vibration points are shown in figure 75. ‘

The 36-trace grdups labeled 1 through 14 in figures 86, 87, and 88 represeht the
data recorded by the fdufteen receiver lines used to construct the Seeligson areal
receivef antenna. Each receiver lihe éomprised 36Vreceiver arrays; hence, the 36-trace
\grouping. Theb receivér line 'notatidn starts with 1 at the south edge of the grid and
increments to 14 at the north edge (fig. 75). |

These areal wavefields ‘habve'a r_easonably wide frequency band and are relaﬁvely
noise free. The most obvious noise is the air wave produced by the diesel engines of the
vibrators, which travels d6anind from each vibrator position at abvel‘ocity of 1,100 ft/s

' ‘(335 m/s), the speed of sound in air. Since the receiver lines are separated by 495 ft
(151 m), this propagétion velocity meansv'the air wave 'is deiayed 450 ms betWeen

adjacent receiver lines as documented in figures 86 and 87.

Surface-Consistent Processes

The adie'ctive_’”surfac'e consistent” is often used by geophysicists to describe certain
data procedures applied to seismic data. This terminology appears in step 7 of table 8

and is implicit in steps 4, 9, and 11. At Seeligson field, the concept of seismic surface
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Tabie 8. Data processing sequence used to produce three-
dimensional imagery at Seeligson field.

Processing sampling interval: 2 ms

1.

Nk wbN

19.
20.

21.

22.

Convert SEG-D.to WGC code 4

Compute subsurface geometry and statics
Sort to CDP order '

Zone anomaly processor (Z.A.P.)
Geometric spreading compensation
Apply min. phase shaping operator

Surface consistent deconvolution
Three windows
Operator length: 140 ms
Prediction distance: 2ms

Trace balance

. Zone anomaly processor (Z.A.P.)
10.
11.
12,
13.
14.
15.
16.
17.
18.

Velan® (Velocity analysis)

Miser® (Auto statics)

Time variant spectral whitening

Apply model-based wavelet compensation
Common offset DMO on selected profiles
Velan® (Velocity analysis)

Dip moveout correction

Final stack

Inline migration—cascaded finite difference
‘Time Velocity Time Velocity Time Velocity

(s) (ft/s) - (9) (ft/s) (s)  (ft/s)
0.00 4,659 0.30 6,364 0.60 6,698
0.90 7,549 1.20 7,789 1.50 8,202
1.80 8,787 2.10 9,000 2.70 9,200
4.10 9,600 6.00 10,000

Crossline sort

Crossline migration—cascaded finite difference
Time Velocity Time Velocity Time Velocnty.

(s) (ft/s) (s) (ft/s) (s) . (ft/s)
0.00 4,659 0.30° 6,364 ~ 0.60 6,698
0.90 7,549 1.20 7,789 1.50 8,202
1.80 8,787 2.10 9,000 2.70.. 9,200
410 9,600 6.00 10,000

Time variant filter

‘Time Hz/dB - Hz/dB
0 -14/24 - 75/48
1,000  12/24 -+ 65/48
1,700 8/24 - 60/48
3,000 8/24 - 50/48
6,000 8/24 - 40/48
RMS gain

Window: 56 - 1,024 ms
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Figure 86. Wavefield recorded by all 504 Seeligson receiver arrays when the vibrators were
positioned at the westernmost source point of the data grid.
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EXPLANATION

L 9.1 Receiver fine : : AMTATLE

o Figure 87. Wavefield recorded by all 504 Seeligson receiver arrays when the vibrators were
positioned at the center source point of the data grid. . ’
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consistency means the statistically aVeraged phase and amplitude prkoperties of all the

‘wavefields recprded at each receiver group location, all the wavefields generated at each .
- source position, and all the wavefields observed at each sburce-receiver offset distance

. are numerically adjusted not to deviate too far from a set of chosen standard values. As a

result, the seismic souree wavefield is, in an average statistical ‘sense, consistent across

the entire survey area as required by the uniform areal source assumption in figure 76.

Similarly, the 504 distinct receivers tend to behave like’ a continuous, uniformly
consistent antenna overlaying‘the entire data grid, as also emphasized in figure 76. In
the Western processing, surface consisfent_corrections were performed for the following
numerical properties of the field data, listed in table 8: (1) wavefield amplitude (steps 4

and 9), (2) wavefield phase shifts and time delays (step li), (3),ane1et shape and

spectrum (step 7), and (4) intrabed multiples (step 7).’ |

| By applying these surface-consistent operations to the. data, any Wavefield

characteristics introduced into the data set as a result of anomalous surface eonditions at
- a particﬁlar receiver site are minimiaed, as are anomalous behaviors produced at a given

source location or observed for one particular source-rec'e'iizet vo'ffs,et distance. The result

of these surface-consistent processes is that the phase and amplit‘ude‘ vatiations

remaining in the Seeligso'n-data can be more cdnfidently associated with geological

conditions occurring along the subsurface travel path.

Dip Moveout

The dip mdveout (DMO) correction done inprocessihg step 16 of table 8 is a
- powerful technique for creating correct images in seismic data windows, where there are
conflicting structural dips. The technique will not be described here, and interested

readers are referred to Yilmaz (1987). A situation of conflicting seismic dips commonly.
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occurs in the ixﬁmediate vicinity of rotated fault blocks and significant .growth faults, and
DMO is now often used to improve image quality when the section of interest is faulted.

The DMO technique was used in the Wéstern processing sequence because Mobil
wanted to achieve optimum fault resolution in the deeper secﬁon below the Frio
| (where Mobil has the minéral rights).’ In the shallbwer Frio interval where the
objectives of the Secbndary Gas Recovery project are focused, DMO processing is
unnecesséry because no conflicting seismic dips occur. Since DMO has sometimes
ehhanced rather than attenuated intrabed multiples, Oryx processed the Seeligson
three-dimensional seismic daté independently and omitted the DMO step because their
interests are also focused on the Frio interval. Examining the imagery produced by Oryx
and Westet_ri Geophysical led to the conclusion that the DMO cbrrections carried out by

Western Geobhysical did not seriously degrade image quality in the Frio interval.

GAS RESERVOIR HETEROGENEITY AND RESERVE GROWTH POTENTIAL
Stratigraphic Architecture

Varying architectural styles in middle Frio fluvial reservoirs in South Texas resulted
partly from relative rates of coastal plai‘n aggradation (Kerr and Jirik, 1990). Relatively
slow aggradation resulted in laterally stacked (connected) channel systems, whereas
rapid aggradation re;ulted in vertically stacked (isolated) channel systems (fig. 89).
Connected sandstones form wide, sand-rich channel systems and‘predominate in the
2,000-ft (600-m) thick unitized middle Frio section at Seeligson field (fig.‘IO). These
relatively continuous sandstones are internally éomplex, commonly contain abundant
channel-on-channel contacts, and are typically rich in mud rip-up clasts. Contrasts in
permeability as great as four orders of 'ﬁxagnitude exist between these mud-clast zones
and adjacént‘sandy channel-fill deposits. In contrast, isolated sandstones form discrete

channel systems. This architectural style is characterized by nattow belts of channel-fill
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EXPLANATION
" SANDSTONE
Channel-fill deposits

m
15 Splay deposits
1000 ft MUDSTONE
0% 300m [ Fioodptain
Seeligson field v Stratton field

QA13050 -

Figure 89. Fluvial architectural styles in the middle Frio Formation in the FR-4 play. Modlfied
from Kerr and Jirik (1990).
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deposits ﬁanked‘ by splays :t‘hat are encased in extensive ,ﬂoodplain mudstones.
Architectural style has important implications for reservoir compartmentalization.
Conhected sandstones may cohtain incompletely"drained» reservoir compartmen‘ts
because intemal’ permeability contrasts act as partial, leéky barriers. However,‘ isolated
sandstones méy contain compartments that are virtually untapped by conventional well
Spacingo |

C‘orrelations of middle Frio vstra.ta between Seeligson, Stra&oﬁ, and Agua Dulce fields
- in the Frio FR-4 play (fig. 4) indicate that the spatial distribution of channel-fill and -
splay sandétdnes forms a continuum (fig. 89). One end of the continuum is the
| cbnnected architectural style where sandstone bodies of the channel-fill and sp‘la&
facies laterally and/or vertically contad one énoth_et or are vérticall? separated by only a
few feet of the floodplain mﬁdstdne facles. At the other end of the'continuum is the
visolated architectural style; in which sandstone bodies are poorly éonnected and are
vertically separated by at least 10 ft (3 m) of floodplain mudstone. |

Individual channel-fill sandst‘ohes in the connected architecture are poorly
préservéd becat_lse fhey were commonly eroded by laterally accreting channels on a
Wéakly 'subsiding coastal plain. The‘se_ erosional processes limited thé original
depositionall lateral continuity of floodplain mudstone that otherwise encases channel-
fill vsa'ndstones. As aires'ult, the sand-to-mud ratio is high in connectéd architecturé
(fig. 89). o

In contrast, isolated fluvial architecture resulted from relatively greater rates df
subsidence that preserved complete channel-fill and splay deposits encased in
7 ﬂoodplain mudstones. The resultiﬁg» spatial confiéuratibn is one with a low vsand-‘to‘-mud
ratio (fig. 89). |
| Seeligson field cohtéins both types of ﬂuviéi architecture. In.the 2,000-ft (610-m)
- thick middle Frio interval, the architectural style alternates 10 times from connected to

isolated (Kerr and Jirik, 1990). The connected sandstones va're continuous across the field
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for 15 mi (24 km) along depositional strike (northeastward). A typical well may contact
two to three discrete genetic intervals in eéch of thé 50- to 100-ft (15- to 30-m) thick
connected sandstones, whereas the probability of contacting the. isolated sandstones is
lower. | |

Stratton and Agua Dulce fields also contain both types 6f fluvial architecture that
alternate 13 times in the 2,500-& (762-m) thick middle Frio section. Hox&eﬁer, these
fields contain a higher proportion of the isolated architecture than does Seeligson field.
In contrast to Seeligson field, connected sandstones are not continuous across the 20 mi
" (32 km) extent of Stratton and Agua Dulce fields. Instead, ‘these sandstones grade !ocally
into isolated sandstones near normal faults where connected sandstones in the footwall
block becorhe isolated sandstones in the hanging wall bliock.

Fluvial architecture patterns in the middle Frio Fofmation in Seeligson and
Sttatton—Agua‘lv)ulce fields wefe compared for variation in stacking patterns of the
- fluvial facies. The comparison was performed by analyzing cross sections oriented in a
similar directi'on relative to structural position and depositional trends. Results indicate
that the variatioh in facies architecture between these two fields in the Frio Formation
is significant (fi‘g. 90). Appfoximately S0 percent of Seeligsoh field contains the laterally
connected fluvial architeqture compared with 33 percent at Stratton—Agua Dulce field.
. In addition, Seeligson field has only 12 percent of the‘ verticaily isolated fluvial
architecture compared with Stratton and Agua Dulce fields, which contain 43 percent.
This contrasf in fluvia_l aréhitecture between these fields strongly suggests that
development plans should be modified to account for different degree‘s of reservoir
~ connectedness. Fields that contain isolated reservoirs iequire closer completion spacing-

to maximize recovery.
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Figure 90. Comparison of fluvial architectural style between Seeligson and Stratton fields.
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Scales of Heterogeneity

Four main levels of heterogeneity, ranging from microscopic to megascopic, control
reservoir geometry and affect hydrocarbon recovery (fig. 91 [Tyler, 1988]). Microseopic
‘heterogeneity, governed by diagenetic processes, occurs at the pore-throat scale and
partly controls hydrocaroon saturation. Mesoscopic heterogeneity is related to variations
in bedforms within facies, whereas macroscopic heterogeneity occurs at the level of
- facies or genetic sandoodies such as point-bar and crevasse-splay deposits. This is the
critical scale of interwell heterogeneity that controls secondary recovery opportunities
and fis, in turn, a function of 'the specific depositional system of each reservoir.
Megascopic heterogeneity is at the largest possible scale and encompa$ses large-scale
relations between reservoirs (for example, connected versus isolated fluvial architecture
[fig. 89]). |

Similar scales of heterogeneity in fluvial sandstones exist in a six-fold hierarchy:
based on bounding surfaces (fig. 92 and table 9 [Miall, 1988]). Although most of theee
surfaces can oe recognized in cores, they are difficult to correlate between wells because
of their limited lateral extent (<25 ac; <0.039 r'ni2 [<0.101 krnz])r However, fifth-order
surfaces, which correspond to the macroscopic level of heterogeneity of Tyler (1988),
define major channel bodies that can be inferred from net-sémdstone, log-facies, a‘nd_
three-dimensional seismic maps (for example, fig. 19). At Seeligson field, ribbon channel
sandstones, whieh define fifth-order bounding surfaces, are isolated sandstone bodies
- that form reservoir eOmpartments (for example,. channel-complex number 2 in fig. k43).
Sixth-order surfaces define large-scele units comparable to 'connected or isolated fluvial
architectural systems. |

At Seeligson field, microscopic heterogeneity is primarily controlled by authigenic

calcite and kaolinite cements. The precipitation of calcite cement in intergranular pore
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Megascopic heterogeneity

Microscopic
heterogeneity

Mesoscopic
heterogeneity

Macroscopic . heterogeneity

EXPLANATION

' Drained reservoir oy o . ‘ L
compartment Untapped mobile oil Intrareservoir seals
Non-reservoir Residual oil between
D rocks m and around. grains QA 930]

Figure 91. Four scales of reservoir heterogeneity. At Seeligson field, poorly drained reservoir
compartments that occur at the megascopic level of heterogeneity are inferred from net-
sandstone and log-facies maps. Sizes of these compartments are best resolved ‘in three-
dimensional seismic maps. From Tyler (1988).
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Lateral or
point bar

10-3000m

(D)

QAlB289

Figure 92. Six-fold hierarchy of heterogeneity in fluvial systems. Circled numbers 1 through 6
indicate ranks of bounding surfaces. Scales of heterogeneity range from small-scale, identified in
cores (E), to large-scale architecture of stacked channel-fill deposits (A). This hierarchy also
listed in table 9. Modified from Miall (1988). '
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Table 9. Range of scales of reservoir heterogeneities in fluvial sandstones illustrated in
figure 91. Modified from Miall (1988).

Rank
of bounding Lateral extent
surface of unit

6 200 x 200 km
5 1x 10 km

S 0.25 x 10 km
4 200 x 200 m
3 100 x 100 m
2 100 x 100 m
1 100 x 100 m

Thickness
of unit

(m)
0-30

10-20

10-20

3-10

3-10

Area
of unit
(ha)

4 x 107

104

2,500

40

10

10

10
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Origin

Members or
submembers,
subtle tectonic
control

Sheet sandstones
of channel origin

Ribbon channel
sandstone

Macroform
elements

Reactivation of
macroforms

Cosets of similar -
crossbed facies

Individual
crossbed s‘ets‘

Subsurface
mapping
methods

Regional
correlation of
wireline logs

Intrafield
correlation of _
wireline logs, 3-D
seismic

Mapping difficult
except with very
close spacing, 3-D
seismic

Dip of 4th- and
3rd-order surfaces
may be
recognizable in

~core

Dip of 4th- and
3rd-order surfaces

- may be

recognizable in
core

Facies analysis of
core

~Facies analysis of
- core



spaces strongly controls permeability and pofosity, whereas kaolinite is restricted to
secondary pores and has ohly a miﬁor effect on reservoir quality. However, these
cements do hot coincide With facies types at Seeligson field, and therefore their impact
on large-scale, between-well re.servoir heterogeneity at Seeligson field is‘ negligible.

At Seeligson and Stratton fields, the features that>‘ primarily control reservoir
heterogeneity at the mesoscopic scale are intraclast zones at the bases of ’chﬁnnel-fill
and splay-channel deposits. These intraclast zonés exhibit significant changes in
permeability and porosity over small distances (<0.1 inch [<2.5 cm]), where permeability
values caﬁ range frorxi less than 0.1 to almost‘ 10 md“ (Levey and others, 1991). However,
mesoscopic heterogeneity a.t Seeligson field extends over small distances (téns to .
hundreds of feet) and its .inﬂuencve on reservoir compartrﬁentalization cannot be
determined at common gas-well spacings of 320 and 640 ac.

Contrasts in feser‘?oir quality between facies are recognized at the level of .
macroscopic h_eterogeneity.; At Seeligson and Stratton fields, lower and middle channel-
fill and proximal-spléy subfacies contain the highest permeébilities (locally more than
1,000 md), whereas upper channel-fill and distal-spléy subfacies commonly havé
perrﬁeabilities <10 md (Jirik and others, 1989A; Levey and others, 1991). Thésé high-
p_er‘meabili'ty facies segment large-scale composite channel-fill and splay‘ sandstone
complexes into reservoir compartments that are extensive enough to be inferred from
{hree-dimensional seismic,‘ ‘net-sandstone, and log-fades maps. ,HoweVer, some
compartm‘ents (for example, abandoned-channel fill or proximal-splay channel) have
limited sizes and may not extend across many wells at 320- or 640-ac spacing and
therefore their occurr_e‘nce between wells may be difficult to predict. Moréovelj,"
individual channel-fill sandstones can have widths as narrow as 1,000 ft (305 m), have
“sinuous trends (ﬁg 19), and niay therefore have a sufficiently limited areal extent to be»

only partly contacted at lesser wéll spacing of less than 320 ac.
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The relative occurrence and magnitude of reservoir compartments at Seeligson field
versus other fields in the FR-4 play'(for example, Stratton and Agua Dulce fields) is '
ultimatély a fﬁncﬁbn of large-Scale, megascopic hetérogeneify. ‘The major ‘lreservoir
coinpartmen_ts at this scale are characterized by either connected or isolated fluvial
architectural sfyles, which control the nature and frequency of channel-on-channel
contacts and the extent of composite sandstone bodies (Kerr and Jirik, 1990)0 In isolated
fluvial architecture, many potential reservoir compartments méy exist as bypassed or
untapped zohes. In contrast, it is less apparent that ¢onnected fluvial architecture
cohtains te#ervoir compartments at a scale smaller than conventional gas-well spacings

(320 to 640} ac). Chanhel-on-‘channel contacts are common .in this architectural style and
partial coxﬁmunication between sandstone bodies is expected. However, "evidence
suggests that bypassed or poorly drained cofnpairtments can exist in sandstones of
conhected architecture. For example, the Zone 15r reservoir at Seeligson field exhibited
a reservoir-pressure decline frdm‘Z,ZOO to 300 psi after 30 yr of production, and yet
pressure values at hea_rly S0 percent of expected original reservoir pressure were
recently observed in. some Wells (ﬁg. 46).

Channel-oﬁ-channel contads in a 'sys_tem of}connec'ted channels such as those in
the Zone 19C reservoir may serve as permeability barriefs that partly compartmentalize
the reservoir. These contacts segment what méy appear as a continuous belt of
sandstone into poorly connected reseryoir compartments. For example, the middle
Zone 19C genetic unit is trunCatgd by sandstones in the upper Zone 19C genetic unit
throughout the north part of Séeligson field. Significant low-permeability zones
associated with channel-on-channel contacts may resuif ih incomplete drainage of the
reservoir. ‘An additional example is from the Ferron Sandstone (Upper Cretaceous) ‘in
east4central Utah, where basal distributary-channel-lag deposits consist of 4- to 30-cm-
thick, pqorIy sorted, medium to granule sandstone;' clay-pebble conglomerate. The clay

clasts in these channel-lag de'po‘sits, which were derived from channel-bank mudstones
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eroded and redeposited at the base of channels, are inferred to represcnt ﬂuid-fldw
'barricrs where local reduction of permeability is more than an order of magnitude (Tyler
and others, 1991). | |

Thus, lithologic heterogeneity at different scales in connected fluvial architecture
61‘ between facies in a discrete genetic interval shculd produce leaky barriers to gas ﬂdw,
creating the potential for opportunities to exploit partially drained compartments. In
.contrbast, lithologic heterdgcnelty in isolated- fluvial architecture should produce more
effective batriers to natural gas, resulting in higher potential for bypassed or poorly

drained compartments.

Secondary Gas Recovery Potential of Seeligson Field
and Related Fluvial-Deltaic Reservoirs

The potential fot secondary gas recovery in reservoirs in fltxvial-deltaic plays such as
the Frio of South Texas is controlled by fluvial architectural style and operator ‘_drilling'
_ and developmeﬁt history. The thickness of individual sandstones in Seeligson and
Stratton fields vis similarly distributed (fig. 93), indicating that reservoir compartments in
these fields may be of similar size. However, these sandstones are arranged in different
architectural styles; at Seeligson and La Gloria fields, conriécted fluvial architccture is
the most common style of resetiroir geometry in middle Frio strata, resulting in a high
degree of communication between reservoir sandbodies (]ackSon and Ambrose, 1989;
Kerr ‘'and Jirik, 1990). In contrast, ﬂttvial architecture in middle Frio reservotrs at Stratton
and Agua Dulce fields is dominantly of the isolated style wit’lt consequcnt high degree of
reservoir compartmentalization (Kerr, 1990). Because connected sandstone bodies result
in separate t)ut potentially “ieaky" compartments and‘ isolated sahdstone bodies
represetlt uhtappcd compartmcnts, a relati‘vely‘low potential for secondary gas recovery

in middle Frio reservoirs exists in Seeligson and La Gloria fields, whereas a good
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Figure 93. Distribution of thickness of individual sandstones in (a) Stratton field and (b)
Seeligson field. Similarities in sandstone thickness in these fields suggest that variations in.
recovery efficiency can possibly be attributed to differences in fluvial architecture, completion

practices, or both
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potential exists in S‘tratton and Agua Dulce fields. Differences in fluvial reservoir
architecture must therefore be taken into accouht as part of infield explorationb
strategies for each field. |

Another factor controlling the potential for secondary gas recovery in mature fields
isvvthe level of development or completion and perforation spacing»(ﬁg. 945. Many. of
the fields in the FR-4 play were discovered in the 1940’ and 1950's and haive almost
'been depleted (KoSters and others, 1989). Compared with other Frio gas plays in the
Texas Gulf Coast, the FR-4 play has some of the greatest numbers of infill wells (Jackson
and Finley, 1991). However, significant vafiatibns in number of reservoirs/mi2,
completions/re;ervéir/miz, and cumulative gas/completion exist eizen in these fields.
Additidnally, rebs‘ervoirs are defined differently for each  field in ‘the FR-4 play. Fo;
example, at Seeligson field many individual sandstone bodies less than 30 ft (9 m) thick
are defined as a reservoir (figs. 11 and 95), whbevreas at Agua Dulbe and ,Stratton‘fields
many -resérvoits are defined as cbmposite intervals reféfréd to a reservoir series,

» commonly over 100 ft (30 m) thick and cbnsisting of multiple, isolated s'andstohe bodies

interbedded with mudstone (fig. 96 [Kerr, 1990]). At Stratton f.ield,. most of the new
reserve growth has come from thin sahdstone stringers that are partly or completely
isolated from the main‘ body of the reServoit, Many individual sandstones in th-ese
complex intervals at Agua Dulce and Stratton fields have not been perforated or have.
‘been poorly drained and are therefore inferred to contain relative}y ‘more reservoir
compartments/mi2 than does Seeligson field.

Of the major fields in the FR-4 play, only Brayton field has more
completions/feservou'/mi2 (1.85) than does Seeligson (0.88) (table 10). Reservoirs in
other fields (Agua Dulce, La Glorié, and Stratton) have been relatively: sparselyb
completed (less than 0.30 completions/reservoir/mi2). In addition, Seeligsdn field leads
the FR-4 play in numbérs of reservoirs/mizf has a relatively high number of wells/mi?,

but has a gas cap with a small areal extent (table 10). As a result of high number of
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- Figure 94. Generalized illustration of field- and reservoir-development parameters listed in
table 10. (a) Hypothetical play containing fields. (b) Area of gas cap of a selected field (see
column 3 in table 10 for examples in the FR-4 play) with representative 4-mi2 (6.4-km?) area.
(c) Wells drilled/mi? (column 4 in table 10). (d) Gas-well completions/mi2 (column 6 of table 10).
(e) Completions/reservoir and completions/reservoir/mi2 (columns 7 and 8 in table 10). In this

example, there is (c) an average of 4 wells drilled/mi2, of which there is (d) an average of
3.2 completions/mi2, Distribution of these completions/reservoir is shown in (e), where
reservoir C has a relatively high completion density (1.50 completions/mi2). In contrast,
reservoir B has a low completion density (0.50 completions/mi2) and contains uncompleted,
bypassed zones. S ’
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Figure 9S. Distribution of individual-sandstone thickness (simple channel fill) and composite-
~ sandstone thickness (complex channel fill) in selected middle Frio reservoirs in Seeligson field.
Many reservoirs in Seeligson field (for example, Zones 19B, 18A, 15, and 14B) consist of one or
two genetic sandstone bodies that commonly are each <20 ft (<6 m) thick, whereas other
reservoirs (for example, Zones 19C and 17) contain several genetic sandstone bodies that

commonly have an aggregate thickness of >40 ft (>12 m). : '
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Figure 96. Reservoir nomenclature at Stratton field in the FR-4 play. At Stratton field, many.
reservoirs are defined as composite intervals consisting of multiple, isolated sandstones
interbedded with mudstone. Because individual sandstones at Stratton field are not commonly
defined as a reservoir (in contrast with Seeligson field where individual sandstones are
commonly defined as reservoirs [fig. 11]), many of these sandstones have not been contacted at
present levels of completions. From Kerr (1990).
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Tabl'e 10. Field-size, drﬂling, completion, and production data from the major fields in the FR-4 play. Important parameters (gas-
cap area, number of wells drilled/miZ, number of completions/mi2, and number of completions/reservoir/mi2) are illustrated for a
hypothetical field in figure 94. Data from files of the Texas Railroad Commission. '

No. of ' ‘No. of - Cumulative Cumulative

Gas cap No. of com- No. of completions/ Cumula- gas/ gas/
» " No. of area Wells  com- pletions completions/ reservoir tive gas reservoir reservoir

‘Field reservoirs  (mi?) (mi2) pletions (mi2) reservoir (mi?) (Bcf) (Bcf) (mi2) (Bcf)
Agua Dulce 208 2625 891 930 - 35.43 4.47 017 2,092.6 10.1 0.38
Borregos 178 30.50 689 1,003 32.89 5.63 0.18 1,871.6 10.5 0.34
Brayton 19 3.7 7.47 132 35.20 6.95 1.85 231.5 12.2 3.25
- Cage Ranch 17 15.25 315 48 3.15 2.82 0.19 -89.6 5.3 0.35
Cortez - 725 497 44 6.07 4.00 0.55 643 58 0.81
Kelsey v 15~ 1125 10.84 117 10.40 7.80 0.69 131.2 8.7 0.78
Kelsey Deep 159 13.00 408 290 22.31 - . 1.82 0.14 1949 1.2 0.09
Kelsey South 82 7.50 6.80 164  21.87 ‘ 2.00 0.27 1580. = 19 0.26
La Gloria 63 20.25 5.23 359 17.73 5.70 0.28 2,480.8 39.3 1.94
La Reforma v 56 13.25 8.23 115 8.68 . 20§ 0.15 - 211.2 . 38 0.28

Minnie ‘ : , .

Bock No. 30 8.50 4.59 72 8.47 2.40 0.28 113.5 3.8 0.45
Pita - - 45 5.25 7.81 85 16.19 1.89 0.36 129.4 29 0.55
Rincon 60 25.50 6.82 148 580 2.47 - 0.10° 89.4 1.5 0.06
Rincon No. 117 16.75 6.81 264 - 15.76 226 0.13 . 302.8 2.6 - 0.15
Seeligson 131 8.50 7.06 - 977 114.94 7.46 0.88 2,460.8 18.8 2.21
Stratton 277 35.50 896 931 26.23 3.36 . 009 5,008.0 18.1 051

~Sun 49 14.50 6.76 157 10.83 ~3.20 - 0.22 121.0 2.5 0.17
* Sun North 108 9.25 7.14 200 21.62 1.85 0.20 125.2 1.2 0.13

TCB 80 17.50 5.83 341 19.49 4.26 0.24 §77.1 7.2 0.41



completions/mi2 at Seeligson field, cumulative gas/éompletion (approximately 2.5 Bcf) is
much less than that in Stratton field (5.3 Bcf) (table 10); suggesting that relatively high‘
numbers of completions/mi2 (114.9/mi? vin Seeligson reservoirs versus 26.2/mi2 in
Stratton field) have alréady contactéd large volumes of gas (2.21 Bcf/mi2 in Seeligson
field versus 0.51 Bcf/mi2 at Stratton field [table 10]) and that recent completions in
Seeligson field ‘produc‘ebrelatively less remaining g‘aﬁ. '

In suminary, Seeligson field is considered to have a lower potential for secondary
gas recovery in comparison with other fields in the same play because the reservoir
sandstones are well connected laterally, fesulting in leaky compartments thét have been
drained by a rélatively greater number of completions. Because many revservoixrs_ at
Seeligson field are defined as individual sandstone ’bo.dies 'rathér than composite -
intervals of multiple sandstone‘s separaied by mud‘stones,. mémyAc»)f these reservoirs have
al’r_eady been contacted and effectively drained by existing wells. However, a limited
number of poorly drained reservoir compartments still exist at Seeligson field; the
location and extent of these remaining compartments can be jnfe_rxed from comparison
of three-dimehsional seismic, net-sandstone, ‘and iog-’facies maps and their réserve-

growth potential can be evaluated using improved cased-hole logging techniques.

CONCLUSIONS

Exploration for incompletely drained compartments or bypassed gas zones in Qld
fields can be improved by using détailed geologic studiesv that integrate engineéring and |
petrophysical methods. Isolated or incompletely drained hydroca:bon-béaring zones can
be tested through well recompletion_sborbgeologically based infill drilling. At-‘S'eeligson '
~and other fields in the Frio FOImation, c_Omplex‘fluvial reservoirs represent oppor-
tunities for identifying potentially undraifled' reservoir compartments. S.i'milar réservoirs

also exist in other plays of the Gulf Coast basin and in other gas-producing regions.
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Zones 15 and 19C in Seeligson field are complex, connected fluvial channel
systems comprising channel-fill and crevasse-splay sa’ndstonés, levee siltstonés, and
floodplain siltstones and mudstones. These sand-rich zones appear to be 'relativély
continuous and therefore have been developed as eﬁsentially homogeneous reservoirs.
However, they have a high deg'reev of internal architectural complexity and contain a
limited numi)er of compartments with uncontacted gas reserves. Anomalous bottom-hole
pressures observed in recompleted wells in Zone 15 are related to faéies
heterogeneities; incompletely drained channel-fill deposits in a fluvial complex are
contacted in these wells. This channel complex iS separated by siity and muddy
floodplain facies from adjécent channel systems that héve depleted reservoir presSures.
The lateral barrier to flow is provided by the low-permeability levee and floodpiain
facies, resulting in the higher-than-expected reservoir pressures. |

J The integration. of reservoif—characterization methiods with state-of-the-art
- petrophysical techniques is effective in identifying bypassed-gas zones. The reserve-
growth potential of bypassed and untapped zones can be evaluated with an advanced
cased-hole logging program usihg pulsed-neutron and acoustic logs. At Seeligson field,
reservoirs were studied for bypassed gas potential and evidénce of incomplete drainage
due to .compartmentalizétion. Middle Frio sandstones were described and mapped;
reservoir-quality facies identified. Pulsed-neutron, gamma-ray, and acoustic logs were
recorded in selected cased holes and interpreted using new techniques that demon-
strate their effectiveness in identifying gas-bearing zones. Five successful recompletions
were made in two zones that have produced more than 1.4 Bcf of gas in abouf 18 mo.

Although Seeligson field contains poorly contacted reservoir compartments, its
‘potential for seéondary gas recovery in the middle Frio Formation is less than that of
other fields in the FR-4 play. Seeligson field contains connected fluvial sandstones that
have been well drained by relatively greater numbers of completions. In contrast, many

other fields in the play (Stratton and Agua Dulce) contain less intensively completed,
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isolated fluvial sandstones that represent uncontacted reservoir compartments.
Differences in fluvial reservoir architecture and completion practices must be
considered as an important part of an infield exploration program for fields in the Frio

- Formation within the Gulf Coast Basin Tertiary stratigraphic section as a whole.
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APPENDIX 1

EVALUATION OF RESULTS

The following analysis identifies potential gas-productive zones found using the

- pulsed-neutron full-wave acoustic log analysis method and borehole gravity survey
results. These zones are presented on a well-by-well basis with relevant comments

Seeligson 1-89

In the 1-89 well three sandstones show gas indications from cased-hole logs.
Sandstone No. 15 is the best recompletion zone in this well. Gas presence is confirmed
by the borehole gtavity survey, but the sandstone may be partially depleted. :

~ Sandstones No. 17 and 19c show some residual gas; however, they were previously
produced and squeezed in this well.
’ Reservoir Depth O (%) Sw (%)' Gas effect Comments
15 5360-78 26 SO Yes Gas
17 5550-57 30 60 . No

_ _ Marginal
19C 5855-60 22 62

Moderate Marginal

Seeligson 1-171

In the 1-171 well three sandstones show gas indications from cased-hole logs
Sandstones No. 15 and 19¢ appear gas productive. These zones have not been tested

Sandstone No. 14 B shows some residual gas. It was previously produced and
squeezed. '

Reservoir Depth @ (%) Sw (%) Gas effect

- Comments
15 - 5400-07 25 58 Yes Gas
19C 591040 18 59 NA Gas
14B 5200-15 23 63 Yes Marginal -

‘_Seeligson 1-85

In well 1-85 there vis only one marginal gas sandstone (18A) with high water
saturation. No other gas »zones'are evident from cased-hole logs.

Reservoir Depth @ (%) Sw (%)

Gas effect Comments
18A . 5730-39 25 60

Moderate Marginal
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APPENDIX 2

The research reported herein is self-contained; that is, although page numbers
consecutively follow those of the rest of this report, the figure, table, and appendix :

numbers do not.
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. SUMMARY

A borehole gravity log (BHGL) was run in the S.U. 1-89 well, Seeligson Field, Jim
Wells County, Texas on January 445, 1991. EDCON provided the logging services and
supplied their reportWith drift corrected gravity data, and derived formation bulk density.
Twenty one intervals were logged in this survey. |

The logging operation went smoothly with no obvious downhole malfunctions.
Loggingvhad to be terminated early because of earth vibrations generated by an
earthquake in Burma of magnitude 7.5 on the Richter scale. However, most of the
intervals of interest had beeh invéstigated before this incident occurred. |

BHGL data were examined separately, in conjunction with the 1945 lateralog, and
together with a recent PNC (TDT) log. o

These three Iogé, i_ndividually, show some indication of hydrocarbons in the depth
interval 5363 to 5379 feet, but with a degree of ambiguity.

The Barchie method, which uses a combination_ of BHGL and Lateralog data,
strongly predicts the presence of hydvrocarbons in this interval.

The combination BHGL and PNC data also strongly predicts the presence of
hydrocarbons in this interval.

On the basis of these results, a test of the interval from 5363 to 5379 feet is
clearly and defmltely recommended.
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Il. OBJECTIVES AND DESCRIPTION OF THE BHGL

The Seeligson 1-89 was dnlled and inmally completed in 1945, Resistivity logs and

S.P. logs were run at that time.

-Over time, several zones were tested and completed. Results of these tests are
summarized in TABLE 1. Probably in 1989, a CIBP was set at 5350 ft. There is no
evidence from well history that the interval 5363 to 5379 was ever tested.

The objectives of the BHGL were to obtain formation bull< density data and to look
for remaining gas-bearing formations. The BHGL can log through casing, is not affected
by near wellbore conditions, and has a large radius of investigation The BHGL log was
only a part of a much larger efiort to develop means for locatlng gas-behind-casmg

On the basis of the original 1945 well logs, numerous sands from 5850 feet to 4000
feet were selected for the BHGL. A recent TDT log was used to slightly modify these
selections prior to logging.

EDCON provided the gravity survey, made the needed corrections to the data, and
computed the formation bulk density for each interval. Field operations went smoothly but
had to be terminated prior to intended completion. An earthquake in Burma of Richter
magnitude 7.5 generated stfong earth vibrations that persisted for hours. Fortunately, '

- data had already been obtalned on the most important intervals before this event
occurred. EDCON s data are given in TABLE 2. ’
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‘ ResTeéh, Houston provided this analysis with parameters such as matrix density,
formation water resistivity, and Archie constants. They also supplied mean values of
formation resistivity, TDT porosity, and calculated water saturation for each BHGL interval.

The parameters used were:
Matrix density = 2.65 gm/cc,
Water density = 1.015 gm/cc
Water resistivity = 0.11 ohm-m at 162 degrees F,

Archie constants: a =1, m= 1.89,n = 1.79

BHGL data and analysis are given in the next section of this report..
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lil. BHGL ANALYSIS AND RESULTS

Formation bulk densities derived from gravity data are given in Table 2. The gravity
measurements underwent all applicable corrections including those for meter drift and for
solar and ‘YIUnar effects. The last column identifies each interval alphabetically to enable

its location on crossplots.

‘The mean density of this grdup of 21 sands is 2.39 gm/cc. One interval, labeled |
F and wnich extends from 5363 to 5379 feet, departs significantly from this value. It has
a bulk density of 2.18 gm/cc with measurement error limits of + 0.022 gm/cc. (See
EDCON final report for this derivation). This large departure of density from the mean
suggests that interval F contains something other than water. However, this evidence
alone is not unambiguous and other methods for examining the data are necessary.

BARCHIE METHOD

Values‘of porosity and water saturation were com"puted using the BARCHIE
method described in Appendix 1. Formation resnstwuty R, as measured by the original
electric logs was used in this computation as well as ‘the BHGL bulk densuty The mean
value of R, for each interval was provided by ResTech, Houston along with the formation
parameters listed in Part Il of this report.

- Figure 1 dlsplays the results of these computations in the form of a crossplot of
the BARCHIE computed porosnty versus BHGM bulk density. With the exceptlon of the’
A mterval labeled F, all lntervals plot on or near the water line. Given perfect logs all water-
fllled sands should plot on the water line. Any sand that contains fluids thh a density less
| than water should plot below thlS line, as does F.
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It is noteworthy that those intervals that have been produced »fall on or near the
water line. These are: A, C, E, and G. The intrusion of water as a consequence of
production has caused anincrease m their bulk density and has apparently "pushed“ their |
plottnng position towards the water Ime

These effects can be graphically exaggerated by plotting 't}he» product of BARCHIE
porosity and water saturation versus BHGM bulk denéity as shown in Figure 2. If a sand
has 100% water, this multiplication will not change its position in the crossplot,». as is
demonstrated by intervals L, T, U, N, and O for example. However, interval F is now
positioned well away from the others as a strong indication of some fiuid content other
than water. '

In this context, interval H might be considered as being slightly suspect of
containing something other than water. -

COMBINED PNC AND BHGL LOGS

This method for 'cross-plotting PNC (pulse capture neutron) porosity versus BHGL
density is described in Appendix 2. A TDT Idg was run ‘in this well immediately prior to
the BHGL; mean values of TDT porosity were provided by ResTech Houstdn. A cross-plot
of TDT porosity vs. BHGL density is given in Figure 3. ' |

Although significantly different physical methods are employed in this 'method,
interval F again displays strong evidence of the presénce of vgas. Interval H which had
shown a slight possibility in the BARCHIE method loses this possibility in this approach.

The displacemeht of all points other than F to positions above the water line can

most likely be attributed to lithological effects on the TOT log, i.e., shaly sands with limey
cementation. This eﬁect‘does not pose a great hindrance to this method since only a
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relative displacement of gas-bearing intervals is of interest.

These results again lead toa strong recommendation that interval F be perforated
and tested.
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TABLE 1

WELL DATA. SEELIGSON No. 1-89

Perf. Interval,
feet -
5202 5206
5535 5540
6041 6054
5855 5862
5456 5466

----CUMULATIVE----

0il, Gas,

Barrels __MCF
23743 180622
84101 1053879
‘30601 4095066
51495 8215719
23632

7861

- 215

Approx

BHGM zone

G
C

No BHGM
log

a

E .



TABLE 2

BHGM DATA. SEELIGSON No. 1-89

Depth Interval, BHGM Density, Zone

, feet gm/cc , iD
5850 5862 ' 2.36 A
5680 5700 v 2.35 B
-5530 5556 : 2.43 Cc
5516 - 5530 , 2.51 D
5455 5470 - 2.43 E
5363 5379 - 2.18 F
5180 - 5200 : 2.40 G
5002 5014 2.28 H
4872 4885 : 2.37 - I
4830 4846 2.32 J
4750 4760 2.37 K
4690 4700 ‘ 2.48 L
4630 4640 - 2.47 M
4510 - 4540 2.41 N
4431 4443 2.42 o
4409 4420 2.29 P
4383 4398 2.32 Q
4361 4371 ‘ 2.42 R
4338 4349 . 2.44 S
4266 4278 : 2.48 T
4225 4235 2.47 U
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APPENDIX 1

BARCHIE METHOD

The method described here, and which was used in this analysis, employs th deep
' readihg logging tools that sample a large volume of rock well away from the wellbore.
" The borehole gravity log has this inherent capability as does the lateral log and induction
log. Together, these logs provide the capability for detecting gas away from the wellbore
with reduced influence of near wellbore conditions. This combination also has value
because the open hole lateral log was generally run in most wells drilled in the 40’s to
60’s and the BHGM can be used through casing as these same wells are re-entered

today.

The name of this method derives from the comblnatnon of the BULK DENSITY equation
(B) with the AHCHIE equatuon (ARCHIE).

The materials balance equation that relates BHGM-derived bulk density of a zone to its

formation parameters is:

Po= (1-0)p o+ SIS, (PP, +0,) (1)

where }
¢ = porosity

Pma = .matrix density

S, = water saturation

bu = water density

pn = hydrocarbon density.
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Archie’s equatioh relating formation resistivity, porosity, and water saturatiori”is giveh by
- Egn. (2) as | | ' SRR

5, [aR,/R)¥" ¢r/m, (@)
where _
aR;,é"“ = formation factor
‘ R‘ = formation resistivity
m = cementation factor
n = saturation index
R, = formation water resistivity.»

if parametérs such as a, m N, pmas €C. are known with a re}asonable dégree of accuracy,
one is left with two ,equations-.and two unknowns, i.e., porosity and water saturation. A
~ simultaneous SOIutibn is now possible for these two factors if suitable density and
~ resistivity logs are available. Eqn.(2) can be rearranged in the form -

. , e
¢ - [aRr,/R1Y" s;2/m,
Substitution of Egn. (3) into Eqn.(1) leads to:
0= (pma-pb) - [aRw/R;] UmS;n/m [pma—sw(pw- ph) = pvh] (4) :
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in which porosity does not appear. Various methods can be employed to find a value of
S,. that satisfies this equation. This value of S,, can then be substituted i in Eqn. (1) to solve

for porosuty

When deep reading logs such as the BHGM and the Lateralog are combined in this
manner, a large volume of rock is examined at a distance well away from the wellbore.

Previous field reSuIts based on this techniq}ue were reported in the PROCEEDiNGS
TWENTY FIFTH ANNUAL MEETING AND 'SYMPOSIUM OF THE SOCIETY OF
PROFESSIONAL WELL LOG ANALYSTS: NEW ORLEANS JUNE 10-13, 1984, L.S.
Gournay and W.D. Lyle.
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APPENDIX 2
COMBINED PNC AND BHGM LOGS

Detection of gas within a formation with the BHGM is indirect since the tool only
measures gravitatiohal acceleration. Itis from these measurements that the formation bulk
- density can be derived. Thus, én ambiguity in interpretation‘ can result since the bulk
'density is be influenced by both porosity and fluid saturation. This conclusion is clearly
shown by the foIIowi}ng“mavterials balance equation: | ’

Po= (1-8) P+ [S,(py-py) +p,l, | (1)

where
¢ = porbsity
Pme = Matrix dehsity
'S, = water saturation
pw = water density
- pn = hydrocarbon density.

This equation contains two unknowns and consequently poses an ambiguity. A low

BHGM density value could arise equally from a high poro's'ity, water filled zone or from

a low porosity, gas bearing zone.
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The PNC log likewise has its limitations and faces some ambigl.iities Porosity derived
from this log generally assumes a water filed formation. However, if the formation
contains gas the PNC derived porosrty will be lower than the true porosity. Thus a low
PNC porosity value could be attributed equally to a water filled, low porosity zone or to

a hlgher gas-saturated porosnty

Other PNC gas indicators are hampered by a similar ambiguity: some tight zones give .
the same indication as higher porosity gas zones.

A combination of the BHGM and PNC logs can be useful for the removal of these
ambiguities and for the enhancement of interpretation. A plot of BHGM bulk density vs.
PNC pofosity in Figure 1A of this appendix demonstrates this potential. The point "a" falls _
‘on the water line and represents a water filled sand of approximately 25% porosity and
a corresponding bulk dehsity of 2.24 gm/cc. Given perfect logs, all wet sands would fall |
~on this water line. | o

If hypothetical sand "a" contains gas, the log data point will not plot at "a" but will be
displaced to a lower PNC porosity such as "b" and to a lower BHGM density suchvas "d".
- Therefore, any intervals that fall significantly below 'the water line can be conside_red as
suspec't gas-bearing zones. ’

Conversely, if the interval has a low poresity the PNC value would again be shiﬁed
towards "b", but the BHGM d_ensity value should be high and shifted towards "c". Such

zones should plot on or near the water line.

Details on correctuons and field examples are given in THE LOG ANALYST, MAY-JUNE
1982, L.S. Gournay and R.E. Maute. '
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