DOE/BC/14959-21
Distribution Category UC-122

Revitalizing a Mature Oil Play: Strategies For
Finding and Producing Unrecovered QOil in Frio
Fluvial-Deltaic Sandstone Reservoirs of South Texas

Final Report

By
Paul R. Knox, Mark H. Holtz, Lee E. McRae,
Tucker F. Hentz, Jeffrey G. Paine, W. Gerald White,
and Chun-Yen Chang

September 1996

Work Perforned Under Contract No. DE-FC22-93BC14959

Prepared for
U.S. Department of Energy
Assistant Secretary for Fossil Energy

Chandra Nautiyal, Project Manager
Bartlesville Project Office
P.O. Box 1398
Bartlesville, OK 74005

Prepared by
Bureau of Economic Geology
The University of Texas at Austin
Austin, Texas 78713-8924

QAe7878



CONTENTS

ABSTRACT ........ooeeeereeeenensaesssssssssssssssssssssassssssstsesssssesesessssssssssssasssssasasssssassssssssssssssssssssnsnsnsassssess 1
EXECUTIVE SUMMARY ... sssssssssssssssssasesssssssssssssssssssssasssscas 2
INTRODUCGTION .......ccooenenreenrnmsasssssssssssssssasssssssssssssssassssssssssssssensassssssssassssssssssssssssssssssssssssssssosses 4
P.R. Knox and L.E. McRae
Importance of Integrated Characterization to U.S. Resource Base ...............cccccoceuneee. 6
Near-Term Domestic Oil RESOUICES ........cveueireririirinineeinnrissseeesesssnesessssssssssssssssssssssssssssns 6
Causes of Unrecovered Mobile Oil in FDD ReSEIVOIIS ......ccccoeeeerenneneesnsessssessnensssssscanaes 8
Stratigraphic Architecture and Scales of Reservoir Heterogeneity ........coccueueueueeenenensnenennnnnss 8
Compartmentalization in Fluvial-Deltaic RESEIVOIrS ......cceuvuvurermsesmsmsenesiinniititiisniicccenene 12
Recovery Potential of Fluvial-Deltaic Sandstone ReSEIVOIrs .......cccueuiuimeuiesesencninsnsninsisssncncns 14
Project Objectives and APProach ... 17
Project DESCIIPLON ..........ovvvvueivinsiiisssissesisssissessssssssssisss s 20
PLAYWIDE RESERVOIR STUDIES...........oonnnstsnssissesesssssssssssssissssssaaes 24
M.H. Holtz and L.E. McRae
OVETVIEW .....eoveevreraeressesesessessssssssssssssssesssssssssessessssssessssessssasssssssssssstssssssssssstssassssssssesssssssnsssssas 24
Location and Characteristics of Fields within the Play ..........ccoooiiinnncnnnns 24
Production HISTOTY .........ccmiimiiiniississsssisssssssssssssssssssssssssssssssssssss s ssssssssssssssssssess 24
Regional Structural and Stratigraphic Setting ... 28
Upper Vicksburg-Frio Genetic SEQUENCE .........cvuuiuimsimrsmsmmsssssssssionssnssensssssisssssississisens 31
Preliminary Assessment of Reserve Growth Potential in Frio Oil Reservoirs........... 34
Stratigraphic Distribution of Additidnal 0151011 - O — 37
MEthOAOLOEY «.oeveeeeeecrcuinciiaissseisetste st sss s s s st 37
Strategies for Reservoir Classification ...........ceeueiuiiiinimnminsmssssieisisescnssisissns 38
Upper VickSDUIg RESEIVOILS ...vuevuerriisusssuseesssissessssisssssssssssssssssssssssssssesssassssssssssisssnsssssassenss 40
LOWET FIi0 RESEIVOILS ...evevevereereesessscsissssisissisnssesssssssssssssssssssssssssssssnssssnssssssnsssssssssssnsnsnsssssss 40
Middle Frio RESEIVOITS ...vevevevereeresesessssssssssssesesssnssssesesesssssssssssssssssssssssssssssssssssssssssssnsnssasasens 42
Distribution of Remaining Recoverable Oil .........ooueuiicniiiiiiiiiiineicncnes 42



RESERVOIR CHARACTERIZATTON EXAMI
L. E. McRae, M. H. Holtz, T. F. Hentz, and C. Chang

Introductlon ..................................... " ‘ ererienesaenenasaenss » ceeserssnseinsinenisnsnnes 45
Location and Geologic Setting of Rincon Field.... esvosiinis Eilivesnsiinnseneies 46
Selection of Reservoirs for Detailed Study.... T Cesistiitiseeeessiienensaeiiees 48
Reservoir Characterization Methodology ......c.ccersereresiens sssbenbsensinsninssisiiiieeninniionsensiniseserss 49

Determine Reservoir Architecture..............cooeveeveeeveiveivesesesessssesssnss vevessretesesnerernsesnsis 49
Importance of the Genétic Sequence Analysis ApProé'ch i isoiiiidananns P S T SRR 49
Ascertaining Internal Reservoir Stratigraphy ...i....iceecviinnnnnisinnnnsinnin sesibressstinsrensasnsonsases 51

Regional Stratigraphy 52
UPPET VACKSDUTE TESEIVOITS «.uvivverrrsessrsssssiesssssnsassssssssssssssssssssssesssssssssassssssesssisssesssssasanes 53
Lower Frio reseri;oirs : . : S RN 53
Middle Frio 1€Servoirs ....uvuviseiesssesessesasseiessessesarsones eeressoseseeses e borsaesesesssonne 54

| Description of Lith;)facies frOM COTE weuvivinicriviicsnssisnsuesesessisssssssssannssssssesnssseseassessesessesassens 54
Mudstones .......... R 58
San_dston'es'.‘.... ............................................ ............ ...... vaeviveseenesesesnes D9

.Petrographic SEUGIES verreeersseenrsssseesessnsesons ...... ............. i ........................ 61
Overview .............. .............................................. 61
Methods ................................. criesessrssnenesaeensentstsnssasesassannnns 61
TEXTUTE worererrnreirnisncnnssnssisanssisassssassasnessens ..................................... 62

: Framework mineralogy .......u.cvvcemvissocionssusssisnsessissessssssasssssesssssessesissssssssssssessessessensonss 62
Detrital Clay MALTIX ccucurveeivernererisnssnsssineseisssiosesinisessssississssessssesssssssnsissnsnssesssssssasssaens 65
CEIMENLS «o.vereveririririsiissisisisssssssinssinsasissssssssessssessssssessssssesssseseas eeseeeenereesesteaeereneran 66
POTOSity oeeoveereereecensunisenanas S G S S eesiessanesnissarssesenessans 67
Diagenetic SEqUENCe........uuvurivussusesensessens B 68

Determination of Finest Scale Genetic UNILS ......ccceveereriereereresressessesseressesnessesesseessessesssssessns 69
Correlation of bounding surfaces and reservoir genetic UNILS ..ouueveeverssesivsesresersesersssessesenns 69

Sandstone Geometry and Depositional HiSLOTY ....iv.urrsisvimsiinssnessenssssssssssnesesssessessssssnsens 70

iv



F170 E TESEIVOIT UNIES oeveeeeressssseeeseesessssssssssssesssssssssssssssssassssssssssssssssssssssssssssssssssssssassssssess 70

FTi0 D TESEIVOIT UNIES .oovvevireererersssssessesessssesessestsssssssssesssessssssesssstsssstssssssssesssssssssssssssssnesssssons 73

Establish Fluid-Flow Trends in the RESEIVOIT ..........coviriririsiciiininsiniinsisnissnenee 74

Initial FIuid PrOPETIES c..cuucuuueusrsersisssssnssssssssssssssessessssssssssssssssssssssssssnsssssassssssussassasssssassasnes 74

Field Production HiSEOTY ....c.cccceicmncunisimesnssessssssssssessesssssssssssssmsssssssssssssssssssussssissssassssssases 74

Evaluation of Areal Trends of Past Oil Production .......ceeeeeinmiiiennniinniniesssssccenns 75

Integrating Fluid-Flow Trends in the ReSEIVOIr ...........cooovmvecermmmmssssiimimmssssssiiiissssseneens 78

Identifying Correspondence Between Stratigraphy, Structure, and Fluid-Flow Trends......78

Effect of Sandstone Geometry on Oil ProdUCHON ...cccoveuiuiiinininiiisesisnsscsisniiisniessasnsees 78

Matching Stratigraphy with Reservoir Production ......ceueieesscuseusinsmnisinsnnsnisnsssssnscnsensenees 79

Reservoir development patterns within the Frio E €SErvVOir ...cuewueucucuscuscusincusussnssnsssnsense 79

Reservoir development patterns within the Frio D reServOir cuwmeuecuscsuscnsussnsusssusssusenss 85

Reservoir Petrophysical Model Development ..........ocuuiueussissenscussmssinsssssmnsnsnssissnssenscees 90

Porosity and Permeability MOEHNG ......cvuuuuuciummnniimissssiissseissssssissssimssssissssnissssisscsnssssnseees 90

Porosity and permeability distribution for primary facies tyPes ..........oouuceuvumnsssssumunsssssneees 91

WEIL 10G QRALYSIS ..o.cvvunncrvannsssisssssssssssssse s sasssssass s a0 93

Analysis Of MOAETN IOFS ..vvuuvrvvvsssreissssssssssssssssssssssssssssssss s 94

ANGLYSiS Of LA 10GS ...cvuvvvrvunnnrsrisssssisisssssssssssssssssssssss s 97

Fluid Saturation MOEING .......ccecuuiueimisressesssssssessssssissssssssssssis s sssssasss s ssssesssses 98

FOrmation reSiStivity fACLOT ......cueumrumsusssssesssessssiassssssss s b 98

Capillary Pressure MOAENG .........v.cuuumucssssismmmssssssssssssssssss s 101

RESIAUAL 01l SALUTALION ...eeererrereresesesessssssssssssssssssssssesassssasa st s s shs s sbbss 103

Reserve Growth POtential ...........ccocoeueeeeeencucunimnssnsssssssssssisssssissssssssssssssssesssssisassasssssss 103

COMCIUSIONS ..o e veeeeesesssssessessssssssssssssssssssassassssass b st st s bR SR SRS s SESESRS RS s0e 105

T-C-B FIELD RESERVOIR STUDIES ...t 107
P.R. Knox and J. G. Paine

TIELOAUCHION o.voeeeeveeeceeeeeeecscseseseseaesssessassscssasassasasaess s ss st st s ashs b s b SR s R s s sS s SSEsEsEsEbsse 107

Location, History, and Geologic Setting of T-C-B Field ....cooovvumnecuuuisiimnnsiiiissniisscinnnces 108



Location .....ceeeevivvenenee ivesinesnanans ‘ Geeseenseseiitennantiesiiisesneitnsninionniiissinneisisaine 108

DevelOPMENt HISTOTY ......coeviucessusssesnassssssasessassasssssssssssssasssssssssasassssassssassaasssssssssensassenssssesesess 109
Stratigraphic Framework ‘ N ———— 109
Methodology ........cccevururuneereenene ceesssssssnsrsasasnes Ciliheaensienineisnnaibistaniatinsuintonsiiineses 113
Outcrop-Based Models for Predicting ReserVoir Architecture ........oviicnnnnrcriverenrans 113
Geological Reservoir Characterization Methods R , ereeesnssesesinnee 117
Geophysical Reservoir Characterizatioﬁ Methods ceeersrsessaees i ses R aRes bR bR s R rees 118
| Acquisition, processing, and GNALYSIS ......ivecerinecssessssississesnssessisscosesssssisssssssssssssssssosses 118
Limits éf hotizontal and Vertical rSOMALION ........wveeveeesesesssessmenennessssses dessssssaassnnssnsrsss 119
Tying seismic Aata t0 StrAtGraPRic MATKETS ..vvureuseusssssssssssssssssssssssssassssssssasssssssessssssesees 121
Lithologic source of amplitude Peaks .............cvuueuevivisensiiinssesesesssssenins esesssomtissssssones 125
Characterization Examples from the Scott/Whitehill Reservoir Interval........ — 126
Genetic Stratigraphic Settlng of the Scott/Whitehill Interval ........c.oceuueeernnscrsnerisecnnnnn. 126
Architecture of Reservoirs within the Scott/Whltehlll Deposmonal Cycle ................... ... 128
Geophysical Ident1ﬁcat10n of Scott/Wh1teh111 Archltecture ............ eressuieiessassatuesnensbessinnein 132
- Scott/Whitehill Internal Heterogenelty.....;- ........ eireseesgrastusniasinnimeionsi .............. 135
Reserve Growth Opportumtles ....... ................ RR— 137
Accommodation-Based Predictive Model for Reserve-Growth Potential in
Upper Delta-Plain Fluvial RESETVOILS .........ccuureersressssssssssssssiussssssssssssssssssssssssssssssssens 141
A Cautionary NOLE ......ccuivverieirnssinsiscsccsssiessssssssssssesesessssassssssissssssssssssssssssssssssnssssesenssssanes 144
Uses of the Model ............. eeereeereseeneee ehesessessenssnnesnasssassaasen 144
Implications ........ eersessisbiesnseanens reeeeeeren ‘ T ——— 7 \ ...... 146
'RESERVOIR PRIORITIZATION ..o 147
P.R. Knox ‘
Quick-look Evaluation Factors...............ceeeeemeenencorennnionns eesueeseresersasiesesseseisbonsnissnsnssssenes 147
The Formula...................... ressessimmissesssosssas s iossiessseosbskin s oassss RS s sasan et 151
LAMEAEIONS ..o ssressesssssssssssns s s et sresrene 152



TECHNOLOGY TRANSFER ACTIVITIES ...........comimnmnsrissssssssssnsssnsssnssenssansssssse 154

P. R. Knox and W. G. White
PIreSENtAtions ...........cccoivieeeererenesssesenissscessssicsssssssssssssssssssssssssssssssssssssssssssssssnssssasssssssssases 154
PUDLCALIONS .........eeeeeerrecrennserssssssssssscasssscsssssssasseseasessssssssssessssssssassnssssnssnssssnssssnsssssssassssassssases 156
SROTT COULSES ........oereveerererneresnarsssesssssesssssssssesessssssssssssssssessssessssssssssssssssssssssssassssssassssssassassesses 157
Planned One-Day COUTSES ........ocvuiuriimemsirensesessssssssssssssssssssssssssssssssasessssssssssssssssassssssssasass 157
PTTC/TIPRO WOTKSHOP ...ccvevuiniiniriniriniiniiiineeessssnsssssssssssssssssssssssssssssssssssasansssssnsasans 158
GRI Ferron Field TEIP ..cococvreivieriiniininiiesnesnsssssssssssssssescssssssssississsssissssssssasassssssssssssssns 159
Reservoir Characterization AAvisor SOftwWare ... 160
INELOAUCHION cuvuveevererrererernereeressssessssssssssssssessssessssssesssssssssssssssssssssssssssssssssssssnssssnssssnssnssssnsssss 160
SOftWare DEVEIOPMENL ........ccecvvuriireirireirirenesenssssssisssssssssssssssissssastssasasssasses s sssssssssssases 161
DISEIIDULION «.vevivereerrererererereeeesessssssesssssssencsestssssessssssssssssssssssssssssssssssssssstssssssssnssssssnssssssnnns 162
ACKNOWLEDGMENTS ...t ssssssssssssssssssssssasassasassssssssassssases 163
REFERENCES ........ooieeeetesissssesssssssstsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssns 164
APPENDICES ........cooreinreieescssssasesssssssssssssssss s sssssssssssssssssssssssssssssssssssssasssasssssssssssssasass 172
FIGURES
1. Histogram of remaining-oil-in-place and abandonment potential for U.S. clastic
reservoirs, by depositional setting ...........cceeuevuuce Rp— mevansuansssssnsESsasoesTSsEsasasasanasusns 5
2. Distribution of original-oil-in-place in fluvial-dominated reservoirs " IS— 7
3. Examples of scales associated with the various levels of heterogeneity present in
fluvial-deltaic TESEIVOITS ..uuuiireuirirnrrerrrerssesnsnsesesssenssscasssnses . ettt a e 10
4.  Analytical tools used in the description of reservoir heterogeneity at various SCALES .o 11
5. Schematic geologic cross section contrasting the generalized interpretation of a sandstone
reservoir as a simple, laterally continuous (homogeneous) producing zone with a more
detailed interpretation of the same sandstone unit as a complex heterogeneous zone
consisting of multiple reservoir compartments ........... RS e — 16
6. Diagram of work structure for this project illustrating three primary phases and
a breakdown of individual tasks associated with each phase of the Project ......cecoveeecvivcivinnincciniininninniiinnnees 21



10.
11.

12.
13.

14.
15.
16.
17,

18.

19.
20.
21.

22.

23.

'Sandstone play

Location map of major oil and gas fields.in the:Frio Fluvial-Deltaic Sandstone: Play;in.
South Texas

Distribution of the oil resources within reservoirs of the Fno Fluvial-Deltaic Sandstone:
(Vicksburg Fault Zone) play in South Texas : ;

Histograms illustrating trends in reservoir discovery, reservoir abandonment,

and'decline in annual production in the Frio Fluvial-Deltaic:sandstone oil play ...........::

Strati'graphic column of Cenozoic sediments of the South;Texas Gulf Coast

Schematic cross section of the South Texas Gulf Coast BaSin

General distribution of the Norias delta and Gueydan fluvial dep,ositi‘o_nal systems

responsible for deposition of the Frio stratigraphic unit

Distribution of aggradatlonal and progradational mtervals of the Frio Formatlon
along the Vicksburg Fault Zone ol play :

Stratigraphic subdivisions for reservoirs in the Frio Fluvial-Deltaic Sandstone Play and
summary of genetic sequence context, reservoir characteristics, oil production, and
estimates for remaining oil potential in middle and lower Frio reservoirs

Hxstograms illustrating distributions for values of porosny, initial water saturation,

residual oil saturation, net pay, and area from reservoirs; throughout the Frio Fluvial-Deltaic

Sandstone Play in South Texas

Probability distribution curves illustrating the cumulative probability of original oil in place,
original residual oil, orlgmal moblle oil, and remammg mobﬂe oil for the Frio Fluwal/Deltalc

Map of south Texas showing location of fields w1th1n the Frio Fluv1al Deltalc Sandstone Play
_along the Vicksburg Fault Zone :

Cumulative frequency histograms illustrating the differences in the distribution of
values of porosity, initial water saturation, net pay, and reservoir area for middle Frio,
lower Frio, and Vicksburg reservoir sandstones in the Frio Fluvxal-Deltalc

Sandstone Play .

Distribution of the location of oil resources thhm resérvoirs of the Frio Fluvial-Deltaic
Sandstone Play in South Texas .......

Location map of Rincon field within the Frio Fluvial-Deltaic Sandstone Play and area
of field selected for detailed reservoir studies esssssasssssssaasiesesten

Generalized west-to-east cross section through Rincon field illustrating structural
setting of a representative field in the Frio Fluvial-Deltaic Sandstone Play

Spontaneous Potential/resistivity type logs illustrating the general depositional sequence
for the productive Frio-upper Vicksburg reservoir interval, the stratigraphic context
of the middle Frio reservoir sequence in Rincon field, and the reservoir nomenclature of

individual producing units within the Frio D-E interval selected for detailed study ..........

Depositional systems and reservoir attributes of the Rincon field reservoir section

. 25

.. 26.

e 277

.29

30,

30:

32

33

35

37

38

41

44

47

48

51

52



24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

General distribution of the Norias delta and Gueydan fluvial depositional systems responsible
for deposition of the Frio stratigraphic unit

......................

Graphic core log, T. B. Slick 231:149 well, Frio E reservoir zone, along with corresponding facies
interpretations, core analysis data for porosity and permeability,
and location of samples selected for petrographic and special core analyses ; 56

Graphic core log, T. B. Slick 231:133 well, Frio D reservoir zone, along with corresponding facies
interpretations, core analysis data for porosity and permeability,
and location of samples selected for petrographic and special core analyses ..........ccoueuveeenrevencrrnenseirnnsecninns 57

Graphic core log, T. B. Slick 231:133 well, Frio E reservoir zone, along with corresponding facies
interpretations, core analysis data for porosity and permeability,
and location of samples selected for petrographic and special core analyses

Ternary diagrams showing composition of Rincon D and E reservoir sandstones
from thin-section petrography ..........cccoevcueiervicneccrsicuennes

Diagenetic sequence diagram, Rincon D and E reservoir sandstones

Representative SP/resistivity log illustrating succession of stacking patterns developed within
the Frio E and D IeSEIVOIT UNILS ....ccceeuerrueeersrseesuessssesssssssssescsisisiissssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssasaes 71

Series of net sandstone isopach and facies maps showing changes in the distribution of facies
and sandstone facies geometry for the Frio E-4, E-3, E-2, and E-1 reservoir units
and Frio D-6, D-5, D-4, and D-3 reservoir units

Comparison maps illustrating differences in overall reservoir geometry and distribution
of production, Frio D and E IeSETVOII ZONES .......covurverernrisrississsssissssisssssssssssisisisissssssssissssssssssssssssssssssses 76

Map illustrating sandstone thickness distribution, corresponding reservoir
facies geometry, productive limits, and level of development, Frio E-4 reservoir unit .........ccoocuevuneiuncrunnnns 80

Map illustrating sandstone thickness distribution, corresponding reservoir
facies geometry, productive limits, and level of development, Frio E-3 reservoir unit .......occoecuceuncineenssnnnnes 81

Map illustrating sandstone thickness distribution, corresponding reservoir
facies geometry, productive limits, and level of development, Frio E-2 reservoir unit ........ccccoeceueeemssrnsesnnnnns 82

Map illustrating sandstone thickness distribution, corresponding reservoir
facies geometry, productive limits, and level of development, Frio E-1 reservoir unit ........coccueeuueesuseensssinnnns 83

Map illustrating sandstone thickness distribution, corresponding reservoir
facies geometry, productive limits, and level of development, Frio D-6 reservoir unit.........coc.oeeeueeersenuenusnens 86

Map illustrating sandstone thickness distribution, corresponding reservoir
facies geometry, productive limits, and level of development, Frio D-5 reservoir Unit........cooecueeeuusssusssssisnecens 87

Map illustrating sandstone thickness distribution, corresponding reservoir
facies geometry, productive limits, and level of development, Frio D-4
TESETVOIT UINL v.vuveveverereresssesesesesessseseessesesesesssesesssssssesesssssesssesesssesesssssssssesesssssssesetessssssssststtstetensassssstessssssasnssssasas 88

Map illustrating sandstone thickness distribution, corresponding reservoir
facies geometry, productive limits, and level of development, Frio D-3
TESETVOIT UINL «vveveererereseseseseesesesessesssesesesssssestsssesestesssssesessesessssessssssnsstesessssessssssessatsssssstsststsssstssssssssssnsssssssssssssseans 89




41,

42,

43.

4.

45.

46.

47.

48.

49.

50.

51.

52.

53,

54,

55.

56.

57.

58.

59.

Hlstograms illustrating the drstnbutloneof poroesity and permeability- values .
according to each of the mapped reservoir facies : : 92

Nonlinear regression analysis on a facles-by-facles scale results in an equatlon

to predict permeabrhty from porosrty ‘ : — : : 93

Core graphic log; porosrty and permeabrhty data;and ¢ gamma-ray, mductron, ‘

and porosrty logs, T. B. Slick 231:149 well » S - . 95
" Comparison of shale-corrected and uncorrected cross- plot por051ty versus core :

porosity .. : eranes : : 96

Results of the multiple nonlinear regression model for i)r’edicting 320 ORI 101

Initial water saturation is modeled froma multr-nonlmear regression equatlon with porosny,

permeablhty, and height above free-water as the mdependent vanables : i ; 102

Residual oil saturation measured from core flood tests mdrcates awide range of possibilities due

~ to high and low tails on the dlstnbutron : : : 104

Map of study area in T-C-B ﬁeld showmg lease boundanes and approximate location
of geoselsmlc section reessenssniens v 108

Location of T1]er1na-Canales-Blucher (T-C-B) field w1thm the Frio Fluv1al-Delta1c Sandstone
(Vicksburg Fault Zone) Play in South Texas sipuen - 110

Representative log from T-C-B field ﬂlustratmg generalized stratrgraphy and
nomenclature of productlve reservoir sandstones _‘ seense sesssssssunsmssangesiisninees : 111

Northwest-to-southeast geoseismic d1p sectlon across T- -B ﬁeld ﬂlustratmg the

X general structural setting of Frio and Vlcksburg reservoxr sectlons ‘
Genetlc stacking pattern and archltecture of the Cretaceous ('Iuroman) Ferron
Sandstone of central Utah i - ' 115
Major ’inlines (east-west), crosslines (north-south), vhell locations, and lease block boundaries
within the T-C-B three-dimensional seismic data set-provided by Mobil : 119
_ Two-way time versus depth established from checkshot surveys in the Blucher B-3
well in the eastern part of the data volume and the Blucher 51 R well in the western
part of the data volume . » i » 120
Frequency content for stacked data from inline 3 15 bae , 121
Effect of adding the wavelets A and B after they reﬂect from similar mterfaces Aand .
B that are separated by 50, 100, and 125 ft . fuuss - 122
Synthetlc seismogram constructed from sonic and densuy logs for the Blucher B-3 well and
t1ed to seismic data from 1nlme 315 ; ‘ 123
» Representa‘tive dip line that extends east-west across the»data volume ' " 124
Downward changes in resistivity plotted against downward changes in acoustlc ,
‘unpedance at the same well log level ; 125

12



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Arbitrary seismic strike section A-A’ with overlain time-converted well logs from the
Stewart-Jones 1-5, Stewart-Jones 1-7, Blucher 55, and Blucher 37 wells

(about 6,300 ft deep)

alone... reeeeereererenenenes

T-C-B field....

........... 127
Dip-oriented stratigraphic cross section A-A’ through the Frio Formation from updip
of T-C-B field down to the present COAStHNE ........cerurrerrerssnnssssssssesssisssssssiessssssss s ssses 128
Dip-oriented stratigraphic cross section B-B’ of the Scott/Whitehill 4th-order reservoir
interval, which contains at least four 5th-order depositional Cycles ........c.oouvuecusisiscusininniiinnniiinininnns 129
Structure, net sandstone, and infill-potential maps, Scott/Whitehill reSErVOirs .......oocuvruemmininernnississsisncinns 130
Upper Whitehill structure map in tWo-way time .......ccccceuuuumessmmmssssessmssssssssmsssssssssss s sssssssss 133
Amplitude display of time slice within the Upper Whitehill interval at 1508 ms
............ 134
Net sandstone and facies map for the Upper Whitehill interval derived from log data
teeereesessesessesteeeteeeeeteteEe Rt e s SR a SRS e RS e S E SRS SRS SRS SRS SRS SRR S RS s b s s a e a0 s 135
Cross plot of initial water cut versus depth to top of reservoir, upper Scott zone 138
Map showing reservoir compartment distribution, productive limits, identified recompletion/
infill opportunities, and results of one recompletion within the upper Whitehill reservoir of
.. 139
Model for upper delta-plain fluvial architecture under the range of accommodation
conditions experienced during a depositional cycle 142
Spectrum of upper delta-plain fluvial reservoir architecture, internal heterogeneity,
production characteristics, and reserve-growth potential encountered in the
Scott/Whitehill interval........cocoeuvsenicnees 145
The effect of past completion density on reserve growth potential ..... oRssssndasssnsssssesnsnsasnsnsnenss 149
Influence of position within a depositional cycle on delta style and
FESEIVOLT ATCRITECIUTE wvvevevevecseeeuenersesesesesssssasssessastsssssssessssssssesssssssssssssssssssssstssssssssssssssssssssssssssssstasstssasasssasisasass 150
TABLES
Scales of reservoir heterogeneity eeeetetesesasseseashereres AR RS R SRS SRS R SRS SRS S SRS RS RSSO S RS0 8 .13
Reservoir compartment terminOlOGY .....ccceeuriuniuimminisunsisissnssisistnisss e 15
Spectrum of reservoir heterogeneity and resulting recovery potential in clastic TESETVOILS ....cuururiusrnsssasennnes 18
Summary of project objectives ceesessrestetsasasssssnsnsnnsessnsress 19
Significant accomplishments in Project Year 1: 1992-1993 cccccoccevrrrrrssissssssssssssssssssmmsmmmmmmmmmmmsssssssssss s 22
Significant accomplishments in Project Year 2: 1993-1994 c.cccccooveesssrsssssssssssssssssssssssmmmmsmssmmmmmmsmssss s 22




10.
1.
12.
13.
14.
15.

16.

' Special core analysis and descriptive statistics for core samples in Rincon field

reeene 23

Significant accomplishments in Project Year 3: 1994-1995 .......

Strategies for play-scale reservoir characterization studies

34

Statistics for reservoir parameters grouped by oil and combined oil and gas data sets

List of major oil fields in the Frio Fluvial-Deltaic Sandstone Play.

sesssssees

39

64

Summary of petrographic data for Rincon sandstones

Representative saturation exponents from the Frio Fluvial-Deltaic Sandstone play

--------------------

Summary of recompletion opportunities in Whitéhjll rés‘ervoii; T-C-B field

Potential effects on reservoir architecture of position within 4th- and 5th-order cycles

---------------------------------

36



/
) ABSTRACT

\
Domestic fluvial-dominated deltaic (FDD) reservoirs contain more than 30 Billion barrels

(Bbbl) of remaining oil, more than any other type of reservoir, approximately one-third of which
is in|danger of permanent loss through premature field abandonments. The U.S. Department of
Energy has placed 1ts highest priority on increasing near-term recovery from FDD reservoirs in
orderf to prevent abandonment of this importarit strategic resource. To aid in this effort, the
Burt:a%tu of Economic Geology, The Universityv'of Texas at Austin, began a 46-month project in
Octoi)er, 1992, to develop and demonstrate advaﬁced methods of reservoir characterization that
wou ﬂd more accurately locate remaining volumes of mobile oil that could then be recovered by
reco r(npleting existing wells or drilling geologically targeted infill wells.

‘ esefvoirs in two fields within the Frio Fluvial-Deltaic Sandstone (Vicksburg Fault Zone) oil
play ’ f South Texas, a mature play which still éohtains 1.6 Bbbl of mobile oil after producing 1
Bbb 1} over four decades, were selected as laboratories for developing and testing reservoir
characterization techniques. Advanced methods in geology, geophysics, petrophysics, and
engineering were integrated to (1) identify probable reservoir architecture and heterogeneity,

(2) |determine past fluid-flow history, (3) integrate fluid-flow history with reservoir architecture
to identify untapped, incompletely drained, and new pool compartments, and (4) identify specific
opp | rtunities for near-term reserve growth. To facilitate the success of operators in applying these
me tZods in the Frio play, geologic and reservoir engineering characteristics of all major reservoirs
in 1}i1e play were documented and statistically analyzed. Finally, to assist operators in identifying
tho d‘e reservoirs most prospective for reserve growth, and therefore most worthy of detailed
chaglacterization efforts, a quantitative quick-look methodology was developed to prioritize
resL\rvoirs in terms of reserve-growth potential.

tExtensive efforts have been made to transfer the methodology and results of this study to
operators within the Frio play, as well as to all operators of fluvial-deltaic reservoirs. One half-day
an ’two full-day workshops were held in cities convenient to Frio operators to demonstrate the
fnethodology through lectures and exercises and answer an& questions or concerns about its

a Jlication. Throughout the course of the study, 16 presentations and 15 publications have been

completed to keep operators and researchers across the country, as well as the DOE, informed
about project progress and results. Additionally, a microcomputer-based software program titled
thee Reservoir Characterization Advisor—Fluvial-Deltaic (RCA—FD) has captured the integrated
reservoir characterization method and results in a user-friendly format that includes

opportunities for input and quick-look prioritization evaluation of operator data.




EXECUTIVE SUMMARY

This volume summarizes work done by the Bdreau' of Economic Geology, The University of
Texas at Austin, over a 46- month period as part of the uU.s. Department of Energy (DOE) oil
Recovery Field Demonstratlon Program, Class I (Near-Term) The goal of the program, and this
project, is to increase oil productlon from domestic ﬂuv1a1 deltalc reservoirs in the near term to
prevent their premature abandonment and the resultlng permanent loss of resources to the
United States. Specifically, this project developed and demonstrated an integrated, multi-
disciplinary ;advancf‘ed reservoir characterization mét_h’o’dolbgy that can aid operators in locating
areas of untapped or incompletely drained reseryoirg. These areas can then be targeted for near-
term production through the recompletion of existir}lg wells or the drilling of new infill wells.

Nearly 1 lll)illion barrels (Bbbl) of mobile oi, a’p'proximatelyequivalent to original mobile
oil in Prudhoe Bay field of Alaska, remain in dome's'_tv’:i‘c, fluyial—dominated deltaic reservoirs despite
their mature status (personal ’communic‘:ation, Mark Young, DOE'Bartlesville Project» Office,
1996). Approx1mately 1.6 Bbbl of this resource, approx1mately 15 percent of the domestic total,

, res1de in reservoirs of the Fr1o Fluv1al Deltalc Sandstone Play (Vlcksburg Fault Zone) in Texas.
The project summarlzed hereln has prov1ded operators w1th1n thls play with models of interwell-
scale reservoir architecture and heterogenelty that are ~supported by specific examples of reserve-
growth opportunlties within Frio fields. These models are based on integrated geolOgieal,
geophysieal, and engineering characterization of stratig_raphically complex Frio reservoirs and are
applicable to fluvial-deltaic reservoirs throughout the United States. | |

A conservative estimate of mobile oil identiﬁed?dnring this study of 12 major reservoirs is
4.7 million barrels. Numerous reeompletion and ijnﬁll -opportunities have been identified to
operators for potential action. Results of the first action by an operator support the validity of
project methodology a recompletlon recommended by th1s study in a well identified as being
within an incompletely drained reservoir compartment has yielded economic production rates of

600 thousand cubic ft of gas per day.



The methodology developed and applied in this project requires an investment in personnel
time and data acquisition that is substantial for many small operators. As a consequence,
operators must make an initial effort to evaluate their reservoirs to determine which ones likely
contain significant remaining resources. This project has developed a methodology by which
reservoirs can be quickly and semiquantitatively ranked in terms of their reserve growth potential.
Parameters used in the evaluation are designed to be readily available to the typical operator,
preventing a loss of time in extensive data-gathering efforts. This methodology has been
incorporated into the Reservoir Characterization Advisor—Fluvial Deltaic software package as an
interactive routine that calculates reservoir priority on the basis of data input by the operator.

The technology and methodology used in this project have been transferred to Texas
operators through inexpensive workshops at sites convenient to the majority of companies and
through technical presentations and publications at the local level. Presentations at national
technical meetings have made technologies and results available to all domestic operators, and the
methodology has been made publicly available through production of the Reservoir
Characterization Advisor—Fluvial Deltaic (RCA—FD), a software package for use in personal
computers.

This project has met its goal of developing and demonstrating an advanced, integrated,
multidisciplinary methodology of reservoir characterization to identify opportunities for near-
term recovery of resources in fluvial-deltaic reservoirs. The current and expected future success of
recompletions and infill wells based on this study provide convincing evidence to operators that
detailed integrated characterization can revitalize mature fields and prevent the loss of domestic

resources because of premature abandonment of fields.



INTRODUCTION

PR. Knox and LE McRae

Data from the U.S. Department of Energy (DOE) TORIS database._indicate that domestic
ﬂuvial-dominated deltaic (FDD) reservoirs contain 30 billion barrels (Bbbl)' of remaining oil in
place, more than almost any other reservoir type, and that more than one-third of this strategic
domestic resource is in near-term danger of being lost because of premature field abandonment
(Figure 1). As a consequence, the U.S. DOE has placed a high priority on activities that will
preserve access to these fields by increasing producti'on‘in the near future. Texas was identified as
the state havmg the largest near-term incremental recovery potential in such reservoirs
(616 million barrels total) (U.S. DOE 1991, Ch. 2).

To respond to thls urgent need for increased production from FDD reservoirs, the Bureau of
Economic Geology, The University of Texas at Austin, began a’46'-'month project in October, 1992,
to develop and demonstrate to operators methods that could. quickly improve oil production. As
a laboratory for demonstration, the Bureau selected the most prollﬁc ﬂuv1al deltaic play on the
Texas Gulf Coast the Frio Fluvial- Deltalc Sandstone (Vlcksburg Fault Zone) Because
recompletion of existing wells and drilling of infill wells is the most 51gn1ﬁcant and least
expensive method for improving production in FDD reservoirs, the Bureau focused its efforts on
developing and demonstrating techniques for multidisciplinary advanced reservoir
characterization that can identify the location and volume of unrecovered mobile oil and lead to
cost-effective reserve growth. %

vThis report summarizes the results of the Bureaw’s 46-month project. The introductory
section is a review of project objectives and approach. In followi.ng sections, the methodology
developed for integration of geology, geophysrcs, and engineering in reservoir characterization is
demonstrated with selected examples from studied reservoirs. In addition, the dlstrlbution of
values for geologic and engineering attributes of reservoirs throughout the play is provided to
support estimates of the volume of ol resources remaining in the play and the reserve growth

potential of reservoirs in the play. Because integrated characterization efforts consume precious
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time and money for operators, some comments on criteria that can be used to select the most
prospective reservoirs in a mature field for detailed study are given. Finally, our efforts to transfer
 this information to operators and encourage the application of this methodo_logjf to increase

production are presented.

Importance of Integrated Characterization to U.S. Resource Base
Near-Term Domestic Oil Resourc‘es

Remalnlng domestic oil resources represent an 1mportant energy reserve for the United

~ States. Because hquld hydrocarbons are expected to remain the pr1nc1pal source of energy for

- our society well into the coming century, and because secure inexpensive energy supphes are
critical to economic growth, we must protect and husband our domestic oil resources. A large
percentage of these resources reside in mature fields where production costs are inherently higher ‘
than newer fields because of greater water production and disposal costs. Under current
ﬂmanagement practices, in fact, many of these fields are nearing uneconomic‘ status and rnay be

’ abandoned desplte the fact that they contain large volumes of 011 that together, represent a
critical domestic resource. Once they are abandoned, reestabhshmg access to these resources is
rarely economically feasible because of the cost of reinstalling infrastructure. As a consequence,
their loss is essentially permanent

The U. S. DOE has recognized this danger and estabhshed a program to maintain access to

these resources. This program fosters research into methods that can increase production from
these fields in the near term, thus rev1tahzlng thelreconomlc outlook and preventing premature
abandonment. The DOE has divided remaining reSources into classes on the basis of the original
depositional setting of thereservoir rock and prioritized these classes by volume of remaining
resource and threat of premature abandonment.‘ C}lassiﬁcation‘ by depositional setting was done

| because the setting exerts a first-order control on the reservoir nature which, in turn, controls the

factors that have prevented complete recovery of the resource.



Proved reserves
0.8 billion barrels
(1.9%)

Original oil in place
45.1 billion barrels

BPO/Toris 1994
Heavy and light oil QAb4896c

Figure 2. Distribution of original-oil-
in-place in fluvial-dominated
reservoirs. The volume of mobile oil
remaining in these reservoirs, 10.8
billion barrels, is more than 10 times
the current proved reserves and
represents a resource nearly as
significant to the United States as
Prudhoe Bay field. Data from U.S.
Department of Energy TORIS
database (1994)(personal comm.,
Bartlesville Project Office, 1996).

In 1991, the DOE determined that reservoirs deposited in fluvial-dominated deltaic (FDD)

settings (Class I) contained the highest priority resource. They represented the largest volume of

remaining oil, more than 25 billion barrels (Bbbl), one-third of which was projected to be

abandoned by 1995 (Figure 1). More recent estimates by the DOE were higher still. An analysis of

the Tertiary Oil Recovery Information System (TORIS) in 1994 revealed that of 45 Bbbl originally

in Class I reservoirs, more than 30 Bbbl remain. More than 19 Bbbl of the remaining oil are

immobile (Figure 2) and unrecoverable by conventional low-cost primary or secondary recovery

methods. That leaves nearly 11 Bbbl, roughly the size of the Prudhoe Bay discovery, still

remaining to be targeted in the near term (Figure 2) by currently economic methods. This

represents more than 40 percent of the mobile oil originally in the reservoirs, despite roughly five

decades (on average) of production!



Causes of Unrecovered Mobile Oil in FDD Reservoirs

In the past, FDD reservoirs have commonly been developed with wells placed in geometric
grids with prédetérmined spacing. Unfortunately, these reservoirs are not uniformly distributed
or internally homogeneous. Instead, reservoir sandstone bodies occur in a range of shapes and
sizes. Reservoirs can be separated into these bodies, ér compartments, by laterally‘ or vertically
intervening shales and each compartment can be internally complex. For example, a sandstone
reservoir body (compartment) deposited by a deltaic distributary channel can be narrow and
elongated in'the dip direction, and can contain many cross-cutting low permeability shale drapes
(internal heterogeneities) that inhibit uniform flow of the oil from the reservoir toward the well
bore. Conséquently, wells drilled on a rigid grid may miss individual bodies in a particular
reservoir interval, resulting in untapped compartments. Additionally, wells penetraﬁng a reservoir
body may 5e placed too far apart to efficiently drain it, leading to incompletely drained
compartments. In FDD reservoirs, the most expedient way to increase production is to map
reservoir compartments using geologic and geophysical information, evaluate their internal

’heterbgeneity by applying engineering methods to production and test data, and identify
untapped ahd incompletely drained compartments that can be targeted through recompletions of |
e}dsting wells or the careful placement of infill wells. The following sections provide detail on the

depositional controls on reservoir architecture and heterogeneity.

Stratigraphic Architecture and Scales of Reservoir Heterogeneity

The architecture of sandstones in clastic reservoirs has a direct impact on hydrocarbon
recovery. Internal features within reservoir sandstone units define the geometry of fluid pafhways
that control the efficiency of hydrocarbon migratioﬁ to the well bore and therefore provide
fundamentél constraints on the ultimate volume of éonventionally recoverable oil and gas that
remain in the groﬁnd when the reservoir is abandoned (Tyler and others, 1992). Undersfanding
the details of reservoir architecture and its inherent control on fluid migration is 'criti;al,to

efficiently targeting the remaining recoverable oil resource in maturely developed reservoirs:



|
|
|

The internal geometry of sandstone bodies and the degree of interconnectedness,

coanumcatlon, or compartmentalization between individual reservoir sand bodies are products

of the nonuniformity, or heterogeneity, of a rock reservoir (Alpay, 1972). Reservoir structure can

be exceedingly complex, containing heterogeneities from scales of kilometers down to scales of

l
less than 1 millimeter (Lasseter and others, 1986). To facilitate studies of the various types of

heter’ogeneities present in rock reservoirs, researchers have arbitrarily divided reservoir

hetc-y\rogeneity into four different classes, or levels, that relate to different scales of investigation

(Alpay, 1972; Weber, 1986; Tyler, 1988). These levels of heterogeneity range from the megascopic

|

idenj‘tiﬁcation of variations in depositional style and sediment stacking patterns within an entire

sedimentary basin sequence, to macroscopic and mesoscopic variations described within an

in

ividual depositional unit, to the microscopic study of pore throat variations between grains in

a single core (Figure 3). The description and characterization of reservoir heterogeneity at each of

these scales require separate methodologies, different data types, and the use of various analytical

toqls designed to measure and detect heterogeneity at different levels of resolution (Figure 4)

(W

rthington, 1991; Iaékson and others, 1993).

Y

Megascopic studies of reservoir heterogeneity address large-scale relationships between

reservoirs that occur within a play trend or field area (basin scale and field scale) and are

s€

C

co n}trolled by regional variations in base level that occur in response to changes in eustasy,

di'iment supply, subsidence, and climate (Miall, 1988). An understanding of regional-scale
I

vaP'iations in reservoir architecture (for example, connected, laterally amalgamated fluvial

nnels versus isolated, vertically stacked fluvial channels) is important in identifying

reservoir analogs within a play and assessing intrafield variations in reservoir quality and

recovery efficiency.

tk

Intermediate scales of reservoir heterogeneity include variations at the macroscopic level of
e genetic sand unit or depositional facies (for example, point-bar versus crevasse splay deposits)
hd mesoscale variations within ripple laminae and beds. Microscopic heterogeneity refers to

ariations at the scale of grains, pores, and pore throats. These small-scale heterogeneities are

Vv

sponsible for variations in capillarity and local fluid-flow pathways that control the nature of oil




| "(8861) TEIN PUE (9861) 1G9\ WOy
pa[Idwo)) *SII0AISS31 dTeyPp-[eIang ul Juasaid A115ua3019)3Y JO S[IAS] SNOLIBA IY} Y3IM PIJRId0SSE s3[eds Jo sa[duwrexy ¢ a3y

2651VBVD | —~ ws,00! _

8|eos a10d
o[eos ||em-18)u|

01d02s0IDIN

oidoosoioep

e 1BR .
2wl o)
2 SO00L r.dw a
8 O wmw%o 8
(] G =

\_l‘ow. o

o[eos buippeg
ojdoososapy
aleos uiseg
- ojdoosebay

10



*(£661) s1930 pue uosyoe( pue (1661)
u0I3UIy1I0M| WOIJ BlR(] *S3[eds SNOLIEA e A119ua8019)3Y I10AIISaI Jo uondLIdSIp Y} UT pasn s[00} [ednA[euy “ aIndi]

2091 ¥evVD

-0} g0 g 0L , 0L 0L 5 0L , 0 1

(w) uonnjosai |00

0L 0L (OF 0L
I R N | 1

0L 0L 01

Anawisosod e

sisAjeue ebew)

Jeyowesuned
-

sisAjeue a10)

sjuaweainsesw
l1em-1aju|

uonduosap JI0AI8Sal Ul Pasn §]00} [ednAjeuy

1
jusjuoo Aeln
uojjejuBWa) «
o|gos
£ OM}au pue
Jowoab ‘azis 810d «
suogeinjes piny [enpisal -0JOIN
PUE Jejiul uo SjoIuo) 2 ABojessuip «
Aupgesuuad pue Aysosod Bupjoed pue
uo sjosuod oneusbelq | | ‘Buiuos ‘ezis ureID «
(a1nixay)
Aydeibpens ougej ¥ooy
yum sejpedoid .
reoisAydosned pue spun ABojoyi
moy} jo diysuonejey ‘g . a|eds
seJnjornuls -0S9
ejep sisAjeue 8100 A
‘selpn)s seloe} 8109 2 Jejuswipes «
sejnquye JIoAIesel sajoe)
jo sebuel ‘senjea uesy | reuonisodeq «
SHUN MOJ} O} Sjun
aiBojoyy jo diysuonejey ‘v
(seuoz jey) ‘sieiueq 9|gos
‘sejyeq) senieusboislay
Jo uonnquisip feneds ‘g Bunined « | -o10epy
Ayanosuuoo ‘Aijewosh odA) des) «
‘uoiysod Jlonesey 2
waojshs
sjuswpedwod JJoAI8SaY | reuonsodaq e
Soloe} JIOAI8S8IUoU pue
sa|pn}s p
uiseq JloA8sal Jo uonnquisiq g wL oS
sauepunoq UoHEeULIOH «
Ue 8Z|S JIOAIaSaY ° -
pue 82zs J) H 2 —— ebapy
UISEq SSOIOE SUOHBLeA
azis uresb ‘vomsodwos - | (eouspiacid) uiseg.
uoljezuajoeieyo sio)duosaep ajess
Jlon9say 0160j095

11



saturation and the retention of residual oil in the vicinity of the well bore. This level of
heterogeneity is largely a function of diagenetic processes.

Heterogeneity in fluvial sandstones has also been described in terms of a hierarchy of
bounding surfaces of various scales (Miall, '1988). These range from-large-scale sixth-order
surfaces that separate depositional sequences; to ﬁftn- and fonrth-order surfaces defining major
reservoir packages and individual channel units at the inter'well level, fespectively; to smaller |
fourth- through first-order bounding surfaces, Whii:h are small-scale features recognized at the
core level,;butthe-i‘r limited lateral extent (<25 aeresj precludes correlation at the interwell level.
.A summary of the various scales and notnenclatnre'associated with‘:reservoi’r heterogeneity is

provided in Table 1.

Compartmentalization in Fluvial-Deltaic Réseryoirs

‘The scale of heterogeneity that is most critical in'cgnttollin‘g fluid-flow pathways and is the
key to accessing unrecovered mobile oil remaining 1n the reservoir is the intermediate, interwell,
or macroscopic scale of heterogeneity. This level of heterogeneity most closely corresponds to the
reservoir flow unit. Macroscopic features include variations in depositinnal and diagenetic facies
that serve to compartmentahze a reservoir. Phys1cal boundlng elements that deﬁne the
permeability structure of a reservoir and divide it 1nto separate flow units include both bedding
surfaces as well as nonpermeable rock types that ac‘t as 1ntrareserv01r seals between individual
reservoir compartﬁments (Tyler and Finley, 1991). The typ’es of pern{eability barriers present and
the style and extent of reservoir compartmentahzatlon that they create are directly related to the
depositional system LeBlanc (1977) documented many examples of how the distribution,
internal characterlstlcs, and contlnulty of sandstone reservoirs are prlmanly controlled by the
original enviro‘nment of deposition.

Stratigraphic compartmentalization that is inherent in ﬂuvial-deltaic depositional systems is
responsible for the incomplete and inefficient recovery of available oil and ‘.gas resources within a

developing field. Various categories of infield reservoir compartments, in addition to those

12
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currently producing or depleted, are recognized as targets for incremental recovery in mature
fields (Levey and others, 1992). These include (1),;uﬁtapped reservoir compartments,

(2) incompletely drained reservoir compartments, and (3) deeper pool targets. Characteristics of
these various reservoir targets have been summarized in Table 2. Untapped and incompletely
drained compartments are the primary targets that can be identified through detailed
depositional facies analysis and the identification of interwell scale heterogeneities that divide
reservoir facies into separate flow units. Lithologic heterogeneity and the presence of uncontacted
and incompletely drained reservoir compartments located between existing well spacing are
illustrated in Figure 5. The present level of development within a field, described by current well
spacing and the density of completidns within reservoir zones, can be used as a relative indicator
of remaining untapped potential.

In addition to untapped and incompletely drained reservoir targets, there may be additional
resource potential present in deeper pool reservoirs, which may exist in reservoir zones already
penetrated, but below previously established production. Evaluations of deeper-pool targets are

"based on a much less dense framework of data; therefore, they often require regional facies
analysis and sequence stratigraphic studies of reservoir systems to properly assess their

recovery potential.

Recovery Potential of Fluvial-Deltaic Sandstone Reservoirs

Estimates of oil recovery from reservoirs in fields across the United States average 34 percent
(Tyler, 1988). A recent survey of more than 450 Texas oil reservoirs documented a well-defined
trend of declining recovery efficiency with increasing heterogeneity and complexity of reservoir
architecture (Galloway and others, 1983). Recovery efﬁciencieé in clastic reservoirs range from a
high of nearly 80 percent in the architecturally simple, laterally continuous, wave-dominated delta
and barrier-strandplain reservoirs of East Texas, to a low of 8 percent in sandstone-poor,
discontinuous basin-floor turbidite reservoirs in the Permian Basin (Tyler and others, 1984).

Fluvial-deltaic reservoirs fall between these extremes, with complex channelization and abrupt
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100

oo

100

' Drained reservoir area

Incompletely drained and/or
undrained reservoir

QAa4581c
Figure 5. Schematic geologic cross section contrasting the generalized interpretation of a
sandstone reservoir as a simple, laterally continuous (homogeneous) producing zone (a) with
a more detailed interpretation of the same sandstone unit as a complex heterogeneous zone
consisting of multiple reservoir compartments (b). In the traditional example of the simple
reservoir unit (a), good reservoir continuity suggests that the reservoir can be completely
drained at the current well spacing. The complex architecture illustrated in (b) suggests the
presence of facies boundaries within the sandstone that create multiple compartments, some

of which are only partially drained or are completely untapped at the present well spacing.
Modified from Jackson and Ambrose (1989).

facies variation in some fluvial-deltaic reservoir syéfems responsible for recovery efficiencies as
low as 20 p’eréent. This large variation in recovery efficiency is well illustrated for Texas oil
reservoirs, because populations of fluvial-deltaic, deltaic, and submarine fan reservoirs contain
similar volumes of oil in place but the deltaic reservoirs account for more than 50 percent of total

reservoir production (Tyler and Finley, 1991).
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Lateral and vertical reservoir heterogeneity is controlled by the depositional process

.

resp :)Pmble for creating the reservoir, and this heterogeneity in turn is responsible for developing

the reservoir architecture that provides the fundamental control on hydrocarbon recovery

efficiency in a given reservoir unit (Tyler and Finley, 1991). Developing a detailed understénding
|

of the processes, styles, and scales of heterogeneity that characterize a particular reservoir type can

bec fne a powerful predictive tool in the identification and delineation of additional unrecovered
oil +d gas resources. Using this approach, major sandstone types can be classified according to
thei ‘degree of vertical and lateral heterogeneity and this classification can be used to predict

recovery efficiencies and the residency of unrecovered mobile oil in the reservoir (Tyler and

Finley, 1991) (Table 3).

/ 'Project Objectives and Approach
| |
{The primary objective of this project has been to develop and demonstrate advanced,

inte:érated, multidisciplinary reservoir characterization methods that allow identification of
|

unt ‘pped and incompletely drained compartments (Table 4), which can then be targeted for
neeulf-term recovery methods. These actions will increase production from mature fluvial-deltaic
reservoirs, revitalizing mature fields and maintaining access to this class of reservoirs, thereby
pre-\‘}enting the loss of important domestic energy resources.

To achieve our primary objective, we have integrated geological facies models with

geophysical, petrophysical, and engineering data to develop an advanced, integrated character-
izatLon methodology. We have applied this methodology to selected fields and reservoirs to
provide specific examples of near-term recovery opportunities (Table 4).

Our approach has been to select a trend of mature fluvial-deltaic reservoirs in danger of
abandonment, assemble an overview of reservoir characteristics, select fields and reservoirs for
ch%racterization, and identify untapped and incompletely drained compartments (Table 4). We
sel%cted a prolific mature fluvial-deltaic oil play on the Texas Gulf Coast as a laboratory for the
de-%elopment and demonstration of characterization techniques and selected reservoirs in two

f
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Table 4. Summary of project objectives.

OBJECTIVE

. Demonstrate the application of state-
of-the-art reservoir characterization to
assess the reserve growth potential in
mature fluvial/deltaic oil fields of South
Texas

. Integrate geological facies models
with petrophysical and engineering
data to characterize fluvial-deltaic
reservoir heterogeneity and identify
controls on the location and volume of
unrecovered mobile and residual oil

. Provide examples from selected fields
and reservoirs to serve as a guide for
other fields and reservoirs

. Define near-term reserve growth
potential in selected fields by
describing the spatial distribution of
remaining oil resource

APPROACH

Utilize maturely developed fluvial and
deltaic sandstone reservoirs as a
laboratory for reservoir
characterization techniques

Categorize engineering information by
depositional and diagenetic
characteristics

Characterize major Frio reservoirs in
the Vicksburg Fault Zone oil play in
the Texas Gulf Coast Basin

Emphasize practical field-oriented
techniques to screen for reserve
growth potential and develop
approaches to direct strategic
targeting of new infill drilling and
recompletions to overcome reservoir
compartmentalization

fields for detailed study. Whereas successful demonstration of these techniques will most tangibly
influence production in Texas fluvial-deltaic trends, presentation of findings to national
audiences will also contribute to increased production throughout the United States.

The trend selected, the Frio Fluvial-Deltaic Sandstone (Vicksburg Fault Zone) play of South
Texas, has already produced nearly 1 Bbbl of oil since discovery and development in the 1930’s
and 1940’s but still contains 1.6 Bbbl of unrecovered mobile oil. More than half of the reservoirs
have already been abandoned, and thus large volumes of oil may remain unproduced unless
advanced characterization techniques are applied to define untapped, incompletely drained, and
new pool reservoirs as suitable targets for near-term recovery methods.

This project has developed interwell-scale geological facies models of the Frio fluvial-deltaic

reservoirs and combined them with engineering assessments to characterize reservoir architecture
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and fluid-unit boundaries and to determine the controls that these characteristics exert on the
location and volume of unrecovered mobile oil and residual oil. These studies have lead directly
to the identification of specific opportunities to exploit these heterogeneous reservoirs for

incremental recovery by recompletion and strategic infill drilling.

Project Description

This project was divided into three major phases (Figure 6). The first phase included
(1) the initial task of screening fields within the play to select representative reservoirs that have a
large remaining oil resource and are in danger of premature abandonment (task 1), and
(2) performing initial characterization studies on these reservoirs in order to identify the
potential for untapped, incompletely drained, and new pool reservoirs (tasks 2-4). The second
phase involved advanced characterization of the selected reservoirs in order to delineate
incremental resource opportunities. This included volumetric assessments of untapped and
incompletely drained oil, along with an analysis, by reservoir, of specific targets for recompletion
and targeted infill drilling. The third and final phase of the project consisted of a series of tasks
associated with final project documentation, technology transfer, and the extrapolation of specific
results from reservoirs in this study to other heterogenedu,s fluvial-deltaic reservoirs within and
beyond the Frio play in South Texas.

Specific accomplishments throughout the project are presented in each annual report
(McRae and others, 1994, 1995, and Holtz and others, 1996). Tables 5 through 7 provide
summaries of these activities. Activities that postdate the last annual report consist predominantly

of technology transfer events, and are summarized in that major section.
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Phase 1 (1993)

Reservoir selection, Screen fields
Initial characterization within play

(Task 1)

Identify potential for:

] \/ A
Untapped Incompletely New pool
reservoirs drained reservoirs reservoirs
(Task 2) (Task 3) (Task 4)
Phase 2 (1994)

Delineation, evaluation of incremental recovery opportunities

Assess volumetrics, define targets,
evaluate opportunities in:

Untapped Incompletely New pool
reservoirs drained reservoirs reservoirs
(Task 1) (Task 2) (Task 3)
f

\

Phase 3 (1995-1996)
Technology transfer
Extrapolation of potential to other fields and reservoirs,

Complete integrated studies,
document recovery opportunities in:

|
Untapped Incompletely New pool
reservoirs drained reservoirs reservoirs
(Task 1) (Task 2) (Task 3)

Outline general strategies for
T",?QQ;’,'S?V : recompletion/infill via
k4 E computer-based "advisor*
(Task 4) (Task 5)

QAad158¢c

Figure 6. Diagram of work structure for this project illustrating
three primary phases and a breakdown of individual tasks
associated with each phase of the project.
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" Table 5. Significant accomplishments in Project Year 1: 1992-1993.

Selection of two South Texas flelds for reservorr charactenzatlon studies
Reviews with field operators, data gathenng and inventory

Development of digital log data bases ‘

> @ o

Construction of type Iogs for fields, establlshment of regional cross-section
: framework

- Preliminary synthesis of reservoir log,"core, and ’pro“duction data
‘Synthesis of reservoir pressure and prod”uction data

Comparison of production histories by reservoir

@ N oo

Synthesis of core analysis data by reservoir

Table 6. Significant accomplishments in Project Year 2: 1993-1994.

Statistical analysis of petrophysical attributes for middle Frio (fluvial), lower Frio
(fluvial-deltaic), and Vicksburg (deltaic) stratlgraphrc subintervals within the entrre
play.

Playwide evaluation of additional resource"‘ potential and assessment of remaining
mobile oil in middle Frio fluvial, lower. Frio fluvial-deltaic, and Vicksburg deltaic
sandstone reservoirs. : ’ ' :

. Completion of regional stratlgraphlc framework in Rmcon and T-C B flelds and
-documentation of general reservoir architectural styles.

Selection of two representative reservoirs in each field for det'ailed study.

Digitized log data for nearly 200 wells in Rincon field were depth adjusted,
normalized, and flagged with associated production data, stratigraphic tops,

log facies type, net sandstone thickness; percentage sandstone, wireline core
porosity and permeability, vertical log facres type and Iateral depositional facies
type interpreted from facies maps.

Log data from more than 50 wells in T-'C-B field were digitized for petrophysical
analysis and annotated with associated production data and stratigraphic tops.

Maps illustrating distribution of oil production, initial potential, log facies, net
sandstone thickness, percentage sand, and permeability-thickness have been
generated for 8 separate reservoir subunits in Rincon field and compared to identify
differences in sandstone depositional styles and production behavior and identify
zones with high potential for containing unproduced oil.

Stratigraphic cross sections were constructed to document subreglonal
stratigraphic framework of reservoirs in greater T-C-B field area, identify ,
stratigraphic hierarchy and sandstone architectural styles within field study area,
and aid in the selection of specific reservoir zones for detailed study.
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Table 7. Significant accomplishments in Project Year 3: 1994-1995.

Routine core analysis data from 100 wells in Rincon field were categorized by
depositional facies, resulting in more accurate facies-based porosity-permeability
relationships and correct apportioning of commingled production to each reservoir
zone.

Special core analysis data were measured in 15 samples from Rincon reservoirs to
improve calculations of original oil in place, residual oil saturation, and irreducible
water saturation, resulting in a more accurate evaluation of remaining reserves.

A petrographic study of 22 samples from Rincon reservoirs was carried out to
determine the effect of diagenesis on reservoir quality and to supplement results of
the special core testing.

Detailed characterization of two upper delta plain fluvial reservoirs in T-C-B field
was completed, resulting in the identification of 17 recompletion and 19 infill drilling
opportunities.

An accommodation-based model was developed that improves the prediction of
reservoir architecture and between-well heterogeneity and establishes a method for
ranking reservoirs in terms of reserve-growth potential on a quick-look basis.

Geologic societies in two cities have offered to host short courses scheduled for
early 1996, and work has begun on a set of course notes for attendees.

Methodology and results of this study have been transferred to industry in 5
technical presentations, 4 publications, and 2 related Bureau short courses.

Obijectives and a tentative structure for a microcomputer-based geological advisor
have been established, and programming of a test version has begun.
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PLAYWIDE RESERVOIR STUDIES

M.H. Holtz and ‘L.E. McRae

Overview

A geologic and engineering review of playwide characteristics was carried out to provide a
summary of basic regional information to operators and to evaluate the volumes of resources

remaining to be recovered by operators. The followlng section provides a review of production

history and geologlc settrng, an evaluatlon of playwr -;-.enneering pa-raméte’rs and the resource

- estimates calculated from them, and a breakdown of engmeenng parameters and resources by

strat1graph1c 1nterva1

Loeation and CharacteristicsﬁOf Fields within the Play

The Frio Fluvial-Deltaic Sandstone (Vlcksburg Fault Zone) play (Flgure 7)is located in
 South Texas and extends from Starr County northeastward to Jim Wells and Nueces Countles,
Texas (Galloway and others, 1983) Flelds in the play produce oil from heterogeneous ﬂuvral and
) deltalc sandstones of the Oligocene Frio and upper Vicksburg Formatlons on the eastern,
~ downthrown srde of the Vicksburg Fault Zone. Oll-bearlng traps conslst predommantly of
shallow .rollover anticlines that formed during later stages of fault 'movement along the fault zone
(Jackson and Galloway, 1984; Tyler and Ewing, 1986). Deeper structures are characterized by
synthetic and antithetic faults with large dlsplacements commonly in excess of hundreds of feet.
Individual fields within the play produce from a stratlgraphlc 1nterva1 that ¢ averages 2, 000 ft in
thickness and consists of 20 to 40 separate sandstone reserv01rs that are interbedded Wrth

mudstone (Stanley, 1970). ,

Production History

The Frio Fluvial-Deltaic Sandstone (Vicksburg Fault Zone) has produced nearly 1 Bbb! of oil

equivalent from 129 reservoirs in fields throughout the play in South Texas (Galloway and others,
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Figure 7. Location map of major oil and gas fields in the Frio Fluvial-Deltaic
Sandstone Play in South Texas. Reservoirs from these fields have been
subdivided according to stratigraphic position and depositional facies into
middle Frio (fluvial) reservoirs and lower Frio (fluvial-deltaic) reservoirs to
identify differences in heterogeneity style and better estimate remaining oil
potential in each type of reservoir facies.
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3.33 MMSTB
Proved reserves

Figure 8. D1str1but10n of the oil resources
within resérvoirs of the Frio Fluvial-
Deltaic Sandstone (Vicksburg Fault Zone)
play in South Texas. Nearly 1 Bbbl have
been recovered in more than four decades ! i
of production, but nearly two-thirds of the : Data from 129 fields

estimated original oil in place remain. OOIP = 4,146 MMSTB . omasiree

1983; Kosters and others, 1989). Total original 011 in place estlmates, however, are in excess of 4

Bbbl, of whrch 1.6 Bbbl is classified as unrecovered mobrle 011 and nearly the same amount is

attributed to resrdual 011 resources (Flgure 8).

‘The development status of the play is class1ﬁed as mature to supermature, because most of
the major fields in the play were discovered in the late ‘1930 s and early 1940’ (Frgure 9a).
Reservoir abandonment rates increased signiﬁcahtl}l during the time period from 1987 to 1989
(Figure 9b). The number of producing wells in the play showed a precipjitou‘s” 'decline of over 50
percent during a 5-yr penod from 1974 to 1978 The play has been ¢ expenencmg a steady decline

in both overall production and 1nd1v1dual flow rates throughout the 1980’s (Flgure 9¢). By 1989,

over one-half of the 129 reservoirs included in the play were no longer producmg. Annual
productionifrom 376 active wells in 1989 was approétfimately 1.2 MMbbl.,AVerage daily
productlon rates from these wells had declined to 8. 9 bbl/d

Oil and natural gas reservorrs produce from the same stratigraphic 1nterval Production
drive mechanism is dominantly gas-cap expansion. Mos"t fields have large gas caps and have been

unitized to properly develop and maintain pressure in these complex sandstone reservoirs. In
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Figure 9. Histograms illustrating trends in reservoir discovery (A), reservoir abandonment
(B), and decline in annual production (C) in the Frio Fluvial-Deltaic sandstone oil play. Oil
production in the play has steadily declined since 1968, and as of 1991, nearly 60 percent of all
producing reservoirs had been abandoned.
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many cases, p‘ro‘duced natural gas has been cycled hac’k.:into some of the reservoirs to maintain
production of oil.

Engineering attributes for Frio Teservoirs are descrlbed in a later section. The typ1cal
reservolr is a dip-oriented fluvial or dlstrlbutary-channel sandstone draped over a northeast-
trendlng anticlinal structure. Ind1v1dual sandstone reservoirs range from 10 to 50 ft in thickness
and cons1st of individual or multiple amalgamated sandstone bodies. Porosity and permeability
values average 25 percent and 430 md, respectrvely, and the average API gravrty of produced oilis
41°. Reservoirs are mternally compartmentahzed by permeablllty baffles and barriers caused by
mud-filled channel plugs, by rip-up-clast zones located between channel-on-channel contacts,

and by more laterally extensive ﬂoodplaln mud-s,tone; fa_c1eslocated in interchannel areas.

Regional Structural and‘-Stratig_raphic Setting

The entire Frio Formation in Texas has been dlvlded into 10 plays based on regional
vanatlons in structure and deposrtlonal settlng (Kosters and others, 1989). Flelds in the play
known as the Frio Fluvial- Deltalc Sandstone Play produce 011 and gas from the eastern,
downthrown side of the Vicksburg Fault Zone, a ma]or down-to-the-coast hstrlc normal growth |
fault system that parallels the Gulf coastline for over 100 mi (Flgure 7) Faultmg mainly offsets
the Vicksburg Formation but also affects the lower portlons of the overly1ng Frio Formation. Oil-
bearing traps con31st predomlnantly of shallow rollover anticlines that formed during later stages
of movement along the fault zone (Stanley, 1970; Tyler and Ewing, 1986). Deeper structures
within Vicksburg strata are characterlzed by synthetlc and antithetic faults with large
displacements commonly in excess of hundreds of feet

Oil and gas reservoirs in this play occur w1th1n a2,000- ft stratigraphic interval in ﬂuv1al-
deltaic sandstones primarily of the Oligocene Frio Formatlon (Figure 10). The Frio Formatlon is
partof a sedimentary wedge that records a major degosmonal‘ofﬂap episode of the northwestern
shelf of the Gulf of Mexico Basin (Figure 11). Frio sedinrents in South Texas represent the entry

of a major extrabasinal river into the Gulf basin al_dngfthe axis of the Rio Grande Embayment in
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Figure 10. Stratigraphic column of Cenozoic sediments of the South Texas Gulf Coast.
The sedimentary succession has been divided into a series of large-scale depositional
episodes that represent major periods of progradation that occurred throughout the

Cenozoic (Galloway, 1989b). Reservoirs in the Frio Fluvial/Deltaic Sandstone play are
part of a larger Frio-Vicksburg genetic sequence.

Oligocene time. This ancient fluvial-deltaic complex has been divided into the Gueydan fluvial
and Norias delta systems (Galloway and others, 1982). Fields within the Frio Fluvial-Deltaic

Sandstone play occupy a transitional area between these two depositional systems (Figure 12). In
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Figure 11. Schematic
cross section of the
South Texas Gulf
Coast Basin. Modified
from Bebout and
others (1982).

Figure 12. General distribution of the
Norias delta and Gueydan fluvial
depositional systems responsible for
deposition of the Frio stratigraphic
unit. The Frio sediments in the vicinity
of the Vicksburg Fault Zone were
primarily deposited in moderate to
high sinuosity mixed-load stream
environments of the Gueydan Fluvial
system. (Map distribution from
Galloway and others, 1982). N
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general, lower Frio sandstones represent deltaic facies of the ancestral Norias delta system, and
middle and upper Frio sandstones predominantly reflect deposition in fluvial channels of the
Gueydan fluvial system (Galloway and others, 1982). Important oil reservoirs in this sequence
occur within progradational, fluvial-dominated deltaic depositional facies within the upper
Vicksburg and lower Frio intervals and in aggradational fluvial facies in the middle Frio section

(Figure 13).

Upper Vicksburg-Frio Genetic Sequence

The productive stratigraphic interval in the Frio Fluvial-Deltaic Sandstone Play is part of a
larger genetic depositional sequence that reflects a series of depositional events that include strata
from both Vicksburg and Frio Formations (Galloway, 1989b). These depositional events produce
an overall genetic stratigraphic stacking pattern that consists of episodes of seaward-stepping
deltaic progradation, vertically stacked fluvial aggradation, and landward-stepping retrogradation
followed by a transgressive event (Figure 14). Reservoir sandstones within stratigraphic intervals
exhibiting each sediment stacking style possess distinctive characteristics that control their
producibility, determine their potential for incremental recovery, and dictate which strategies
should be used to best identify locations of remaining mobile oil in undeveloped compartments
(McRae and Holtz, 1994).

Sediment and rocks of the upper Vicksburg Formation represent the initial progradational
phase of the Vicksburg-Frio genetic stratigraphic interval (Coleman and Galloway, 1991; Xue and
Galloway, 1991). Vicksburg deposition in South Texas was strongly influenced during the
development of the Vicksburg Fault Zone (Coleman, 1993; Coleman and Galloway, 1991). As a
result, reservoir compartmentalization is controlled to a large degree by faulting, and stratigraphic
correlations necessary to document depositional heterogeneity are difficult.

Lower Frio reservoir facies are primarily delta-plain distributary-channel and delta-front
channel-mouth-bar sandstones. Reservoir compartments in narrow distributary-channel

sandstones isolated by low-permeability mudstone facies and channel-mouth-bar sandstones that
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Table 8: Strategies for play-scale reservoir characterization studies.

Play-scale reservoir characterization
Goals:
« Characterize reservoir variability and degree of heterogeneity
« Develop stratigraphic context for productive reservoir interval
« |dentify additional oil potential
Methodology:
« Evaluate engineering data from reservoirs in fields throughout the play trend

- Identify reservoir depositional facies and stacking patterns on a regional scale

« Perform resource calculations to estimate remaining oil volumes present in the play
and distribute potential according to stratigraphic interval

pinch out into finer grained delta-front facies are the primary targets for additional oil recovery
in the lower Frio section.

Reservoir facies in middle Frio units include channel-fill, point-bar, and crevasse-splay
sandstones. Low-permeability subfacies within middle Frio channel fill units act as flow baffles
and barriers and create isolated reservoir compartments that represent a significant opportunity
for additional recovery. Crevasse-splay deposits, which are of limited areal extent and are laterally
separated from channel-fill facies by low-permeability facies, are also potential targets for

additional recovery of compartmentalized reserves.

Preliminary Assessment of Reserve Growth Potential
in Frio Oil Reservoirs

Strategies for reservoir characterization studies at the scale of the play focused on
engineering and geologic data from fields throughout South Texas and are summarized in
Table 8. To optimize the calculation of remaining producible resources in the play, reservoir data

from fields throughout the play were collected and screened to determine the general engineering
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Figure 15. Histograms illustrating distributions for values of porosity (A), initial water
saturation (B), residual oil saturation (C), net pay (D), and area (E) from reservoirs throughout the
Frio Fluvial-Deltaic Sandstone Play in South Texas.
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Table 9. Statistics for reservoir parameters grouped by oil and combined oil and gas data sets.

Initial water _ Residual Net Reservoir
Porosity  saturation oil "~ pay area
(%) (%) saturation (feet) (acres)
(%)
Oil reservoirs
Count 64 48 29 64 65
Minimum 20 18 10 : 5 133
Maximum 32 54 39.8 146 7,607
Range 12 36 29.8 1M . 7,474
Mean 25.3 30.6 26.9 22.8 - 2,170.9
Standard deviation 2.7 7.4 5.8 25.9 ‘ 1,890.2
Probability function Normal Beta - Logistc  Lognormal  Lognormal
(best-fit)
Probability function Gamma or Gamma Normal ~ Gamma Exponential
(alternative) logistic_ :
All reservoirs
Count o 346 331 29 242 154
Minimum 19 11.5 10 4 40
Maximum 32 68 39.8 245 26,000
Range 13 56.5 29.8 241 25,960
Mean 24.2 32.0 26.9 24.3 2,549.9
Standard deviation 1.8 5.5 5.8 29.2 2,860.8
Probability function Logistic  Lognormal  Logistic  Lognormal  Lognormal
(best-fit)
Probability function Gamma Beta Normal Gamma Exponential
(alternative)

attributes of this group of fluvial-deltaic reservoirs. Reservoir attribute characteristics of Frio
sandstones analyzed for determination of hydrocarbon volumes included porosity, initial water
saturation, residual oil saturation, net-pay thickness, réservoir area, and volume of produced
fluids (Figure 15). Statistical analysis of engineering attributes for Frio reservoirs throughout the
play was completed in the ﬁrét reporting period of the project (Holtz and others, 1994), and the
results are summarized in Table 9.

Reservoir attributes were used to simulate volumes and create probability distributions of
original oil in place, origihal» mobile oil in place, and residual oil in place for individual reservoirs

throughout the Frio Fluvial-Deltaic Sandstone play. A preliminary assessment of the oil
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Figure 16. Probability distribution curves illustrating the cumulative probability of
original oil in place, original residual oil, original mobile oil, and remaining mobile oil
for the Frio Fluvial/Deltaic Sandstone play.

remaining throughout the play was based on these probability distributions (Figure 16). Oil
reservoirs in the play are conservatively estimated to contain 1.2 BSTB of remaining mobile oil
and 1.5 BSTB of residual oil. These volumes reside in both incompletely drained and untapped

reservoirs. These two targets are a substantial volume of oil for redevelopment and reexploration.

Stratigraphic Distribution of Additional Oil Potential

Methodology

The stratigraphic positions of individual fields and reservoir units within the context of the
larger scale Frio-Vicksburg genetic stacking sequence were identified to assess the importance of
reservoir stratigraphy on hydrocarbon production, recovery efficiency, heterogeneity style, and
the potential for compartmentalization of additional oil resources (McRae and Holtz, 1994).
Reservoir data were collected from fields throughout the play to evaluate remaining potential in
the play as a whole represented by each of these reservoir intervals. Most fields within the play

produce from 20 to 50 individual sandstone reservoirs. Reservoirs within a single fi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>