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Abstract

A detailed natural gas ultimate recovery growth (URG) analysis of the Texas Gulf Coast
Basin and East Texas has been undertaken. The key ts such analysis was determined to be the
disaggregation of the resource base to the play level. A play is defined as a conceptuai geologic
pnit having one or more reservoirs that can be genetically related on the basis of depositional
origin of the reservoir, structural bcb)rv trap style, source rocks ahd hydrocarbon generation,
migration mechanism, seals for entrapment, and type of hydrocarbon produced. Plays are the
geologically homogeneous subdivision of the universe of petroleum pools within a basin.
Thgreforc, individual plays have unique geological features that can be used as a conceptual model
that incorporates geologic processes and depositional environments to explain thc distribution of .
petroleum.

Play disaggregation revealed important URG trends for the major natural gas fields in the
Texas Gulf Coast Basin and East Texas. Although significant growth and future potential were '
observed for the major fields, ifnportant URG trends were masked by total, aggregated anaiysis
based on a broad geological province. When disaggregated by plays, significant growth and future
potential were displayed for plays that were associated with relatively recently discovered fields,
deeper reservoir depths, high structural complexiﬁes due to fault compartmentalization,
reservoirs designated as tight gas/low-permeability, and high initial reservoir pressures. Continued

technology applications and advancements are crucial in achieving URG potential in these plays.




Executive Summary

Detailed natural gas ultimate recovery growth (URG) analysis of the Texas Gulf Coast
Basin and East Texas has been undertaken. The key to such analysis was determined fo be the
disaggregation of the resource base to the play level. The project has developed a realistic and
play-specific measurement of remaining URG potential by natural gas resource volume. Through
such assessment the longer term potential of natural gas URG as a contributor to future gas
supply from the Texas Gulf Coast Basin and East Texas has been determined.

Within Texas itself, the Gulf Coast Basin and East Texas comprise 67 percent and
58 percent of natural gas annual production and proved reserves, respectively. The Texas Gulf
Coast Basin comprises Railroad Commission of Texas (RRC) Districts 1 through 4 and Offshore
State waters. A total of 7,484 fields existed in the original 1996 Energy Information
Administration’s (EIA) Oil and Gas Integrated Field File (OGIFF) data base. This data set was
reduced to 1,372 fields that had 1996 natural gas ultimate recovery estimates greater than 10 Bcf
and at least 2 years of data. This reduced data set represents 94 percent of the total 1996 natural
pas ultimate recovery for the 7,484 fields. East Texas comprises RRC Districts 5 and 6 and a few
fields extending into 3. A total of 1,447 fields existed in the original 1996 EIA OGIFF data base.
This data set was reduced to 235 fields that had 1996 natural gas ultimate recovery estimates
preater than 10 Bcef and at least 2 years of data. This} reduced data set represents 96 percent of the

total 1996 natural gas ultimate recovery for the 1,447 fields.
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Major results include

. Natural gas ultimate recovery estimates in the Texas Gulf Coast Basin increased

approximately 30 percent (37 Tcf) within the 20-yeaf data history frame from 1977 through

1996. Natural gas ultimate recovery estimates in East Texas increased approximately

~ 74 percent (17 Tcf) within the same time frame.

Aggregated URG curves for the Texas Gulf Coast Basin and East Texas revealed significant
URG. Texas Gulf Coast Basin and East Texas had an aggregated curhulative growth factor
(CGF) of 8.28 and 33.5, respectively.

For the Texas Gulf Coast Basin, 1,369 fields were disaggregated into 30 geologically

~delineated plays. Only major plays with natural gas ultimate recovery greater than 1 Tcf were

selected for detailed analysis. A total of 21 plays were selected for further detailed URG
analysis. For East Texas, 246 fields were disaggregated into 14 individual plays. Ten major

plays having significant natural gas ultimaté recovery were selected for detailed analysis.

.."URG analysis by a factor of time using cumulative growth factors showed that plays WX-2,

KG-2, KG-4, WX-1, WX-4, VK-1, and KG-1 in the Texas Gulf Coast Basin and the Lower
Cretaceous-Jurassic Sandstone (KJ) plays in East Texas are experiencing the most growth.
These plays all show URG trends above the total aggregatéd growth curves. These pléys also
show significant recent growth in terms of 1996 versus 1977 natural gas ultimate recovery

ratios.

URG analysis by a féctor of drilling activity revealed significant growth to be occurring in the
Texas Gulf Coast Basin and East Texas. When yields per effort were compared, plays WX-4,‘
WX-2, WX-1, VK-1, MC-4, KG-1, and FR-2 in the Texas Gulf COaSt Basin and the Jurassic
Carbonate (JC) and the Lower Cretaceous-]urassic Sandstone (KJ) plays in East Texas were

above the total aggregated yield per effort.



10.

On the basis of both time and drilling activity, the top plays found to have the greatest
current and future potential for natural gas URG were WX-2, WX-4, WX-1, and VK-1 in the
Texas Gulf Coast Basin and the Lower Cretaceous-Jurassic Sandstone (KJ) plays in East

Texas.

Plays experiencing the greatest URG were characterized by relatively recently discovered
fields, greater reservoir depths and pressures, high structural complexities due to fault

compartmentalization, and reservoirs designated as tight gas/low permeability.

Technologies most amenable and currently applied to plays experiencing the most URG were
determined to be 3-D seismic, horizontal/directional drilling, and hydraulic fracturing

techniques.

The Texas Gulf Coast Basin was forecast to have 43,734 future incremental well completions
to contribute approximately 13 Tcf to URG by Year 2015. East Texas was forecast to have
14,655 future incremental well completions to contribute approximately 5 Tcf to URG by
Year 2015. URG forecast by the Year 2030 in the Texas Gulf Coast Basin and East Texas

was approximately 22 and 8 Tcf, respectively.

For the Texas Gulf Coast Basin, plays WX-4, VK-1, and WX-2 hold the greatest URG
potential by Year 2030. These three plays comprise approximately 50 percent of the total
natural gas URG potential in the Texas Gulf Coast Basin. For East Texas, the Lower
Cretaceous-Jurassic Sandstone (KJ) plays account for approximately 59 percent of the total

natural gas URG potential by Year 2030.

viii



Contents

DiSCIAHNET. ... v s e e et i
Abstract....... e RS nns v
Executive Summary........... deesatiiaeisate st sttt e s Rt s et s e e g r bt e s e e st e atesasee st e e et e aartasneea st e nesaesseesnenanes vi
[ntroduction.......coceeeeeeecinicieiee e et e e e e e oo e e e e e e et eeeseeeeeeeeeeeeeeeeeee 1
Previous ultimate recovery growth assessments.........ccccceevereeeneenernennnn iesreestsesaste et sasasaes 2
Natural gas ultimate recovery growth research ObjECtIVES ....ucueveviueeeereuieriiieeiciereeerseseseeseenas 5
Natural gas ultimate recovery growth data........ sebesasunensases ............................................... 8
Scientific contributions and research directions .............................................................. ereneees 10
Play Definitions and Summary ................... Visstssssessetdsssit sttt sttt s ssesaanesasnesenasseass 11

Summary of the major geological characteristics of the Texas Gulf Coast Basin

ANA BASt TEXAS....ccuerueiieeieiietes ettt et et et a e s ae s e s e e e st et et e s aesae b eneasaananes 13

Play delineation methodology of the Texas Gulf Coast Basin and East Texas............. ORI 22
Summaries of Texas Gulf Coast Basin and East Texas plays........ccccoeceevcivrernenseesieniesienniennen. 27
Natural Gas Ultimate Recovery Growth as a Factor of Time TSI E R 75

Texas Gulf Coast Basin and East Texas: ultimate recovery growth as

a factor Of tiMe .......coceeivereercie it R O 79
Limitations of ultimate recovery growth analysis as a factor of time........c.c.cceceerveeciiciinninnnes 88
Natural Gas Ultimate Recovery Growth as a Factor of Drilling ACtiVity......cccevveeeveieiceeceenceenen 89
Well-completion data and ultimate recovery growth analysis methodology ...........................90

Assessment of natural gas ultimate recovery growth in the Texas Gulf Coast Basin
and East Texas and associated plays as a factor of drilling activity......cc.cceeveeecevrciensinnnnens 92

Yield per effort of natural gas plays in the Texas Gulf Coast Basin and East Texas........... ....94

ix




Correlation to Major Geological, Engineering, and Production Parameters ..................oroovvooo.n. ..98

Effective Technologies Deployed and Aménability of Plays to Deployment of
Existing and Future TeChnOlOZIES..........cerieierereriveecicecceeeeeeee et e s es e, 114

U.S. natural gas statistics and teChNOLOZY ..........c.eeueovieeieieeeiceeeeeeeee oot eseeee e s eses s 115

Advanced technologies applied in Texas Gulf Coast Basin and East Texas

plays having significant ultimate recovery growth potential ...............oceoeuevevererieeennnn. 128
3-D seismic 1mag1ng ......... 134
Hydraulic fracturing technology........ e ‘”, .................................... 138
Horizontal/directional drilling........................ Lerestessleenasnerssatesessasenneeiosresessanesnsnirnsrnsnneranes 140
Play-specific amenabﬂity of advanced tEChNOIOZIES .....eviureeeerereeee ettt 143
Economic Limits of Ultimate Recovery Growﬂx Potential; ......................................................... 145
#’reliminary Plan for Extrapolation 0f RESUILS ...........c.ccueiveueeiieieiieceiietee et s e e 151
Comparison of the Current Study’s Ultimate Recovery Growth Forecast with ; o
That of Previous Studies........c.ccceverveerrerivennnn. terseniasienniveens eirieseenseiesbibnesnsasnstaiesiiinastanes 154
USGS 1995 national assessment of Unite’d Statés 6il and gas reSOUICES .........eevuveruvieeirennness 158
NPC 1999 study on natural @as ...........coceieeeeueeieeeeneeesieeeeeeeeseeeseeseeeeseeesssens SN - 158
Energy and Eﬁvironmental Analysis, Iﬁc. (EEA) ........ 158
Energy Information Administration (EIA)...........cccerveunene. cesnansnsrasenishsnentnsenismenmensssmsent 160
Metrics: Economic Benefits and Impoﬁance of Current Study........ccceeeeeeieiiiiiieececeeevees 163
Conclusions and Future Research DIireCtions..................veveeveeeerereseeeseeessesessesseesseeen. R 174
References .............. treteesieesstisiensnesnnessssbesnnentbeinessnsibessssienssnesiaeseiosessnnestisannanaesiestansatanesiesinsiontantis 176
APPENAIX. ittt a e ................................... 189




Figures

1. Estimates of natural gas URG for the U.S. Lower 48 States............ccceeveeveveeeeeveeeeeeeereenennn. 6
2. Major structural features of TeXas E0lOZY .........ccveveerreeerereireieeiereeeeeeeeeee e 14
3. . Geologic age AP DETOIREE ... . icvessiSyussersos vsinsiss sesotbibbobisse ssssbnesiics forssnssnasnsenesais srosidanins 16
4. Ten districts defingd By I8 BRC.....ci.li.. ccoveneniiriiibisssiiyarioressisssasssesssvossssibsoasasssossiaishe 18
5. Major structural features of the southern Texas Gulf Coast Basin.................cccoeveuenene..... 20
6. Geologic age of Texas Gulf Coast Basin and East Texas reServoirs..............ccoeeevevereennnn. 24
7. Depositional environments of Texas Gulf Coast Basin and
Ea8t TEXAS TOSOTVEIRIE inisikiisosestesnshsmnianissss fonsesisnns sorasinib i oo srebriivd i puassbson saasonssssaiinrnsmese 25
8. Play schematic and fERIRBBRIALION :.....cicveenereossseccsnsssinsmusiilislossiss spivosisosorsisisssevssnssosinsves sbve 26
9. Natural gas ultimate recovery in major fields of the Texas Gulf Coast Basin..................... 29
10. Natural gas production in major fields of Texas Gulf Coast Basin..............c.ccceevuveuvene.... 29
11. Natural gas proved reserves in major fields of the Texas Gulf Coast Basin........................ 30
12. Discovery-year histogram for major fields in the Texas Gulf Coast Basin......................... 30
13. Depth histogram for major fields in Texas Gulf Coast Basin............c.cccceeuveevervueeeeeeeenene. 31
14. Size histogram for major fields in the Texas Gulf Coast Basin .............ccccceeveereerecreceecnenne. 31
15. Major natural gas plays of the Texas Gulf Coast Basin............cccccoverveeeereeeireeceeeceeeeenenen. 32
16. Historical natural gas ultimate recovery by major plays in the
TXal KO CORBPEIRMIL: . ...civcriniineisivnsnappivsrsineinoionori e esiihor t R acimpospestiesse cbonibon s bhaibe 55
17. Historical natural gas production by major plays in the
Texus Gull ColBRBRBRHL. .. ....o.ciicansosen Bibbiipibiasie i Wi stbensip sevosseroas sasvi siosiosshisstnts 55
18. Historical natural gas proved reserves by major plays in the
TExas Culf Const BMBHN .......ocooinrsiensissinssnnsmnisoessiviorsi st ML N Fstisssaonniesisssnssoosssoesfonsotingess 56
19. Natural gas ultimate recovery in major fields of East Texas...........ccceevveevrieevrrecieecreecnnennee. 56
20. Natural gas production in major fields of East TeXas..........ccccceevveiieveeeeccnieceeieeeeceeevenee. 58
21. Natural gas proved reserves in major fields of East TeXas .........ccccceveevieeveecieneecreccieeee. 58
22. Discovery-year histogram for major fields in East TeXas...........cccceevuveeiereireeccieiiecceecnenns 59
23. Depth histogram for major fields in East TeXas ..........cccccceeveeeiiiiiiieiieeieeceece e 59
24. Size histogram of major fields in East TeXas ........ccccceceevieviriieieenieeceeceececeeee e 60
25. Major natural gas plays Of East TEXAS ........c.cccccrurrirserssesessnpsassasssssessassaesesssessasssesassnsrassassans 61
26. Historical natural gas ultimate recovery by major plays of East Texas...............ccceueene.... 73
27. Historical natural gas production by major plays of East Texas........c.cccccvveeueevrrecreeneennenne. 73
28. Historical natural gas proved reserves by major plays in East Texas ............cccccevueeueennenn. 74
29. Example of Arrington’s tabular URG analysis methodology..........cccceeveeiiecieccniecneeneee. 74
30. Texas Gulf Coast Basin aggregated natural gas ultimate recovery growth .......................... 81
31. East Texas aggregated natural gas ultimate recovery growth...........ccccoeeeieiiiieciieeiieeeneenee. 81
32. Natural gas ultimate recovery growth for major plays of the
Texas Gulf Coast BaSIN........ccooiiiiiiiiiiiiecieeceecee et saa e e aaeeesaeenaeennenns 83
33. Natural gas ultimate recovery growth for major plays in East Texas...........ccccecevrerreeennennee. 83
34. Natural gas ultimate recovery growth vintage curves of post-1976 fields
in the major plays of the Texas Gulf Coast Basin..........ccccoocevieiiiiiiiniiiiiiecieeeeceeee 85



35.

36.

37.

38.
39.

40.

4].
42.
43.
44,
45.
46.
47.
48.

49.

50.

51.
. 7

53.
54.
2%

56.

57.
58.
59.
60.
61.

62.
63.

Natural gas ultimate recovery growth vintage curve of post-1976 fields

in the major plays 0f East TEXaS .......cccceriiriiiieiiieieieeeeeee ettt
Natural gas ultimate recovery growth by field-age groups in the major

plays of the Texas Gulf Coast Basin...........ccccecueieieiiieeeieceeececeeeeeeeeeeee e
Natural gas ultimate recovery by field-age groups in the major plays

Of B8t TOXBE 1o iiiiliiiininsissaeinsoniitiimissiiiossssssnsssososvsss liess it rbestossasassinsssossssessossss boupssssss
General relationship between drilling activity and ultimate recovery .............cccccvevee....
Cumulative well completions versus natural gas ultimate recovery in

the total major plays of the Texas Gulf Coast Basin .............ccccceveeveeceiieeceeeiececieceeenee
Cumulative well completions versus natural gas ultimate recovery in

total major plays Of East T@XaS........cccuevueruieiiiieiieiecieceeeeete ettt et ene e
Exponential decline versus “technological stretch” model...............ccceovviiieiiieeceennee.
Yield per effort for total plays of the Texas Gulf Coast Basin............c..ccceevvveereecneennee.
Yield per effort for total major plays of East TeXas........cccceeeeveeiieeieiiieiieiieieceeceeeeee
Recent yield per effort of major plays in the Texas Gulf Coast Basin...............c.............
Recent yield per effort of major plays in East TeXas.......ccccceeuervieneerienieenieiieeceeceee
Regional fault zones of the Cenozoic Texas Gulf Coast Basin............cccccceeeveecreeneennnee.
Lateral extents of the lower Wilcox Lobo productive sandstone............ccccccceevuerveruennene.
Typical logs from the lower Wilcox Lobo trend showing productive

sandstone and UNCONFOIMITIES .........ccueriiiiiriiiirieriet ettt ese s
North-south cross section of Laredo (Lobo) field, Webb County,

RRC District 4, showing complex configuration of faults and unconformities

that compartmentalize lower Wilcox Lobo reservoirs.........ccoceeviereriieneeveeneeceeneeceenene
Northwest-southeast dip-oriented cross section of the Vicksburg Formation

in Starr and Hidalgo Counties, Texas Railroad Commission District 4.............cccccenene.
Distribution of Cotton Valley reservoir trends ...........ccoeevevieiiieniiencieeieeceeeeeeeeee e
U.S. natural gas cumulative production, proved reserves, ultimate recovery,

and field COUNLS, 1977—1905.... .. ettt e e e e eaeasasssaaessssesaseeeeeeeeesees
Estimates of remaining U.S. natural gas reSOUrCes..........ccoevueriuerreeeieeerieeriieeeeeeeeeeeeesseennes
Historical projection of natural gas production in the United States ..............ccccccoevenene.
EIA future projections of natural gas wellhead prices in the United States,

IOBA=1994.. ....oocierngmrssncniemniiainsbinsanshesnsbusnassssnnporsinnsnns besibpheniollesiipisssssmsss smsussnsssasinsainnsion
GRI future projections of natural gas wellhead prices in the United States,

FOB2-1993 ... ...ciciilivintirnnthiispsereesitepsnanispusssnrses boassmnabbsnfussions sRsHE 4o assviasinsbos sessadsnsensssinngsinases
U.S. dry natural gas production, 1930—1996.........cc.cocemiiriiiniiiieeeeeeee e
U.S. average wellhead prices of natural gas in current dollars, 1930-199%6 .......................
U.S. drilled natural gas well costs, 1960—1995..........coooiiiiiiiieee e
U.S. natural gas well footage drilled, 1949—1996...........cccemiiiiiiiiiieeeeeeeee e
U.S. oil and natural gas exploratory and development successful wells drilled,
LO49—1996........occeereeeecrereeenerseeeteseesaeseeesssteessesessasensesassssssasessssassssesssssassssessssssssasssssssenes
U.S. natural gas well average depths, 1949—1996............ccooeiiiiiiiiiiiiiiiiicicececee
U.S. dry natural gas reserve additions, production, and proved reserves,

FOT T-R090....icomiivionnassanesihiniassivasubnian it s sxenssvaniny sxheakeyhianl o pebsssns s i kh Sasagoi snss sumunspransanaverfuss

Xii



64.

65.

66.
67.

68.

69.
70.

71.

72.

73.
74.
75.
76.
77.
78.
79.

80.

81.

U.S. dry natural gas proved reserves/production ratio and reserve

additions/production ratio, 1977—1996 ............ccoeeeuieemiieerieeeeeeeeeeeeeeeeeeeee e 127
U.S. replacement of annual dry natural gas production through reserve

BAAItIONS, 197 7-TIME . it rsrcinoriiasssonironnsensonsismhobnnsonribbits s abhobssiBhssiiniosssssnsnnspesessnsntabobin 129
U.S. composition of dry natural gas proved reserve changes, 1977-199%6........................ 130
U.S. annual dry natural gas discoveries, reserve additions, and exploratory and
development well completions, 1970—1996...........c.ccooueiereieereeeeieeeeeeeeceeeeeeee e 131
U.S. dry natural gas reserve additions and discoveries per exploratory and

development well completion, 1977—1996............c.coveeueieiieeeeeeeeceeeeceeeeeeeeee e 132
U.S. composition of new dry natural gas discoveries, 1977-1996...........ccccovvvvvevrenene... 133
Historical and forecasted cumulative well completions in total selected plays

of the Texas Gulf Coast BaSin............ccceciiviiieiriniiciceeeee ettt 149
Historical and forecasted cumulative well completions in total selected plays

OF BB TORBE iasois b iy veibaseios s sssaprinnssessvossosspintor bbb Frigitas «guts soesns msnipnisfmrtliynivn 149
Composition of U.S. natural gas proved reserves in the U.S.; as of

12/31/98 = 1T2AR8 BOL.........coe00cicimnasnesiioninsnsonsassansssnssnssbionsnaiissansesissominsesssossibosissonsseian 152
Composition of U.S. natural gas production in the U.S.; 1998 = 19,622 Bcf................... 152
Composition of Texas natural gas proved reserves; as of 12/31/98 = 40,793 Bcf ............ 152
Composition of Texas natural gas production; 1998 = 5,242 Bef.......ccoeevveevecvvevecneeneee. 152
Historical completions in the Texas Gulf Coast Basin............ccccceevueeeeeecveeceeceeceecneeen, 170
Historical completions in East TEXAS .......cc.cccieiieiieeieeiceeeeieeee e ene e cenees 171
Percentage of drilling permits from 1990 through the present.............ccccoevveurereienennnee. Y72
Percentage of horizontal, directional, and sidetrack drilling permits from 1990

through the PIEBEIL.........ocrisiiesmmirssnssnimarssssosesessarsseisastnlikisprboitisssssdribnesessassossasenisasinsibes 172
Horizontal, directional, and sidetrack drilling permits in the Texas Gulf Coast

RAEN WA BABE ... . nisnisisorisssssisssemsussrmissssncassonninssosninai AT R viARE LbgS a5 95 oioas sansdobssbibins 173
Percentage of tight gas applications approved from 1990 through the present................ 173

Xiii



g0

10.

il

12.
13.
14.
15,
16.
7.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.

29.

Tables

Summary of major natural gas plays of the Texas Gulf Coast Basin...........ccccccccuvreuneeneee. 33
Summary of Miocene Lower Coastal-Plain Sandstone, San Marcos Arch, play
CORIBBLETISEIOR ..o pouliiesssvsrinssnbibimbiissnsssins b issnssssoshinsits DOORIER LD S ninss i Uon shEs vos siasnssbbisiessmnsate 34
Summary of Miocene Barrier/Strandplain Sandstone, San Marcos Arch, play
CRBTBCICTISHICE iuii: oirsnesyissrrshssamspsrsnesnitttsssrsvtsrnsnss st blamuEI D e AL o s senath oo opbss sbbiaRrmsihioaios 35
Summary of Miocene Sandstone, Houston Embayment, play characteristics.................... 36
Summary of Distal Frio Deltaic Sandstone, Rio Grande Embayment,

PIAY CHATRCIRITBIIBE oot csis iinors oo sonsosibpornsaibs rsssssted hs FAREME IR Hob oo losnnis ssorseses sansassnsssspssnsss 37
Summary of Frio Delta-Flank Shoreline Sandstone, Rio Grande Embayment,

PLAY ChATRCOOBESEII Y .oor:siinisihssisscsunisppacrrssiunvini doisaviaior D OMARI AR ih sussooas syassnctonssibibinss babs st 38
Summary of Proximal Frio Sandstone, Rio Grande Embayment, play characteristics........ 39
Summary of Frio Sandstone, Vicksburg Fault Zone, play characteristics..............c............ 40
Summary of Downdip Frio Barrier/Strandplain Sandstone, San Marcos Arch,

DIRY CDBTRCUREMIIEE .. o 1i 1o r s sresianvasasivissesnvassanssssipnsigonsinpriilUmptlos o tiibsinitonsssrasbinassbns sesasihorsd 41
Summary of Updip Frio Barrier/Strandplain Sandstone, San Marcos,

DIV COATRCIEEIBEIEE oo iriaiigissinrnosssramnisssnssrsserneesiitisn AR A st baiisseksmss woibsreiiiunsh 42
Summary of Frio Fluvial/Coastal-Plain Sandstone, San Marcos Arch,

DIRY CHOrDOIRBIMIROR (o iis s v srresrsansossscmprsssrsse séins onbs s sl BRI LRI atiai s amr susassosnsser bopbbtinins 43
Summary of Frio Sandstone, Houston Embayment, play characteristics............c.ccccece..... 44
Summary of Frio Sandstone, Hackberry Embayment, play characteristics.............c.......... 45
Summary of Vickburg Sandstone, Rio Grande Embayment, play characteristics............... 46
Summary of Yegua Sandstone, Houston Embayment, play characteristics....................... 47
Summary of Yegua/Jackson Sandstone, Rio Grande Embayment, play characteristics......48
Summary of Wilcox Sandstone, Houston Embayment, play characteristics....................... 49
Summary of Wilcox Lobo Trend play characteristics ....iiiiwiim issiisaiassinmsasssonsassssossussancsasio 50
Summary of Wilcox Sandstone, Rio Grande Embayment, play characteristics .................. 51
Summary of Lower Cretaceous Carbonate play characteristics...........ccoeevueeiircriicccnnenne. 52
Summary of Austin/Buda Chalk play characteristics...........ccoourruervueeiinieinenienieieereieeee 53
Summary of Olmos Sandstone play characteristics ..........coceevierirvueeiieriienienirieeiceeeees 54
Summary of major natural gas plays of East Texas........c.ccccevuiriiniinienicniiniiiiciiccee, 62
Summary of Smackover Carbonate, Salt Structures, play characteristics .............c.ccceue.e. 63
Summary of Cotton Valley Lime, West, play characteristics ..........cccccocvevciiiiiiiiiniinincnnen. 64
Summary of Travis Peak Formation-Cotton Valley Group Sandstone, Sabine Uplift,

play ChArRCLEREBION . cigin: i civsiligiosonsivsssessascsnivesintis st SLAREIIARISS Bbkssiosnresssosss sosssasmastsoaatpipiss 65
Summary of Travis Peak Formation-Cotton Valley Group Sandstone, East,

DAY CRAPRCIEERIIIN /o0 i ials foaens criiriasibuinsnsinanroniopinslidipsdingiiningsssorso pyasiibutssusbusibshsnnbsns sopensed 66
Summary of Travis Peak Formation-Cotton Valley Group Sandstone, West,

IR A ARPACHEIAREN I 3555 s cianch sncabaniifosiarsitionspiosssirssipnsisonshibhs Lallini AAnalin cokagiidas posbivyns spssonnonss ioibsssn 67
Summary of Trinity Group Carbonate, Sabine Uplift, play characteristics ............cc........ 68

Xiv



30.
31.
32.
33.

34.
35.
36.
37.
38.
39.
A40.
41.
A42.

43.
A4,

Summary of Trinity Group Carbonate, East, play characteristics...........ccccoevveeruerverenennnnne 69

Summary of Trinity Group Carbonate, West, play characteristics ...........cceouvveeveereeeenne. 70
Summary of Upper Cretaceous Sandstone, Salt Structures, play characteristics ............... 71
Summary of Upper Cretaceous Sandstone, Downdip Shelf Margin,

PlaY ChATACIETISTICS ...c.vveeeireeeeicrteee ettt ettt ettt et eae s 72
Play-specific amenability of application of advanced technology to achieve URG......... 144
1998 EIA U.S. well equipment and operating COSES..........couerveeeereeeieeereieeereseseeeseesseeeeens 146
Average well-completion depths by play and associated EIA 1998 U.S. well

equipment and OPErating COSS........ueuiuerirrerrrererererereeeeeeeeeeesesesesseesessessssseseesseseeeeeens 148
Economic summary of forecast incremental well completions and natural gas

URG by Years 2015 and 2030 in the Texas Gulf Coast Basin and East Texas................. 150
Forecast of URG by play in the Texas Gulf Coast Basin and East Texas as a

factor of time.......... e ———————————— e eeeeeeteeeeeteeeteteeetaetttaa————————————eeettnnnasaeeraseerarneren 155
Forecast of URG by play in the Texas Gulf Coast Basin and East Texas as a

factor Of drilling ACtIVILY .......ceceiieeiieiriesee ettt et e e et eneas 157
URG according to the USGS 1995 National Assessment of United States Oil

ANA GAS RESOUFCES ......eeieeeeeeereeeeeceeeiaeeceeeaeeeeete e e eseeeseesseeeseeesseesbesesssenssensesnes e 159
URG analysis performed by EEA for the NPC 1999 study on natural gas...................... 161
URG analysis performed by EIA for the NPC 1999 study on natural gas....................... 162
Distribution of plays among RRC diStricts........c.ccceeeuereerieeiieecireceeeceeeee et 165
Distribution of RRC districts among Plays..........c.eeveeveeereeeeeeiereseeeeseeeeseeeseeseeessessesenns 167

XV



en

av

be
U

Introduction

Estimates of ultimate recovery, the sum of the proved reserves and cumulative production

up| to a specific time, are initially conservative due to the lack of understanding of the geological,

gineering, and production characteristics of the reservoir or field. Ultimate recovery tends on

erage to increase substantially over time and drilling because of better understanding of the

reservoir or field and application of advanced technologies.

In recent years, ultimate recovery growth (URG)—the increase in ultimate recovery

estimates from fields subsequent to discovery from extensions and infield drilling in existing

fields, improved recovery of in-place resources, new pools, and intrapool completions—has

come a major component of total U.S. annual natural gas reserve additions (Fisher, 1991a).

G has commonly also been referred to as reserve growth, reserve appreciation, increases in

inferred reserves, probable resources, and known resources. URG is more suitable terminology

than the others because it is possible for the estimate of reserves to decrease as a result of -

=

p

bduction while the estimate of ultimate recovery increases for a particular reservoir or field

ovier a given period of time (Morehouse, 1997).

to

Over the past years, from 1977 through 1995, approximately 89 percent of the additions

U.S. proved reserves of crude oil and 74 percent of the additions to U.S. proved reserves of

dry natural gas were due to URG rather than to the discovery of new oil or natural gas fields
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(Morehouse, 1997). Further, since the addition of reserves within the existing infrastructure,

mmonly by inexpensive recompletions in existing wells, URG has become the dominént factor
low-cost natural gas supply in the U.S. (Fisher, 1994b).
The rise of URG basically came about when reservoirs were judged much more

plogically complex than generally thought and that they hold substantial quantities of natural

gals in conventionally movable states that are not recovered by typical well spacing and vertical

mpletion practices (Fishér, 1991b). Considerable evidence indicates that many reservoirs show




[e—

significant geological variations and compartmentalization and that uniform spacing, unless

ery dense, does not efficiently tap and drain a sizable volume of the reservoir.

The increased emphasis on development drilling, an apparently increasing rate of URG

from existing fields, and the increasing ratio of URG to new field discovery all indicate that the

sWitch from wildcatting to recovery improvement has long since taken place (Fisher and Galloway,

D83). The fundamental question is whether there is sufficient remaining URG potential to

contribute significantly to a sustained or increased natural gas supply and at a relatively low to

moderate cost.

fi

REVIOUS ULTIMATE RECOVERY GROWTH ASSESSMENTS

It is well known that the estimates of ultimate recovery tend to increase with reservoir or

eld maturity, most commonly expressed in terms of time and drilling. However, questions on

how much they increase and the variability in the URG rate for different areas have not been
researched in much detail (Megill, 1989a). Most research on URG has been limited to broad
geological provinces. URG rates are expected to differ according to plays because of different
rgservoir characteristics, field sizes, and applicability of additional recovery methods (Megill,
1989¢). Disaggregation to the play level is therefore essential to determining the effects and

amenability of technology and the economic sensitivity of URG.

James A. Arrington was the first to apply the concept of ultimate recovery, subsequently

published in 1960, in the revision of Carter Oil’s annual reserve estimates. Arrington discovered
that URG varies according to the size of fields, as well as geographic locations, and that future
URG can be estimated from past annual URG rates (Arrington,‘ 1960). Arrington’s URG analysis
mlethodology utilizes the age of the field as measured by years after discovery as the variable to

rgpresent degree of field maturity.




In 1971, G. Rogge Marsh applied Arrington’s URG analysis methodology to estimating
U.S. national oil and natural gas URG using data from the American Petroleum Institute (API)
and the American Gas Association (AGA) (Marsh, 1971). Marsh calculated annual URG rates
Tlnd used these annual URG rates to calculate the volume 6f reserves that have actually been
ihiscovered in past years (Marsh, 1971).

In 1971, J. J. Arps and others plotted cumulative growth factors versus incremental
exploratory footage since discovery for U.S. domestic oil ultimate recoveries, excluding Alaska
Arps and others, 1971). Their work was the first to use cumulative exploratory footage as the
measure of maturity rather than time because it was considered a direct measure of probing the
Earth’s crust by drilling. Time, when considered the independent variable for measure of
maturity, was thought inappropriate because time and maturity were not always linearly related
(Arps and others, 1971).

M. K. Hubbert assumed a functiona‘l form for URG using the API/AGA data (Hubbert,
1962, 1967, 1974). Hubbert claimed that the unproved recoverable oil and natural gas in a field
decayed exponentially with time, following a symmetrical life cycle. Similar URG assessments
utilizing functional forms were per’fo‘rvméd by Pelto (1973) and Mast and Dingler (1975)-;
In 1981, Root applied Arrington’s URG analysis methodology to the API/AGA data to estimate
future U.S. national oil and natural gas URG (called “inferred reserves” in his report)
(Root, 1981). Subsequently, the Department of Interior (DOI) revised its national oil and natural
gas esﬁmates of future URG utilizing field reserve data from the Energy Information
Administration (EIA) (Root and Mast, 1993).

A Department of Energy (DOE) panel led by the Bureau of Ecoﬁomic Geology (BEG),
applied a geological engineering approach to calculate the amount of natural gas
In compartments not in contact with the well bore in Texas and extrapolated their results to the-
pational level in 1988 (Finley and others, 1988). In 1990, EIA utilized its Oil and Gas Integrated
Field File (OGIFF) to estimate future U.S. national oil and natural gas URG by fitting URG rate

functions to the data (Energy Information Administration, 1990). The National Petroleum




Council (NPC) used EIA and AGA data to estimate a functional URG form that included field
age and the number of wells drilled since discovery to estimate future U.S. national oil and .
natural gas URG by broad, highly aggregated geological provinces (National Petroleum Council,
1992, 1999). The NPC’s assessment fitted an empirical function to the data that was based both
on time since discovery and a measure of drilling activity.

As a part of its 1995 national assessment of U.S. oil and natural gas resources located
onshore and in Offshore State waters, the U.S. Geological Survey (USGS) performed a study on
URG that was based on a factor of time using EIA’s OGIFF data series. The OGIFF data series
wias divided into two classes: (1) a “normally behaving” field class comprising 89 percent of the
tatal U.S. oil and natural gas ultimate recovéry and (2) an “outlier” field class, which accounted
for the rest. The “outlier” field class included such fields as the heavy oil fields in California
that had returned to major production levels after the introduction of tertiary recovery methods
and early low-permeability natural gas fields in the Appalachian Basin that were not fully
developed until the advent bf hydraulic fracturing technology and special pricing and tax
incentives (Morehouse, 1997). For the offshore Federal waters, Minerals Management Service
(MMS) applied the methodology of Arrington’s URG analysis to the Gulf of Mexico Offshore
Continental Shelf (GOM OCS), which was broadly disaggregated into depositional styles (Lore
aTd others, 1996).

The Potential Gas Committee (PGC) has estimated URG, referred to as “probable

resources,” biennially since 1964, except for 1974 (Potential Gas Committee, 1969, 1971, 1973,

Pk

81, 1983). The known productive area of the reservoir is used as an analog to develop a yield
factor, which is then applied to an estimate of the as-yet-undeveloped reservoir volume. The
resulting volume is then risked by multiplying the estimated probability of existence of the
additional reservoir volume. Similar methods are used to determine the undiscovered probable
gas resburces, those involving new reservoir discoveries in known fields. The PGC’s estimates
of URG, unlike the previously mentioned empirical and statistical studies, are independent‘of a

historical data series (Morehouse, 1997). URG research has also been undertaken in various
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orees by Fisher (1987, 1988, 1991a, 1991b, 1993a, 1993b, 1993c¢, 1994a, 1994b, 1994c¢, 1995),

Enron (1989), Megill (1989a, 1989b, 1989c¢), Tyler andyBanta (1939), Gas Research Institute
~ (GRI) (1991, 1998), Drew and Schuenemeyer (1992),,Enérgy and En‘v‘ironmental Analysis, Inc.
(EEA) (1992, 1998), Levey and ,other’s- (1993), »bRoot Ellnd‘ Aftanasi (1993), Attanasi and Root
1 (1994), Drew and bothers (1994), Woods (1994), and Kim (1998).

Natural gas URG assessments and estimates have also been made by the agencies and

individuals mentioned earlier (Figure 1). A generally increasing trend in natural gas URG
estimates was made because this component of the natural gas supply, previously unrecognizéd, |
was acknowledged and better undérstood. However, most of these nafural gas URG assessments
and estimates were by broad, highly aggregated ge’Ologicél provinces, and even with these

estimates, there remain unanswered questions with regard to the distribution of natural gas URG

ost‘entialk by play. An assessment of natural | gas URG potential by play is the next research

11'ectiohvessential to quantifying the future role of natural gas URG. The Texas Gulf Coast Basin

- and East Texas are ideal areas in which to initiate such an assessment.

NATURAL GAS ULTIMATE RECOVERY GROWTH RESEARCH OBJECTIVES

URG is an important component of U.S. natural gas supply. However, very few URG

studies have been cOnduéted,. and it is still poorly understood. As stated recently by USGS
researchers, “Much work remains to be done on the phenomenon of URG, which is arguably the
most signiﬁcant research problem in the field of hycirocarbon resource assessment” (Schmoker

and Attanasi, 1997). Through disaggregation by plays, a methodology has been developed to |

dtter quantify, forecast, and eXplain natural gas URG.

The large, gross estirhates of remaining natural gas URG and the tremendous increases in

these estimates over the past decade support the assumption that URG can continue to be a long-

~term, low-cost component of natural gas supply. There is also substantial evidence that
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Figure 1. Estimates of natural gas URG for the U.S. Lower 48 States (modified from Fisher
1994b, 1995).



technological advancements have become a major factor in the emergence of URG as an
important component of low-cost natural gas supply. But in the case of both the future volume
and the role of technology, there are a number of specific elements that should be better defined,
better assessed, and more finely disaggregated to facilitate the full combination of URG to future
nat%ural gas supply. |

Although there is a wide range in natural gas URG potential by play, which is a function

of the drilling and technology applied, current natural gas URG estimates are gross, averaging

wide ranges, disaggregated by broad natural gas provinces and commonly calculated solely asa
function of time. It is well known that areas that have vertically stacked reservoirs associated
with growth faults and compartmentalized reservoirs associated with domal salt structures are
esILecially amenable to several new technologies, such as horizontal drilling, directional drilling,
and 3-D seismic imaging, and have been major sources of natural gas URG. It is also known that
plays with few constraints to natural gas mobility have achieved high rates of conventional
recovery and offer minimal URG potential, whereas plays with geologically complex reservoirs
show low conventional recovery and offer large potential (Fisher, 1997). However, natural gas
URG has neither been quantified by play nor ranked according to plays having the largest
remaining potential.

Detection technology, locational diagnostics, horizontal drilling, directional drilling,
hydraulic fracturing technology, measurement while drilling (MWD), advanced drilling bits, 3-D
seismic, and amplitude versus offset (AVO) are just a few technological advances that have led to
an increase in exploration and development efficiency sufficient to offset the depletion effects
of declining field size, particularly in URG of older, large fields. However, neither the impacts of

t
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chnology by play nor the play-specific amenability of applying advanced technologies has been
assessed.

Major research objectives include (1) developing a realistic and play-specific measure of
remaining URG potential by natural gas resource volume for the Texas Gulf Céast Basin and

East Texas, (2) an assessment of the technology necessary and most amenable to realizing the




URG resource, and (3) assessing the economics of converting the resource to reserves. Through
such assessment the longer term potential and cost of URG as a contributor to future natural gas
supply from the Texas Gulf Coast Basin and East Texas can be determined. Further, the
methodology for such an assessment can be verified and codified for wider extrapolation to

other natural gas resource areas with significant URG potential.

NATURAL GAS ULTIMATE RECOVERY GROWTH DATA

The EIA maintains the most comprehensive and reliable historical data on proved
reserves, production, and ultimate recovery by field relative to time in its OGIFF, available since
1990. The 1996 OGIFF data base provides estimates of crude oil and natural gas proved
reserves, annual production, cumulative production, and ultimate recovery for most U.S. oil and
natural gas fields. As of 1997, the file contained field-level estimates for each of the 20 years
between 1977 and 1996. Related information concerning each field, besides the field name and
standard six-digit EIA field code, includes state, state subdivision (within Alabama, Alaska,
California, Louisiana, New Mexico, and Texas only), county or counties, year of field discovery,
and indicators of oil and natural gas occurrence. The OGIFF data series is not releasable to the
public because EIA considers the information to be proprietary.

Data sources for the OGIFF include (1) Form EIA-23, “Annual Survey of Domestic Oil
and Gas Reserves,” 1977 through 1996 surveys (proved reserves, annual and cumulative
production for fields, or portions of fields, operated by the largest, approximately 600 oil and
natural gas well operators); (2) EIA’s “Field Code Master List 1994” (FCML) (field name and
code, county, year of field discovery, oil or natural gas identifiers—all of which are based on
information through October 1996); (3) Petroleum Information/Dwight’s Energydata lease and
well files (annual and cumulative production through 1996 in approximately 22 states plus

Federal offshore areas, generally having total field coverage); (4) Petroleum Information/



Dwight’s Petroleum Data System (annual and cumulative production through 1996
py field, for most U.S. fields, used for states not covered in Petroleum Information/Dwight’s '
lease and well files); and (5) API and AGA (cumulative production for states not covered by
Petroleum Information/Dwight’s Energydata, derived from a joint report of proved reserves on
December 31, 1979).

The EIA OGIFF contains field-specific, conﬁdential data that must be protected through
ﬁggregation by play or that must be omitted if one or two ﬁglds dominate the play. Some

operators may choose to keep confidential any specific technology that might have been applied

in particular fields. However, a sufficient and comprehensive data set exists or could be
developed to assess natural gas URG (achieved and yet to be realized) on a play Basis.

An assessment of natural gas URG potential by play is essential to quantifying the future
rL)le of natural gas URG in the Texas Gulf Coast Basin and East Texas. Disaggregation' to the

ﬂlay level reveals current production trends and highlights areas for further exploration by

o

ientifying'and emphasizing areas of potential URG (Lo‘re} and Batchelder, 1995). Plays provide
the comprehensive reference needed to develop more efficient fes_ervoirs, to extend field limits,
and to better assess opportunities for intrafield exploration and development in a matﬁre natural
gas province (Seni and Desselle, 1994). Play disaggregation prOvides a logical basis for natural
gas URG potential in the Texas Gulf Coast Basin and East Texas. The BEG, with support from
G}RI, has defined the major natural gas plays in the Texas Gulf Coast Basin and East Texas, as
ell as analyzed the main géological, engineering, and production attributes of the plays
(Kosters and others, 1989; Seni and others, 1997).

The Texﬁs Gulf Coast Basin and East Texas were selected on the basis of their role as a
major natural gas producing district where significant technological advancements have been
routinely applied and developed. In terms of U.S. natural gas annual production and proved
reserves, Texas accounts for 27 percent and 24 percent, respectively. Within Texas itself, the
Gplf Coast Basin and East Texas comprise 67 percent and 58 percent of natural gas annual

production and proved reserves, respectively (Energy Information Administration, 1999).




SCIENTIFIC CONTRIBUTIONS AND RESEARCH DIRECTIONS

The scientific contributions to the field of resource assessment in this report include the

development of one of the first play-level, natural gas URG models for the Texas Gulf Coast

‘Basin and East Texas. The methodology of such an assessment can be verified and applied to

other natural gas resource areas with significant natural gas URG potential.

Several important questions relating to the future direction of research in URG have

been raised in the most recent review of URG performed by the EIA (Morehouse, 1997): (1) Are

field-level data sufficient? (2) Is the available data series representative of the area under

consideration? (3) Is ultimate recovery time-invariant? and (4) Can the available data series be

adequately parsed?

Questions concerning whether the data are adequately representative and whether the

URG process is time-invariant are critical issues that must be resolved in future URG research.

Alt

hough EIA’s OGIFF is the most complete data series of U.S. national oil and natural gas

reserves, production, and ultimate recovery available, only about 39,000 fields (85 percent) of

the

total 45,992 distinct oil and natural gas fields (as of October 1996) are represented.

MoLreover, out of these approximately 39,000 fields, only about 13,000 new field discoveries

occurred during and after EIA’s time frame of 1977 and beyond. For most oil and natural gas

fields reported in the EIA’s OGIFF data series only mid- to late-stage URG is included. Whether

this 20-year time frame of the available data series is adequate and time-invariant also remains

to |

and
del
do

»e addressed (Morehouse, 1997).

Field-level data are proposed to be sufficient for adequate URG analysis if used directly,
1 the available data series can be adequately parsed through the use of plays. The potentially
eterious effect of utilizing aggregated data pertaining to large, broad areas was well

cumented in the striking differences between early USGS studies based on state-level

10




API/AGA data versus recent USGS studies on URG based on EIA OGlFF ﬁeld-level data.
USGS’s URG estimates increased by 326 percent for natural gas (Moreliouse, 1997). Wlien
figld-level data are used at play level, the EIA’s fOFGIFFv ﬁeldQIevel data are considered to be
sufﬁcient for natural gas URG analysis. |
Fields may ‘oe included in one or more-plays because a field may include different ‘
reservoirs in different plays When a field exists within multiple plays, field-level data can be
parsed by assigning data to the play level Wl’llCh 18 done by allocating ultlmate recovery to the

specific reservoirs using production data maintained by the TX RRC.

Play Definitions and Summary

Historically, petroleum geologists gathered and org‘anized data that related to reservoir
rocks, structure, stratigraphy, andvsource rocks. As more and_ more data about the occurrence of
‘petroleum accumulated, a need arose to organize and categorize ideas into conceptual models
that were based on geologic processes and depositional env1ronments These conceptual models
had to be classified so that comparative studies could be undertaken (Magoon, 1987).

Conceptual models that 1ncorporate geologic processes and depositional env1ronments to
explain the distribution of petroleum in‘clude oil syStemsv(DoW,, 1974), petroleum zones (Bois,
1975), facies-cycle wedges (White, 1980), generative basins (Demaison, 1984), hydrocarbon
machines (Meissner and others, 1984), independent petroliferous systems (Ulmishek, 1986), and
petroleum systems (Magoon, 1987). All of these models are g'enerally similar in their definitions
and classifications; thjey differ largely in terms of scale. The concept of a p'lay model, probably,
first defined by Bois as avp‘etroleum zone, willlb'e utilized as the "unit that l)est incorporates

geologic processes and depositional environments to explain the distribution of petroleum.
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A play is defined as a conceptual geologic unit having one or more reservoirs that can be
genetically related on the basis of depositional origin of the reservoir, structural or trap style,
source rocks and hydrocarbon generation, migration mechanism, seals for entrapment, and type

of hydrocarbon produced. Plays are the geologically homogeheous subdivision of the universe of

petroleum pools within a basin (White, 1980). Therefore, individual plays have unique
geological features that can be used as a conceptual model that incorporates geologic processes

-~ and depositional environments to explain the distribution of petroleum. When grouped by
plays, reservoirs show great similarity in terms: of géologiCal, engineering, and production
characteristics because the physical, chemical, and:biological processeé particular to specific |
plays determine the characteristics of reservoirs (Tyler and others, 1985).

Grouping reservoirs into plays offers several advantages. Because of their relatively

milar geological, engineering, and production characteristics, reservoirs within the same play

-

$
tend to have similar production and URG patterns. Additionally, these patterns of better known,
mature reservoirs may be extrapolated with relativé confidence to newly discovered reservoirs
within the same play. Production and URG responses to technology may, moreover, be
determined for a representative reservoir and results readily transferred to the lérger family of
reséwoirs that constitute the play. Finally, knowledge gained from plays can assist in future

(<

>

ploration for similar reservoirs (Galloway and others, 1983).

Research on URG, however, has been limited to broad geological provinces instead of
geologically defined plays. Historically, oil and natural gas URG assessments were prepared on
a 111ational basis or by broad geologic.al provinces. Although Ryan (1973a, 1973b) and Ulmishek
(

that the importance of disaggregation to the play level for URG assessment has been recognized.

[e—y

086) were the first to recognize different URG patterns by plays, it is only relatively recently

Mpreover, disaggregation to the play level is essential in determining (1) the quantity and future

potential, (2) effects and amenability of technology, and (3) economic sensitivify of URG.

12
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MMARY OF THE MAJOR GEOLOGICAL CHARACTERISTICS OF THE TEXAS GULF COAST BASIN
D EAST TEXAS

No attempt is made herein to completely describe the ‘petroleum geology of the Texas

Gulf Coast Basin or East Texas. Numerous publications that discuss the petroleum geology of

the region, its plays, fields, and reservoirs exist and are constantly evolving. Major references

that include geological summaries of the Texas Gulf Coast Basin and East Texas are Landes

(1970), Nehring (1981, 1991), Galloway and others (1982, 1983, 1986), East Texas Geological

-So

ciety (1984), Tyler and others (1985), Tyler and Ambrose (1986), Morton and others (1988),

‘Hamlin (1989), and Kosters and others (1989).

The most notable structural features of Texas geology are the Gulf Coast Basin, Llano

Uplift, and Marathon Uplift (Figure 2). The Gulf Coast Basin is the northern flank of a great salt

“basin now largely covered by the Gulf of Mexico. Crustal extensional deposition of Cretaceous

ang Tertiary sediments probably caused the seafloor to subside. The western extension of the
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Gulf Coast Basin is known as the Rio Grande Embayment, whereas the northward sector is -

own as the Houston, or East Texas, Embayment, containing the East Texas Basin. From the
ttom of the East Texas Basin the strata rise gently but consistently eastward to the top of the
bine Uplift, a large dome with its structural crest in northwestern Louisiana. A series of fault
nes, including the Balcones Fault Zone and the Mexia-Talco Fault Zone, compose the
ntinental edge of the Gulf Coast Basin (Landes, 1970).

Inland from the Gulf Coast Plain are the Marathon Uplift in the southern part of western

xas and the Llano Uplift in Central Texas. These uplifts are similar in that erosion has exposed

older rocks toward the center of the uplift. North of the Llano Uplift is the Bend Flexure or Arch,

which warping took place during the Pennsylvanian, and younger Pennsylvanian and Permian
diments were deposited unconformably across the arch. To the north of the Bend Flexure or

ch is the east-west Red River Uplift overlapping a part of southern Oklahoma. West of the
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Figure 2. Major structural features of Texas geology (modified from Landes, 1970).
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Llano Uplift and north of the Marathon Uplift is the Permian Basin of western Texas and

southeastern New Mexico. -

The Permian Basin comprises a complex series of basins and arches. The Central Basin

Platform Separates the Midland Basin to the northeast and the Delaware Basin to the southwest.

To

by

the west of the Delaware Basin'is the Diablo Platform, and the Midland Basin is bordered on

the/north by the Matador Arch. The Panhandle of Texas is crossed from northwest to southeast

the Amarillo Uplift. This uplift separates the Anadarko Basin from the Palo Duro Basin

(Ldndes, 1970).

On the geologic map of Figure 3, Texas is largely divided into Mesozoic/Cenozoic Texas

~and Paleozoic Texas. Mesozoic/Cenozoic Texas includes all of southern and eastern Texas, age

increasing inland. Paleozoic Texas extends over the rest of Texas, covering northern and western

Texas, including the Panhandle.

The stratigraphy in Paleozoic Texas includes Permian limestones, dolomites, shales, and

evaporites at the top in most areas, reaching great thickness in the West Texas basins. The

Pennsylvanian is especially well represented in the basins flanking the Bend Flexure or Arch.

Mi
T

ssissippian-, Devonian-, and Silurian-age rocks occur in various areas but are less abundant.

e Ordovician is also widely present. The stratigraphy in the Gulf Coast Basin has been

explored more than 20,000 feet, yet there remains a great thickness yet to be explored, especially

ne
req
Lo
Ba
Cr
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ar the present shoreline and offshore. The Quaternary is represented by Pleistocene and more
ent muds and sands. Abundant clastic deposition occurred in all Tertiary epochs. Upper and
wer Cretaceous sediments haye been thoroughly explored in the interior of the Gulf Coast
sin. The Upper Cretaceous includes both clastic and carbonate deposits, and the Lower
etaceous, or Comanchean, contains not only clastics and carbonates but also anhydrite.
neath the Lower Cretaceous. is a thick Jurassic section; below the Jurassic Smackover
mestone is a thick salt and red-bed section that is Jurassic or older (Landes, 1970).

Texas oil and natural gas resefvoirs range in age from Pliocene to Precambrian. The

rtiary reservoirs are confined to the Gulf Coast Basin, well-known producing formations or
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Figure 3. Geologic age map of Texas (modified from Landes, 1970).
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zones including the Miocene; the Anahuac, Frio, and Vicksburg of the Oligocene; and the

Jac%son, Claiborne, Wilcox, and Midway of the Eocene to Paleocene. Upper Cretaceous

reservoirs include the Navarro, Taylor, Olmos, and Austin. The Jurassic Cotton Valley and

S

ckover are productive in East Texas. Permian carbonate rocks, notably the Guadalupian

Series, are the pi‘incipal reservoirs in West Texas and the Panhandle. Sandstone reservoirs in the

Wolfcamp are important reservoirs in West-Central Texas. The Strawn, Bend, and other

Pennsylvanian formations are productive in North and West-Central Texas. Devonian, Silurian,

and Ordovician, especially the Ellenburger limestone, are deep reservoirs in West Texas.

Fractured Precambrian volcanic rocks are also productive in the Texas Panhandle (Landes,

197

as

70).
The RRC divides Texas into 10 districts, including two subdivisions in Districts 7 and 8,

shown in Figure 4. The Texas Gulf Coast Basin comprises RRC Districts 1 through 4 and

- Offshore State waters. Major Texas Gulf Coast Basin natural gas producing fields include Katy,

0)|

d Ocean, Giddings, Stratton, Borregos, La Gloria, Seeligson, Zone 21-B Trend, Agua Dulce,

Viboras, Chocolate Bayou, Pledger, and Sheridan. East Texas comprises RRC Districts 5 and 6

and a few fields extending into 3. Major East Texas natural bgas fields include Carthage, Bethany,

East Texas, Opelika, Trawick, Willow Springs, and Hawkins.

The Texas Gulf Coast Basin consists of three major structural provinces: the San Marcos

Arch, the Houston Embayment, and the Rio Grande Embayment. The San Marcos Arch is a

broad, gently sloping platform that extends from the Llano Uplift in Central Texas southeast

toward the Gulf of Mexico. Greater sediment supply and greater relative subsidence north and

south of the San Marcos Arch-resulted in thicker sediment accumulation in the Houston

gu

co

Embayment and the Rio Grande Embayment, respectively (Dodge and Posey, 1981).

Within these three major structural provinces, Tertiary deposition occurred as a series of
Ifward-thickening, terrigenous clastic wedges. Sediments transported by fluvial systems to the

astal margin were deposited as deltas or reworked by marine processes into strandplains and

barrier bars. Extension along the shelf margin formed contemporaneous growth faults where
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sand and mud of one sediment wedge were deposited over prodelta and shelf muds of the
previous wedge (Bruce, 1973; Bebout and others, 1975). Continuous movement of growth faults

agcumulated and isolated thick deposits of sand and mud on the downthrown side.

In some areas, movement of the underlying Jurassic salt induced further complications

(Bruce, 1973). Salt domes along the coast, prominent along the northern Gulf Coast (RRC
District 3), appear to be of less importance in the southern Texas Gulf Coast Basin (RRC
Districts 2 and 4). However, shale diapirs continue in the southern Texas Gulf Coast Basin and

contribute to the entrapment of petroleum.

The primary oil and natural gas trapping structures of the Texas Gulf Coast Basin are

C()ast-parallel, strike-elongate bands of growth faults, and also, to a lesser degree, salt structures

Higure 5). The growth-fault zones generally consist of several major normal faults, variably

istric, and major thickening or expansion of part of the Tertiary sedimentary wedge. The

‘dpwnthrown strata are generally rotated into the fault, creating reversal of the regional gulfward
dip and rollover anticlines. Minor reactivation of many growth faults continued long after major
sedimentation and deformation ended (Tyler and others, 1985). Growth-fault zones of the
southern Texas Gulf Coast Basin become younger basinward. The oldest growth-fault zone trend
occurs in the Paleocene-Eocene Wilcox Group, which prograded gulfward over the Stuart City
shelf margin (O’Brien and Freeman, 1979). The main trend extends southwest from De Witt to
Zapata County. Increased sediment supply prograded Vicksburg deltas over the Wilcox growth-
fault zone in the Texas Gulf Coast Basin, giving rise to the Vicksburg Fault Zone. The zone
consists largely of a single master fault, extending from the‘Republic of Mexico to Wharton
County. The fault, highly listric, has displaced the sand-rich Vicksburg section many miles

seaward. Shale ridges pierce or deform the basal décollelment downdip (Tyler and others, 1985).

Late Oligocene progradation of the Norias delta systém in the Texas Gulf Coast Basin

created a broad zone of Oligocene Frio growth faulting landward of the present shoreline

(Galloway and others, 1983). Early Miocene sedimentation in the Gulf Coast Basin gave rise to

he Miocene Fault Zone, which is composed of two fault systems that parallel the present shoreline.
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Late Miocene and Plio-Pliestocene normal fault zones developed near the present shelf

ed

e (Bruce, 1973).

g

Sandstone geometry in the Tertiary formations reflects the interaction of fluvial, deltaic,

and marine processes. The upper Wilcox of the southern and middle Texas Gulf Coast Basin is

characterized by both strike- and dip-oriented deltaic sandstones. Along the middle and northern

Texas Gulf Coast Basin, the upper Wilcox is characterized by highly destructive, wave-

dominated deltas (Fisher and McGowen, 1967). Marine processes dominated sandstone

deposition of the Frio Formation in the middle Texas Gulf Coast Basin. Deltaic deposits were

reworked and redistributed strike parallel into strandplain and barrier-bar systems. During the

Oligocene and Miocene, the major depocenters of sedimentation in the Texas Gulf Coast Basin

shifted northeast from the Rio Grande Embayment to the Mississippi Embayment. These shifting

th

depocenters define the major producing trends of the Miocene Formation. Because Claiborne

Group and Jackson Formation deltas did not prograde over the underlying shelf margins, only

in sands in prodelta and shelf muds were deposited in these formations gulfward of the Wilcox

growth-fault zone trend (Dodge and Posey, 1981).

The greater part of the East Texas Basin lies within the East Texas embayment, a

northward tongue of the Gulf Coastal Plain. The East Texas embayment is bounded to the east

by the Sabine Uplift and to the north and west by the Mexia-Talco Fault Zone. The East Texas

Basin formed initially during Late Triassic rifting. Crustal extension produced thinning and

heating of the lithosphere. Subsequent cooling and subsidence formed a basin in which a thick

T
P
1

sequence of Mesozoic and Cenozoic sediments accumulated. Numerous salt domes, both

piercement and nonpiercement, are present in the East Texas Basin (Landes, 1970).

After deposition of a thick upper Middle Jurassic salt layer, carbonates dominated the

e%urly phases of deposition in East Texas. The earliest progradation of terrigenous clastics in East

exas is recorded by the Upper Jurassic-Lower Cretaceous Cotton Valley Group. The Travis
eak Formation represents a second period of fluvial-deltaic progradation. In updip parts of East

exas, the Travis Peak Formation unconformably overlies the Cotton Valley Group. Downdip,
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the Travis Peak Formation is separated from the Cotton Valley Group by a thin, transg‘ressive-‘
marine deposit, the Knowles Lim‘estone‘.(T,he Travis Peak Formation is gradationallly overlain by

limestones of the Cretaceous Sligo Formation.

PLAY DELINEATION METHODOLOGY OF THE TEXAS GULF COAST BASIN AND EAST TEXAS

The BEG has applied the play approach to analysis of oil and natural gas vresourcesv- of
Texas. Oil and natural gas reservoirs of onshore Texas were classified into plays by Galloway
~ and others (1983) and Kosters and others (1989). Seni and others (1997) delineated the offshore
camponent of Texas oil and natural gas resources into plays. The play concept was also applied
by Beboﬁt and others (1992, 1993) to natural gas reservoirs of the central and eastern Gulf Coast
and the Midcontinent. Various other BEG reéearch utilizing the play concept on Texas oil and
' natural gas reservoirs was performéd by Galloway and others (1982, 1986), Tyler and others
(1985)‘,‘Tyler and Ambrose (1986), Morton and others (1988), and Hamlin (1989). Delineation
of plaYs in other U.S. regions was performed by Whitehead and othefs (‘1993), U.S. Geological
Survey (1995), and Roen and Walker (1996).

The play concept is a basic tool for organizing a vast number of data available from
natural gas reservoirs of the Texas Gulf Coast Basin and East Texas. BEG’s Atlas of Major
Texas Gas Reservoirs (Kosters and others, 1989) was used as the primary guide to play delineation.
The 1,828 major Texas natural gas reservoirs onshore and in State waters discovered
through 1986 are represent'ed.‘ It characterizes these natural gas reservoirs, each of which have
produced more than 10 Bcef, according to their geological, volumetric, and engineering
properties. Emphasis has been placed on those 868 natural gas reservoirs that have produced
mbpore than 30 Bcf. The major natural gas reservoirs have been classified into 73 play§ (Kosters

and others, 1989).
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In the delineation of natural gas plays in the Texas Gulf Coast Basin and East Texas,
a(ctempts to synthesize new and existing geologicai/engineering data and interpretations were
undertaken. Few new geological interpretations of the plays were made. Compilation, updating,
cbrrection of data, and summarization of the originally defined play delineations were the rﬁajor

contributions. Major sources of data utilized in the compilation and updating of play delineations

b o

nclude annual proved reserves, production, and ultimate recovery data obtained from Energy
Information Administration’s OGIFF (1996); production and completion data from Lasser Inc.’s
Texas Production Database (1999); annual field-production volume summaries and engineering
and volumetric data prepared by the Railroad Commission of Texas (1996, 1997); and field
| summary volumes containing maps, cross sections, type logs, completion, production, and
historical data published by the Bureau of Economic Geology (1951), Houston Geological
Society (1962), South Texas Geological Society (1962, 1967, 1986), Corpus Christi Geological
Society (1967, 1972, 1979), Beebe (1968), Halbouty (1970), Bebout and others (1978, 1982),
Dodge and Posey (1981), Galloway and others (1982, 1983, 1986), East Texas Geological

| a)

society (1984, 1989), Tyler and others (1985), Hamlin (1989), Finley and others (1990), Jackson

[«b]

nd Finley (1992), Levey and others (1993), and Holtz and Garrett (1997).
A single field may produce natural gas from several reservoirs that vary in geologic age
(Figuré 6), depositional environment (Figure 7), lithology, drive mechanism, traps, and many
other attributes used to charactérize a play. Therefore, a single field may be represented in more
than one play (Figure 8). Because many natural gas:fields produce from multiple reservoirs, data
ave been organized at a reservoir level. Reservoirs are grouped into genetically related plays
:Lat are based primarily on similar depositiolnal settings. Individual plays have unique geolo‘gical
features that can be used as a conceptual rnvodel that uses geblogic processes and depositional
gnvironments to explain the distribution of petroleum.
Accuracy of the available play data varies because of different Sources reporting differing
yalues and delineaﬁons for the same type of play data (H‘olfz and Garrett, 1997). Where great

discrepancies existed, selection was based on known geologic criteria and comparison with other
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Figure 6. Geologic age of
Texas Gulf Coast Basin and
East Texas reservoirs
(Galloway and others, 1983).
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Figure 7. Depositional environments of Texas Gulf Coast Basin and East Texas reservoirs (Galloway and others, 1983).
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play data. Play data were weighted in favor of records that were most recent and from sources

that were inferred to be the most reliable.

SUMMARIES OF TEXAS GULF COAST BASIN AND EAST TEXAS PLAYS

The BEG’s Atlas of Major Texas Gas Reservoirs (Kosters and others, 1989) was used as

=t

e primary guide to play delineation in the Texas Gulf Coast Basin and East Texas. All the
ajor Texas natural gas reservoirs discovered onshore and in State waters through 1986 were
lineated into 73 geologically defined plays. Groups of the 73 plays were segregated on the
basis of geographic region and RRC Districts into: Gulf Coast Basin (RRC Districts 1-4); East
Texas (RRC Districts 5 and 6); North-Central Texas (RRC Districts 7B and 9); West Texas
(RRC Districts 7C, 8, and 8A); and Texas Panhandle (RRC District 10) (Kosters and others,
1989).

| In the delineation of plays, attempts to synthesize new and existing
geological/engineering data and interpretations were undertaken rather than present new
geological interpretations of the originally defined plays. Compilation, updating, corrections of
play data, and summarization of the natural gas play delineations were the main tasks
accomplished. |

The Texas Gulf Coast Basin comprises Railroad Commission (RRC) of Texas Districts 1
through 4 and Offshore State waters. A total of 7,484 fields existed in the original 1996 Energy
Information Administration’s (EIA) Oil and Gas Integrated Field File (OGIFF) data base. This
data set was reduced to 1,372 fields having 1996 natural gas ultimate recovery estimates greater
than 10 Bef and at least 2 years of data. The reduced data set represents 94 percent of the total
1996 natural gas ultimate recovery for the 7,484 fields. East Texas comprises RRC Districts 5
and 6 and a few fields extending into 3. A total of 1,447 fields existed in the original 1996 EIA

DGIFF data base. This data set was reduced to 235 fields having 1996 natural gas ultimate
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recovery estimates greater than 10 Bef and at least 2 years of data. The reduced data set

rep&esents 96 percent of the total 1996 natural gas ultimate recovery for the 1,447 fields.

For the Texas Gulf Coast Basin, RRC Districts 3 and 4 comprise the majority of natural

gas ultimate recovery, production, and proved reserves (Figures 9, 10, and 11). Discovery-year

hishograms for the Texas Gulf Coast Basin displayed bimodal distributions of an older and

younger population of fields (Fi‘gure 12). Depth histograms for the Texas Gulf Coast Basin

shcfwed a majority of fields in the 12,000- to 14,000-foot range (Figure 13). Field-size

histograms for the Texas Gulf Coast Basin revealed a large population of smaller fields

(Figure 14). However, several large fields (Katy, Old Ocean, Giddings, Stratton, Borregos, La

Gloria, Seeligson, Zone 21-B Trend, Agua Dulce, Viboras, Chocolate Bayou, Pledger, and

Sheridan) accounted for most of Texas Gulf Coast Basin 1996 natural gas ultimate recovery. In

~ particular, Katy field was the dominant field in the Texas Gulf Coast Basin, with ultimate

recovery estimates of apprdximately 10 Tcf. The reduced data set of 1,369 fields was

disaggregated into 30 geologically delineated plays. Only major plays with natural gas ultimate

recovery greater than 1 Tcf were selected for detailed analysis. A total of 21 major plays were

selected for further, detailed URG analysis (Figure 15 and Table 1). Summaries of play

characteristics for the 21 major plays of the Texas Gulf Coast Basin are shown in Tables 2

through 22.

Historical trends of the 21 major plays of the Texas Gulf Coast Basin in terms of natural

~ gas ultimate recovery, production, and proved reserves are shown in Figures 16, 17, and 18.

Natural gas ultimate recovery for the Lower Wilcox Lobo Trend (WX-2), Wilcox Sandstone, Rio

Al
i1

P

Gl(ande Embayment (WX-4), Vicksburg Sandstone, Rio Grande Embayment (VK-1), and

ustin/Buda Chalk (KG-2) plays show prominent, increasing trends. These trends also hold true
terms of production, and excluding play VK-1, these increasing trends exists in terms of

roved reserves. Judging from historical trends, these four plays hold the greatest potential for

f\%}ture natural gas URG.
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Figure 9. Natural gas ultimate recovery in major fields of the Texas Gulf Coast Basin.
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Figure 10. Natural gas production in major fields of the Texas Gulf Coast Basin.
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Figure 11. Natural gas proved reserves in major fields of the Texas Gulf Coast Basin.
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Figure 12. Discovery-year histogram for major fields in the Texas Gulf Coast Basin.
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Figure 13. Depth histogram for major fields in the Texas Gulf Coast Basin.
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Figure 14. Size histogram for major fields in the Texas Gulf Coast Basin.
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Table 1. Summary of major natural gas plays of the Texas Gulf Coast Basin.

Play code
MC-3
MC-4
MC-5
FR-1
FR-2
FR-3
FR-4
FR-6
FR-7
FR-8
FR-9
FR-10
VK-1
EO-3
EO-4
WX-1
WX-2
WX-4
KG-1
KG-2
KG-4

Play name
Miocene Lower Coastal-Plain Sandstone, San Marcos Arch
Miocene Barrier/Strandplain Sandstone, San Marcos Arch
Miocene Sandstone, Houston Embayment
Distal Frio Deltaic Sandstone, Rio Grande Embayment
Frio Delta-Flank Shoreline Sandstone, Rio Grande Embayment
Proximal Frio Sandstone, Rio Grande Embayment
Frio Sandstone, Vicksburg Fault Zone
Downdip Frio Barrier/Strandplain Sandstone, San Marcos Arch
Updip Frio Barrier/Strandplain Sandstone, San Marcos Arch
Frio Fluvial/Coastal-Plain Sandstone, San Marcos Arch
Frio Sandstone, Houston Embayment
Frio Sandstone, Hackberry Embayment
Vicksburg Sandstone, Rio Grande Embayment
Yegua Sandstone, Houston Embayment
Yegua/Jackson Sandstone, Rio Grande Embayment
Wilcox Sandstone, Houston Embayment
Wilcox Lobo Trend
Wilcox Sandstone, Rio Grande Embayment
Lower Cretaceous Carbonate
Austin/Buda Chalk
Olmos Sandstone

1996 Ultimate
Recovery
(MMcf)
3,268,895
2,900,782
2,324,944
1,173,995
4,349,501
7,082,121
18,504,468
17,177,887
9,752,358
2,150,476
13,008,586
3,358,269
11,927,869
16,566,819
1,570,181
7,632,128
8,485,236
15,555,179
3,915,183
3,898,057
1,401,037

1996
Production
(MMcf)

8,398
42,950
27,389
6,143
36,557
74,577
80,257
71,828
48,043
15,742
125,227
10,384
297,664
106,482
18,342
124,455
391,593
440,324
63,124
397,800
39,561

1996
Reserves
(MMcf)

53,553
140,952
166,146
32,055
234,776
681,766
617,849
584,795
319,272
99,714
906,530
50,566
1,713,594
624,435
64,849
961,087
2,109,751
2,293,522
420,875
1,054,999
430,570

1996
Fields

32
38
39
18
28
37
76
147
100
54
105
39
78
125
35
89
87
206
33
9
23
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Table 2. Summary for Miocene Lower Coastal-Plain Sandstone, San Marcos Arch (MC-3) play

characteristics.

Play Miocene Lower Coastal-Plain Sandstone, San Marcos Arch
Play code MC-3

Lithology Sandstone

Age Miocene

Exploration maturity Very mature

Structural style

Faults and anticlines inherited from underyling Frio

Frontiers

Limitations

Shallow, drilling density, lack of indigenous source rocks

Maijor fields

Greta, Magnet Withers, Heyser, Huff, McFaddin

Cumulative growth factor 1.76
1996/1977 ultimate recovery growth ratio 1.04

1996 ultimate recovery (MMcf) 3,268,895
1996 production (MMcf) 8,398
1996 reserves (MMcf) 53,553
Average field discovery year 1947
Average completion depth (ft) 5,101
Number of fields 32
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Table 3. Summary of Miocene Barrier/Strandplain Sandstone, San Marcos Arch (MC-4) play

characteristics.

Play Miocene Barrier/Strandplain Sandstone, San Marcos Arch
Play code MC-4

Lithology Sandstone

Age Miocene

Exploration maturity Mature

Structural style

Broad rollover anticlines associated with reactivated growth
faults

Frontiers Downdip offshore
Limitations = | eeeeeeeeeee
Major fields Collegeport, El Gordo, Brazos Blk. 440, Brazos Blk. 405,

Cove

Cumulative growth factor 3.02
1996/1977 ultimate recovery growth ratio 1.36
1996 ultimate recovery (MMcf) 2,900,782
1996 production (MMcf) 42,950
1996 reserves (MMcf) 140,952
Average field discovery year 1969
Average completion depth (ft) 6,577
Number of fields 38
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Table 4. Summary of Miocene Sandstone, Houston Embayment (MC-5) play characteristics.

Play Miocene Sandstone, Houston Embayment
Play code MC-5

Lithology Sandstone

Age Miocene

Exploration maturity Mature

Structural style

Anticline, growth faults, deep-seated salt

Frontiers Downdip offshore

Limitations Abrupt stratigraphic changes

Major fields High Island Blk. 24, High Island Blk. 14, High Island,
Beaumont W., Shipwreck

Cumulative growth factor 2.45

1996/1977 ultimate recovery growth ratio 1.27

1996 ultimate recovery (MMcf) 2,324,944

1996 production (MMcf) 27,389

1996 reserves (MMcf) 166,146

Average field discovery year 1956

Average completion depth (ft) 6,198

Number of fields 39
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Table 5. Summary of Distal Frio Deltaic Sandstone, Rio Grande Embayment (FR-1) play

characteristics.
Play Distal Frio Deltaic Sandstone, Rio Grande Embayment
Play code FR-1
Lithology Sandstone
Age Oligocene
Exploration maturity Mature

Structural style

Growth faults and shale ridges

Frontiers Downdip offshore

Limitations Low source and reservoir rock quality; migration inefficiency
Major fields Murdock Pass, Mercedes, Calandria, Lacy, La Sal Vieja
Cumulative growth factor 3.61

1996/1977 ultimate recovery growth ratio 1.25

1996 ultimate recovery (MMcf) 1,173,995

1996 production (MMcf) 6,143

1996 reserves (MMcf) 32,055

Average field discovery year 1959

Average completion depth (ft) 8,592

Number of fields 18
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Table 6. Summary of Frio Delta-Flank Shoreline Sandstone, Rio Grande Embayment (FR-2)
play characteristics.

Play Frio Delta-Flank Shoreline Sandstone, Rio Grande
Embayment

Play code FR-2

Lithology Sandstone

Age Oligocene

Exploration maturity Mature

Structural style Growth faults, shale ridges, and rollover/faulted anticlines

Frontiers Deeper prospects

Limitations Low reservoir quality and migration inefficiency

Major fields McAllen, San Salvador, La Blanca, Donna, San Carlos

Cumulative growth factor 1.23

1996/1977 ultimate recovery growth ratio 1.1

1996 ultimate recovery (MMcf) 4,349,501

1996 production (MMcf) 36,557

1996 reserves (MMcf) 234,776

Average field discovery year 1952

Average completion depth (ft) 8,832

Number of fields 28
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Table 7. Summary of Proximal Frio Sandstone, Rio Grande Embayment (FR-3) play

characteristics.
Play Proximal Frio Sandstone, Rio Grande Embayment
Play code FR-3
Lithology Sandstone
Age Oligocene
Exploration maturity Very mature

$tructural style

|| Growth faults and shale ridges; Vicksburg flexure

Frontiers e
Limitations Well dénsity
Major fields Viboras, Alazan N., Tordilla, Stillman, Sarita
Cumulative growth factor 0.99
1996/1977 ultimate recovery growth ratio 1.12

1996 ultimate recovery (MMcf) 7,082,121
1996 production (MMcf) | 74,577

1996 reserves (MMcf) 681,766
Average field discovery year 1961
Average completion depth (ft) 8,957
Number of fields 37
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Table 8. Summary of Frio Sandstone, Vicksburg Fault Zone (FR-4) play characteristics.

Play Frio Sandstone, Vicksburg Fault Zone
Play code FR-4

Lithology Séhdstone

Age Oligocene

Exploration maturity Very mature

Structural style

Low-amplitude faults and anticlines; Vicksburg growth fault

Frontiers | e

Limitations Well density, lack of indigenous mature source
Major fields Stratton, Seeligson, Zone 21-B Trend, Agua Dulce, La Gloria
Cumulative growth factor 1.87

1?96/1 977 ultimate recovery growth ratio 1.09

1%96 ultimate recovery (MMcf) 18,504,468

1%96 production (MMcf) 80,257

1&96 reserves (MMcf) 617,849

Average field discovery year 1948

Average completion depth (ft) 6,883

Number of fields 76
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play characteristics.

Table 9. Summary of Downdip Frio Barrier/Strandplain Sandstone, San Marcos Arch (FR-6)

Rlay Downdip Frio Barrier/Strandplain Sandstone, San Marcos
Arch

Rlay code FR-6

Lithology Sandstone

Age Oligocene

%xploration maturity Very mature

étructural style

Frio fault zones and diapirs

Frontiers Deeper and downdip targets

Limitations Well density

Major fields Old Ocean, Markham N-Bay City N., Laguna Larga, Bay City
E., Red Fish Bay-Mustang Island

Cumulative growth factor 4.04

1996/1977 ultimate recovery growth ratio 1.09

1996 ultimate recovery (MMcf) 17,177,887

1996 production (MMcf) 71,828

1996 reserves (MMcf) 584,795

Average field discovery year 1958

Average completion depth (ft) 9,223

Number of fields 147
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Fable 10. Summary of Updip Fno Bamer/Strandplam Sandstone, San Marcos (FR-7) play

¢haracteristics.
Play 'Updip Frio Barriér/Stfandeain Sandstqné, San Marcos Arch|
Play code F’R‘-;_7
Lithology : Sakndstone
Age | Oligocene
Very mature

Exploration maturity

Structural style

Growth f‘aﬂlts, diapirs,-and shale ridges

Frontiers T
Limitations Well density
Major fields Tom O Connor, Magnet Withers, West Ranch, Heyser, Lake| .
» Pasture
Cumulative growth factor 1.46
1996/1977 ultimate recovefy growth ratio 1.07
19]96 ultimate recovery (MMcf)" 9,752,358
1'9L6 production (MMcf) 48,043
1996 reserves (MMcf) 319,272
Average field diséovery year 1946
Average completion depth (ft) 6,406
Number of fields 100
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Table 11. Summary of Fno Fluvial/Coastal-Plain Sandstone, San Marcos Arch (FR 8) play

characteristics.
Play Frio FluQiaI/CoastaI-Plai‘r.i Sandstone, San Marcos Arch
Play code FR8
Lithology Sandstone
Age Oligocéne
Exploration maturity Very mature

Structural style 'Faults and low-relief anticlines inherited from underyling
Wilcox_
Frontiers =~ = | eeeeeeeecenieas
Limitations Well density, lack of indigenous mature source
Major fields Heard Ranch, Blanconia, Cologne, Sérco Creek, Morales
Cumulative growth factor 1.97
1996/1977 ultimate recovery growth ratio 1.13
1996 ultimate recovery (MMcf) | 2,1 50;476
, 1996 production (MMcf) 15,74é
1996 reserves (MMcf) ' '99,714>
Average field discovery year 1950
Average completion depth (ft) 4,757 »
Number of fields 54
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Table 12. Summary of Frio Sandstone, Houston Embayment (FR-9) play characteristics.

Play Frio Sandstone, Houston Embayment
Play code FR-9

Litwhology Sandstone

Age Oligocene

Exploration maturity Very mature

Structural style

Salt diapirs and growth faults

Frontiers | e

Limitations Well density; deep and highly pressured

Major fields Chocolate Bayou, Pledger, Anahuac, Red Fish Reef, Clear
Lake

Cumulative growth factor 3.10

1996/1977 ultimate recovery growth ratio 1.10

1996 ultimate recovery (MMcf) 13,008,586

1%96 production (MMcf) 125,227

1496 reserves (MMcf) 906,530

Average field discovery year 1954

Average completion depth (ft) | 8,211

Number of fields 105
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Table 13. Summary of Frio Sandstone, Hackberry Embayment (FR-10) play characteristics.

Rlay Frio Sandstone, Hackberry Embayment

Rlay code FR-10

Lithology Sandstone

Age Oligocene

Exploration maturity Very mature

Structural style Salt dome and growth faults

Erontiers e

Limitations Well density; deep and highly pressured

Major fields ‘ Port Neches N., Marrs Mclean, Lemonville, Port Acres,
Big Hill

Cumulative growth factor 6.36

1996/1977 ultimate recovery growth ratio 1.09

1996 ultimate recovery (MMcf) 3,358,269

1996 production (MMcf) 10,384

1996 reserves (MMcf) 50,566

Average field discovery yeér 1952

Average completion depth (ft) 7,380

Number of fields 39
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Table 14. Summary of Vickburg Sandstone, Rio Grande Embayment (VK-1) play characteristics.

Play Vicksburg Sandstone, Rio Grande Embayment
Play code VK-1

Lithology ‘ ASandstone

Age Oligocene

Exploration maturity Mature

Structural style Vicksburg growth fault

Frontiers e

Limitations Deep and highly pressured; low permeability
Major fields Borregos, McAllen Ranch, La Gloria, TCB, Jeffress
Cumulative growth factor | 15.70

1986/1977 ultimate recovery growth ratio 1.63

1996 ultimate recovery (MMcf) 11,927,869

1996 production (MMcf) 297,664

1996 reserves (MMcf) 1,713,594

Average field discovery year | 1959

Average completion depth (ft) 8,821

Number of fields 78
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Table 15. Summary of Yegua Sandstone, Houston Embayment (EO-3) play characteristics.

Rlay Yegua Sandstone, Houston Embayment
Blay code EO-3

Lithology Sandstone

Age Eocene

Exploration maturity Very mature

Structural style Domal structures associated with deep-seated salt diapirs
Frontiers |

Limitations e

Major fields Katy, Conroe, Tomball, Bammel, Houston N.
Cumulative growth factor 7.23

1996/1977 ultimate recovery growth ratio 1.1

1996 ultimate recovery (MMcf) 16,566,819

11996 production (MMcf) 106,482

1996 reserves (MMcf) 624,435

Average field discovery year 1959

Average completion depth (ft) 5,931

Number of fields 125
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Table 16. Summary of Yegua/Jackson Sandstone, Rio Grande Embayment (EO-4) play

characteristics.
Play Yegua/Jackson Sandstone, Rio Grande Embayment
Play code EO-4
Lithology Sandstone
Age Eocene
Exploration maturity Very mature

Structural style

Deep-seated salt domes

Frontiers Downdip trend
Limitations |
Major fields Sejita, Government Wells N., Conoco Driscoll, Lundell,
Southland

Cumulative growth factor 6.76 ‘
1996/1977 ultimate recovery growth ratio 1.18
1996 ultimate recovery (MMcf) 1,570,181
1996 production (MMcf) 18,342

| 1996 reserves (MMcf) 64,849
Average field discovery year 1947
Average completion depth (ft) 3,821
Number of fields 35
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Table 17. Summary of Wilcox Sandstone, Houston Embayment (WX-1) play characteristics.

Rlay Wilcox Sandstone, Houston Embayment
Rlay code WX-1

Lithology Sandstone

Age Eocene-Paleocene

Exploration maturity

Very mature

.

tructural style

Wilcox growth fault zone

Frontiers Deep, downdip extension
Limitations e
Major fields Sheridan, Provident City, Katy, Columbus, Chestervilie N.
Cumulative growth factor 19.22
1996/1977 ultimate recovery growth ratio 1.37
{1996 uttimate recovery (MMcf) 7,632,128
1996 production (MMcf) 124,455
| 1996 reserves (MMcf) 961,087
Average field discovery year 1960
Average completion depth (ft) 10,657
Number of fields 89
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Table 18. Summary of Wilcox Lobo Trend (WX-2) play characteristics.

Play Wilcox Lobo Trend
Play code WX-2

Lithology Sandstone

Age Eocene-Paleocene

Exploration maturity

Relatively immature

Structural style

Gravity sliding and intense normal faulting

Frontiers Limits of play still undetermined

Limitations Low permeability

Major fields Vagquillas Ranch, Laredo, JC Martin, La Perla Ranch,
Benavides

Cumulative growth factor 72.37 ‘

1996/1977 ultimate recovery growth ratio 7.04

1996 ultimate recovery (MMcf) 8,485,236

1986 production (MMcf) 391,593

1996 reserves (MMcf) 2,109,751

Average field discovery year 1977

Average completion depth (ft) 9,611

Number of fields 87

50




Table 19. Summary of Wilcox Sandstone, Rio Grande Embayment (WX-4) play characteristics.

Play Wilcox Sandstone, Rio Grande Embayment

Play code / WX-4

Lrthology Sandstone

Age Eocene-Paleocene

Exploration maturity Mature to very mature

tructural style _ Closely spaced growth faults and rollover anticlines

Frontiers Deeper and downdip targets

L‘imitations Stratigraphically and structurally complex; deep and highly
pressured

I\Jlajor fields Double A Wells, Brookeland, Madisonville, lola

Gumulative growth factor 18.21

1P96/1 977 ultimate recovery growth ratio 1.85

1996 ultimate recovery (MMcf) 15,555,179

1996 production (MMcf) 440,324

1996 reserves (MMcf) 2,293,522

Average field discovery year 1960

Average completion depth (ft) 9,867

Number of fields 206
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Table 20. Summary of Lower Cretaceous Carbonate (KG-1) play characteristics.

Play Lower Cretaceous Carbonate
Play code KG-1

Lithology Carbonate

Age Lower Cretaceous

Exploration maturity

Mature

Structural style

Reef-related modifications and faults

Frontiers e
Limitations Low permeability
Major fields Fashing, Word N., Jourdanton, Person, Dilworth
Cumulative growth factor 8.54

1996/1977 ultimate recovery growth ratio 1.35

1996 ultimate recovery (MMcf) 3,915,183

1996 production (MMcf) 63,124

1996 reserves (MMcf) 420,875
Average field discovery year 1962

Average completion depth (ft) 10,062

Number of fields 33
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Table 21. Summary of Austin/Buda Chalk (KG-2) play characteristics.

Play Austin/Buda Chalk
Rlay code KG-2

Lithology Carbonate

Age Cretaceous

Exploration maturity

| Relatively immature

Structural style

Irregular fracture systems that interconnect porous zones

Frontiers | e
Limitations Poquy defined fracture system
Major fields Giddings
Cumulative growth factor 21.80
1996/1977 ultimate recovery growth ratio - 143.81 i
1996 ultimate recovery (MMcf) 3,898,057
1996 production (MMcf) 397,860
1996 reserves (MMcf) 1,054,999
Average field discovery year 1971
Average completion depth (ft) 9,385
Number of fields 9
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Table 22. Summary of Olmos Sandstone (KG-4) play characteristics.

Play Olmos Sandstone
Play code KG-4

Lithology Sandstone

Aggev Upper Cretaceous

Exploration maturity

Mature

Structural style

Down-to-coast normal faulting

Frontiers Updip reexploration and downdip extension
Limitations Low permeability

Major fields AWP, Big Foot W., Tom Walsh, Dos Hermanos, Owen
Cumulative growth factor 18.76

1996/1977 ultimate recovery growth ratio 3.01

1996 ultimate recovery (MMcf) 1,401,037

1996 production (MMcf) 39,561

1996 reserves (MMcf) 430,570

Average field discovery year 1966

Average completion depth (ft) 6,429

Number of fields 23
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Figure 16. Historical natural gas ultimate recbvery by major plays in the Texas Gulf Coast Basin.
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Figure 17. Historical natural gas production by major plays in the Texas Gulf Coast Basin.
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Figure 18. Historical natural gas proved reserves by major plays of the Texas Gulf Coast Basin.
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Figure 19. Natural gas ultimate recovery in major fields of East Texas.
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RRC District 6 comprises the majority of natural gas ultimate recovery, production, and
proved reserves (Figures 19, 20, and 21). Discovery-year histograms for East Texas display
bimodal distributions of an older and younger population of fields (Figure 22). Depth histograms
for East Texas showed a majority of fields in the 11,000- to 14,000-foot range (Figure 23). Field-
size histograms for East Texas reve‘aled a large population of smaller fields (Figure 24).
However, several large fields (Carthage, Bethany, East Texas, Opelika, Trawick, Willow
Springs, and Hawkins) accounted for most East Texas 1996 natural gas ultimate recovery. In
particular, Carthage field was the dominant field in East Texas, with ultimate recovery estimates
of approximately 10 Tcf. The reduced data set of 246 fields was disaggregated into 14 individual
plays composing Jurassic Carbonate, Lower Cretaceous-Jurassic Sandstone, Lower Cretaceous
Trinity Group Carbonate, and Upper Cretaceous Sandstone. Ten major plays having significant
natural gas ultimate recbvery were selected for detailed analysis (Figure 25 and Table 23).
Summaries of play characteristics for the 10 major plays of East Texas are shown in Tables 24
through 33.

Historical trends of the 10 major plays of East Texas in terms of natural gas ultimate
recovery, production, and proved reserves are shown in Figures 26, 27, and 28. Although several
plays in East Texas show increasing historical ultimate recovery, the most noticeable trend is the
enormous increases in ultimate recovery achieved by the Travis Peak Formation-Cotton Valley
Group Sandstone, Sabine Uplift (KJ-1) play. It is also the dominant play in terms of recent
production and proved reserves in East Texas and holds the greatest future potential for natural
gas URG in East Texas. The two other Lower Cretaceous-Jurassic Sandstone plays (KJ-2, and
KJ-3) also hold significant future URG potential, judging from historical trends.

Play delineations for the 31 major plays of the Texas Gulf Coast Basin and East Texas
have been provided in a Geographic Information System (GIS) as ArcView poly-line files, which
are overlain onto a Texas county map. Summary tables characterizing the major geological,

engineering, and production data of each major play are linked to the specific poly-lines.
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Figure 20. Natural gas production in major fields of East Texas.
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Figure 21. Natural gas proved reserves in major fields of East Texas.
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Figure 23. Depth histogram for major fields in East Texas.
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Tiable 24. Summary of Upper Cretaceous Sandstone, Salt Structures (KS-2) play characteristics.

Play Upper Cretaceous Sandstone, Salt Structures
Play code KS-2

Lithology Sandstone

Age Upper Cretaceous

Exploration maturity Very mature

tructural style

Intermediate- and large-amplitude salt pillows

Frontiers | e
imitations 00| eeeeeeeeeeeeee

I+ajor fields East Texas, Hawkins, Chapel Hill, Navarro Crossing

Cumulative growth factor 15.64

1996/1977 ultimate recovery growth ratio 1.28

1996 ultimate recovery (MMcf) 2,264,767

1996 production (MMcf) 17,738 |

1996 reserves (MMcf) 263,650

Average field discovery year 1950

Average completion depth (ft) 4,154

Number of fields 22
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Table 25. Summary of Upper Cretaceous Sandstone, Downdip Shelf Margin (KS-3) play
characteristics.

Pl+y _ 'Upper»CretaceoLxs Sandstone, Downdip Shelf Margin
PIle code - |Ks3

Lithology Sandstone

A?e , ' Upper Cretaceous

Exploration maturity Relatively imrﬁature

Structural style -Porosity :pinch-outs and salt-related anticlines
Frontiers ’ —

Lil'nitations ..................

Mfior fields | Double A Wells, Brookeland, Madisonville, lola
Cleulative growth factor 14.28

1396/1 977 ultimate recovery growth ratio o 2.97

1496 ultimate recovery (MMcf) 1,243,381

1996 production (MMcf) 58,669

1996 reserves (MMcf) 421,217

Average field discovery year 1972

Average completion depth (ft) 9,285

Number of fields 14
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Table 26. Summary of Trinity Group Carbonate, Sabine Uplift (KC-1) play characteristics.

Play Trinity Group Carbonate, Sabine Uplift
Play code KC-1

Lithology Carbonate

Age Lower Cretaceous

Exploration maturity Very mature

Structural style Sabine uplift

Frontiers e

Limitations e

Major fields Carthage, Bethany, Waskom, Woodlawn, Joaquin
Cum.growth factor 6.09

1996/1977 URG ratio 1.08

1996 ultimate recovery (MMcf) 8,051,279

1996 production (MMcf) 36,555

1996 reserves (MMcf) 308,660

Average field discovery year 1956

Average completion depth (ft) 6,544

Number of fields 23
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Table 27. Summary of Trinity Group Carbonate, East (KC-2) play characteristics.

Play Trinity Group Carbonate, East
Play code KC-2

Lithology Carbonate

Age Lower Cretaceous

Exploration maturity

Very mature

Structural style

Salt related structures

Frontiers |
Limitations e
Major fields T(awick, Willow Springs, Hawkins, Lansing N., Chapel
Cumulative growth factor glcltls
1996/1977 URG ratio 1.07

1996 ultimate recovery (MMcf) 2,439,842
1996 PRODUCTION (MMcf) 21,008

1996 reserves (MMcf) 216,998
Average field discovery year 1962
Average completion depth (ft) 6,501
Number of fields 34
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Table 28. Summary of Trinity Group Carbonate, West (KC-3) play characteristics.

Play Trinity Group Carbonate, West
Play code KC-3

Lithology Carbonate

Age Lower Cretaceous
Exploration maturity Very mature

Structural style

Salt related structures

Frontiers |
Limitations ~ |eeeeeeeeeeeeee
Major fields Fairway, Opelika, Cayuga, Long Lake, Fort Trinidad
Cumulative growth factor 9.28
1996/1977 URG ratio 1.35

1996 ultimate recovery (MMcf) 3,535,674
1996 production (MMcf) 28,644

1996 reserves (MMcf) 313,367
Average field discovery year 1959
Average completion depth (ft) 9,184
Number of fields 52
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Table 29. Summary of Travis Peak Formation-Cotton Valley Group Sandstone, Sabine

Uplift (KJ-1) play characteristics.

Play Travis Peak Formation-Cotton Valley Group Sandstone,
Sabine Uplift

Play code KJ-1

Lithology Sandstone

Age Lower Cretaceous-Upper Jurassic

Exploration maturity

Mature

Structural style

Sabine uplift that focused gas migration toward it

Frontiers e
Limitations Low permeability
Major fields Carthage, Oak Hill, Waskom, Bethany, Bethany E.
Cumulative growth factor 396.28
1996/1977 URG ratio 3.55

1996 ultimate recovery (MMcf) 9,332,676

1996 production (MMcf) 338,874

1996 reserves (MMcf) 3,177,724
Average field discovery year 1960

Average completion depth (ft) 9,067

Number of fields 29
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Table 30. Summary of Travis Peak formation-Cotton Valley Group Sandstone, East (KJ-2)

play characteristics.

Play Travis Peak Formation-Cotton Valley Group Sandstone, East
Play code KJ-2

Lithology Sandstone

Age Lower Cretaceous-Upper Jurassic

Exploration maturity

Mature

Structural style

Salt related structures

Frontiers e
Limitations Low permeability
Major fields Willow Springs, Trawick, Whelan, Glenwood, Rosewood
Cumulative growth factor 106.88
1996/1977 URG ratio 2.94

1996 ultimate recovery (MMcf) 3,677,681

1996 production (MMcf) 116,875

1996 reserves (MMcf) 1,318,208
Average field discovery year 1963

Average completion depth (ft) 9,610

Number of fields 37
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Table 31. Summary of Travis Peak Formation-Cotton Valley Group Sandstone, West (KJ-2)
play characteristics.

Play Travis Peak Formation-Cotton Valley Group Sandstone,
West

Play code KJ-3

Lithology Sandstone

Age Lower Cretaceous-Upper Jurassic

Exploration maturity Mature

Structural style Intermediate amplitude salt structures

Frontiers e

Limitations Low permeability

Major fields Opelika, Tri-cities, Bear Grass, Freestone

Cumulative growth factor 218.31

1996/1977 URG ratio 2.86

1996 ultimate recovery (MMcf) 2,689,105

1996 production (MMcf) 74,715

1996 reserves (MMcf) 932,956

Average field discovery year 1965

Average completion depth (ft) 10,806

Number of fields 30
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Table 32. Summary of Smackover Carbonate, Salt Structures (JC-1C) play characteristics.

Play Smackover Carbonate, Salt Structures
Play code JC-1C

Lithology Carbonate

Age Upper Jurassic

Exploration maturity Mature

Structural style

Low to intermediate amplitude salt structures

L I (R———
Limitations ~  feeeeeeeeeeeeeees
Maijor fields New Hope, Edgewood NE, Eustace, Ginger SE, WA
Moncrief
Cumulative growth factor 9.01
1996/1977 URG ratio 1.50
1996 ultimate recovery (MMcf) 2,307,111
1996 production (MMcf) 39,949
1996 reserves (MMcf) 347,455
Average field discovery year 1966
Average completion depth (ft) 9,513
Number of fields 29
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Table 33. Summary of Cotton Valley Lime, West (JC-2B) play characteristics.

Play Cotton Valley Lime, West
Play code JC-2B

Lithology Carbonate

Age Upper Jurassic

Exploration maturity

Relatively immature

Structural style

Salt related structures

Frontiers ~|emeeeeemeeeeeeeee
Limitations Low permeability
Major fields Personville N., Teague, Reed, Bald Prairie, Teague Townsite
Cumulative growth factor 32.28

1996/1977 URG ratio 6.70

1996 ultimate recovery (MMcf) 1,650,581

1996 production (MMcf) 67,590

1996 reserves (mmcf) 562,689
Average field discovery year 1973

Average completion depth (ft) 12,275

Number of fields 28
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Figure 26. Historical natural gas ultimate recovery by major plays of East Texas.
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Figure 27. Historical natural gas production by major plays of East Texas.
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Figure 28. Historical natural gas proved reserves by major plays in East Texas.
Year of revision
Nkt of 1 2 3 5 6 7 Sum
discovery 1987 1988 1989 1990 1991 1992 1993 1987-1992 | 1988-1993

1981 G H | J K L M

1982 F G H | J K L

1983 E F G H | J K

1984 D E F G H | J

1985 C D E F G H |

1986 B C D E F G H G1-Gé H2-H7

1987 A B C D E F G F1-F6 G2-G7

1988 A B C D E F E1-E6 F2-F7

1989 A B C D E D1-D6 E2-E7

1990 A B C D C1-D6 D2-D7

1991 S e A8 A 8 . B1-B6 c2-D7

1992 A B A1-A6 B2-B7

1993 A

QAc8144c

Figure 29. Example of Arrington’s tabular URG analysis methodology.
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Individual trend plots based on data contained in these summary tables are possible. Additional

information concerning the GIS digital files and their utilization can be found in the appendix.

Natural Gas Ultimate Recovery Growth as a Factor of Time

Ultimate recovery growth (URG) modeling was previously undertaken by a number of
researchers who used time as the dependent factor. The use of time as a dependent factor in URG
modeling came about largely as a result of the format of the available data. Data concerning
production, proved reserves, and ultimate recovery are generally maintained by companies
and Federal reporting agencies and largely based on time. For example, the RRC maintains
production data of Texas reservoirs on monthly and annual bases, whereas the EIA maintains
field production, proved reserves, and estimates of ultimate recovery on an annual basis.

The pioneer studies on URG modeling performed by Arrington (1960) utilized time as
the dependent factor. Arrington’s methodology uses the age of the field as measured by years
after initial discovery as the variable representing the degree of field maturity. Rather than using
a functional form, Arrington provided a tabular example of how to calculate URG as a factor of
time. This methodology has been utilized and modified in subsequent URG analyses by Marsh
(1971), Root (1981), Megill (1989a, 1989b, 1989c), Energy Information Administration (1990),
National Petroleum Council (1992), Root and Attanasi (1993), Attanasi and Root (1994), Drew
and others (1994), U.S. Geological Survey (1995), Lore and others (1996), and Energy and
Environmental Analysis, Inc. (1992, 1998).

Arrington’s tabular example of URG analysis is shown in Figure 29. URG estimates for
fields of interest are grouped by year of initial discovery and summed. A record of these grouped
and summed URG estimates for the particular initial discovery year is compiled during the
available time frame. The initial URG estimate is shown by the letter A. The first revision to the
initial URG estimate is shown as the letter B and so on. From this ultimate recovery estimate-

revision compilation, the initial ultimate recovery estimates for the years 1987 through 1992
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(A1-A6) and for years 1988 through 1993 (B2-B7) are summed. The percentage increase of the

first revision over the prior year’s ultimate recovery estimate is calculated as

{(B2 to B7)-(A1 to A6)}/(Al to A6) *100.

To calculate increase in ultimate recovery at the end of the second year over the prior year’s

estimate, the formula becomes

{(C2 to C7)-(B1 to B6)}/(B1 to B6) *100.

Continuing this methodology, the percentage change over each prior year can be computed; these
percentages are weighted averages. Fields with large ultimate recovery estimates carry the most
weight, influencing the percentage change much more than fields with smaller ultimate recovery
estimates. As more revision history of ultimate recovery estimates becomes available, a more
statistical relationship can be derived. Some researchers have elected to smooth out their
calculated percentage increases over prior years to compensate for the erratic nature of their
limited-data time horizons. Arrington (1960) used 3-year weighted averages, whereas Megill
(1989a, 1989b, 1989c¢) elected to use a subjective smoothing technique.

Arrington (1960), using 3-year weighted-average values for the percentage increase over
prior years, calculated probable final factors (PFF) that adjusted any year’s ultimate recovery
estimate to its probable future estimate after a period of time. Probable final factors were
calculated by acknowledging that an asymptote would be reached in the growth of ultimate
recovery over a period of time. Starting with the last year of revision available for analysis, a
probable final factor, which is the factor that must be multiplied to equate the percentage
increase over the prior year, is calculated. This probable final factor is then multiplied by the

next year’s factor to be multiplied to obtain the percentage increase over the prior year to derive
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-

he next year’s probable final factor. This calculation is made until the initial year of revision.

—

- Megill (1989c) used the term “revision factor” to represent this probable final factor.

The probable final factor generaliy decreases with each increasing year of revision. With

(o

ime, the probable final factor approaches and eventually becomes unity, because ultimate recovery
esﬁmates for any one year cannot increase. infinitely. The lﬂast“r‘emain’ing producing field
must eventually pfoducé its last remaining barrel of oil or cubic foot of gas (Marsh, 1971).

Annual growth factors (AGF) and cumulative growth factors (CGF) can .also be
¢alculated from the tabular example. The methodollogy involVés developing AGF’s from

¢quation 1:
AGF = Z c(d,e+1)/Z c(d,e), ' 1)

where e is the early estimate year and c(d,e) is the estimate of the ultimate recovery discovered in
year d, as estimated in year e. The same fields are included in both the denominator and

numerator. Growth factors can also be expressed as CGF’s from equation 2:
CGF = c(d,e+n)/c(d,e), ' 2

where n is the time in years between the early estimate year, e, énd the later estimate year, e+n.
CGF’s represent the ratio of the size of a field n years after dis‘cover& to the initial estimate of its
size in the year of its discovery (Lore and others, 1996).

Using the tabular example, we can calculate AGF’s by dividing each initial discovery |
- year’s first and second summation. For example, the AGF for initial discovery year 1992 would

be

B2-B7/A1-A6.
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by

Each successive initial discovery year can be computed similarly. CGF’s can be obtained

¢ompounding all probable final factors; that is, PFF1 is multiplied by PFF2, then by the

product by PFF3, and so on. If we plot the products against years elapsed since postinitial

disgovery year, the result is a curve that expresses the ratio of URG since initial discovery

(Marsh, 1971). Subsequent research on URG as a factor of time involved fitting growth functions

to

the data in order to extrapolate the results and dividing the data into common and outlier

fields.

an

Because our data set for ultimate recovery. estimates has a.limited time frame, URG

a{lysis as a factor of time can also be undertaken within this time frame. For example, because

complete histories exist for fields discovered since 1977 in EIA’s OGIFF, we can compute

AGF’s and CGF’s more directly within our available data time frame by using vintaging curves

acgording to initial discovery year. Moreover, instead of using a single discovery year, the

av

ailable data may be ahalyzed by decade of discovery and field-size classes.

Now we have a powerful statistical tool to calculate URG on the basis of elapsed

postdiscovery time. Because this is a statistically dependent methodology, care must be taken in

itsjuse. Its assumptions and limitations must be clearly understood. The large overall assumption

of this statistical methodology is that the revision history of older fields can apply to fields of

today. Moreover, it is assumed that the rate of change in recovery technology will proceed with

equal speed in the future. |

Probable final factors differ from area to area-because of different reservoir

chFracteristics‘, field sizes, and applic'ability of recovery technology (Megill, 1989c). Because

the probable final factor is a probability-based concept, it follows that the greater the number of data

used, the greater the probability of final accuracy. Therefore, probable final factors should not be

applied to a number of data smaller than the number in the group from which they were derived

(Arrington, 1960). Otherwise, minor fluctuations take on too much importance, and the results

be
U

rcome erratic (Marsh, 1971). Even if confined mostly to large groups of data, such as plays,

RG analysis based on a factor of time can provide a future outlook on our remaining resource
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ase. Being able to estimate future growth is a big step in the difficult task of learning all we can

e

apout our future natural gas supply potential.

TEXAS GULF COAST BASIN AND EAST TEXAS: ULTIMATE RECOVERY GROWTH AS A
FACTOR OF TIME

URG analysis based on a factor of time was analyzed for the major plays of the Texas
Gulf Coast Basin and East Texas. The data set used 1s derived from EIA’s OGIFF, which is the
most comprehensive and reliable historical data on natural gas proved reserves, production, and
dltimate recovery by field relative to time currently available. Energy Information
~Administration’s OGIFF (1996) provides estimates of crude oil and natural gas proved reserves,
annual production, cumulative production, and ultimaté recovery for most U.S. oil and natural v
gas fields. As of 1997, the file contained field-level estimafesfor each of the 20 years between
1977 and 1996.

Although EIA’s OGIFF is the most complete data series of U.S. national oil énd natural
gas reserves, production, and ultimate recovery available, only about 39,000 fields of the total
45,992 distinct oil and natural gas fields (as of October 1996) are represented. Moreover, out of
these approximately 39,000 fields, only about 13,000 new field discoveries occurred during and
after EIA’s time frame of from 1977 through 1996. For most oil and natural gas fields reported in
the EIA’s OGIFF data series only mid- to late-stage URG is included.

In order to apply Arrington’s tabular methodology, we first grouped and summed natural

gas ultimate recovery estimates according to the initial discovery year. Initial discovery years

ere adjusted on the basis of when the first ultimate recovery estimate was provided. We
rouped 20 years of natural gas ultimate recovery estimates, for the time period between 1977
nd 1996, according to initial discovery year, ranging from 1893 through 1996. Summation of

the ultimate recovery estimates for the years 1977 through 1995 and 1978 through 1996 was

79




made for each initial discovery year. The percentage change of the ultimate recovery estimate

summations of the years 1978 through 1996 from the ultimate recovery estimate summations of

years 1977 through 1995 were then calculated for each initial discovery year.

Natural gas ultimate recovery estiniates in the Texas Gulf Coast Basin have increased
approximately 30 percent (37 Tcf) within the 20-year data-history frame from 1977 through
19p6 (Figure 9). An aggregated growth curve for the total 1,369 fields of the Texas Gulf Coast
- Basin revealed significant URG. The Texas Gulkf Coast Basin had an aggregated cumulative
growth factor (CGF) of 8.28 (Figure ‘30). Natural gas ultimate recovery estimates in East Texas
haye increased approximately 74 perceht (17 Tcf) within the 20-year data-history frame from
19[77 through 1996 (Figure 19). An aggregated growth curve for the total 246 fields of East
Texas revealed significant URG. East Texas had an aggregated cumulative growth factor (CGF)
of|33.5 (Figuré 31). Carthage field alone, discovered in 1936, has shown tremendous URG. Its
ultimate recovery estimate showed a 54-percent growth of 3.7 Tcf from 1977vthrough 1996
(1977 = 6.9 Tcf and 1996 = 10.6 Tcf).

Carthage field’s increase is rather notable because it proves that even when using a
limited, current, 20-year time fréme, we still find significant URG occurring. URG is playing a
dominant role even after the long period since tﬁe older, larger, hatural gas fields were
discovered. Continued URG in the Texas Gulf Coast Basin and East Texas is essentially derived
from (1) younger fields discovered relatively recently and (2) continued growth in older fields.
The CGF curve rises very rapidly in the early years after initial discovery. Afterward, the
curve generally levels off with time as the curve reaches an asymptote. An interesting
observation is that the CGF curve has not yet reached an asymptote in either the Texas Gulf
Cﬁ?ast Basin or East Texas, probably illustrating that more ‘natural gas URG will exist in both
these areas in the future. When the CGF curve is rising, ultimate recoveries from those initial
discovery years are currenﬂy being revised upward. Where the CGF curve ‘is level, upward and

downward revisions are about equal, with no appreciable URG (Marsh, 1971).
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Figure 30. Texas Gulf Coast Basin aggregated natural gas URG.
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Figure 31. East Texas aggregated natural gas URG.
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URG analysis as a factor of time, using cumulative growth factors, showed that plays

‘WX-2, KG-2, KG-4, WX-1, WX-4, VK-1, and KG-1 are experiencing the most growth in the

Texas Gulf Coast Basin (Figure 32). These plays all show URG trends above the aggregated

curve for the 1,369 total fields. These plays also show significant recent growth in terms of 1996

versus 1977 natural gas ultimate recovery ratios. URG analysis as a factor of time, using

cumulative growth factors, revealed the Lower Cretaceous-Jurassic Sandstone (KJ) plays to be

th

experiencing the most growth in East Texas (Figure 33). These plays all show URG trends above

¢ aggregated curve for the total 246 fields. They also show significant recent growth in terms

of|1996 versus 1977 natural gas ultimate recovery ratios.

m

A crucial factor in calculating URG as a factor of time on the basis of the earlier

¢thodology is the percentage change from previous years. Characteristically, the initial

. percentage change is high and rather erratic during the early years of the field, shifting to a more

(1

minor and uniform percentage change in its later years. Some researchers, such as Arrington

D60) and Megill (1989a, 1989b, and 1989c), smoothed out the percentage change from the

previous year by either a best-fit line or subjective smoothing. Moreover, some researchers have

purposely removed the first couple of years of data because of their perceptions that the

percentage changes from the previous year in the earlier life of the field were abnormally high.

m

W

CeLution should be exercised when smoothing out the percentage change from the previous year

because it can make a large difference in final calculations of the growth factors. Studies with

pre pessimistic views on URG potential will exclude data from earlier years or smooth out the

data set for percentage change from the previous year, resulting in lower growth factors.

Previous studies conducted by EIA and USGS concerning URG analysis as a factor of

time fitted growth functions to historical growth factors. EIA used a hyperbolic function,

hereas USGS utilized a least-squares growth function, minimizing a subsequent error function.

Moreover, USGS also utilized a monotone growth function, assuming that older fields will have

a

smaller percentage of growth than younger fields.
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Figure 32. Natural gas URG for major plays of the Texas Gulf Coast Basin.
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Figure 33. Natural gas URG for major plays in East Texas.
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For major natural gas fields discovered in or after 1977, complete ultimate recovery

histories since their initial discoveries exist. Although these more recently discovered fields

make up only a minor percentage of the number of total major fields analyzed in the Texas Gulf

Coast Basin and East Texas, they constitute a major percentage of current natural gas proved

reserves and annual production. Observations of their URG behavior that are based on time

shquld provide valuable insights into the future natural gas resource base in the Texas Gulf

Copst Basin and East Texas.

in

Because complete ultimate recovery histories are available, vintage curves based on

itial discovery year can be derived in terms of AGF’s and CGF’s. Studies using vintage curves

based on discovery year were undertaken ny Davis (1979), National Petroleum Council (1992),

and Energy and Environméntal Analysis, Inc. (1998). All fields discovered in the same discovery

year are first grouped and AGF’s and CGF’s can be calculated directly using equations 1 and 2.

Results of vintage curves based on discovery year are shown in Figures 34 and 35. Years in

which the data set was minimal, in terms of number of fields or years of ultimate recovery

e

yision history, were excluded. As can be seen in this methodology, the number of data

available for analysis proves to be a crucial detrimental factor in current analysis of URG based

on/time. Nevertheless, key observations and trends can be deduced from URG as a function of

di

jaary

scovery year vintage curves. As with the trend established in analysis of natural gas URG as a

function of time for the total major natural gas fields of Texas Gulf Coast Basin and East Texas,

Pt o

S

re

gnificant URG is displayed. It is particularly interesting to note that fields discovered relatively

cently display a significant amount of URG.

Historical URG of the major natural gas fields of the Texas Gulf Coast Basin and East

Texas can also be ahalyzed by field age groups (Figures 36 and 37). For the Texas Gulf Coast

Basin, a large proportion of relatively recently discovered fields contributed a significant amount

of{URG. For East Texas, older fields contributed most of the URG, so URG must be occurring

(¥

ol

gardléss of field age. These findings contradict some prévious views that URG is largely from

der fields, and newer fields show less potential for URG. Another key observation, such as for
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Figure 34. Natural gas URG vintage curves of post-1976 fields in the major plays of the Texas Gulf Coast Basin.
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Figure 35. Natural gas URG vintage curves of post-1976 fields in the major plays of East Texas.
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Figure 36. Natural gas URG by field-age groups in the major plays of the Texas Gulf Coast Basin.
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Figure 37. Natural gas URG by field-age groups in the major plays of East Texas.
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East Texas, is that older fields are still displaying URG, even after several decades since their

initjal discovery, and growth curves for younger fields have not yet reached an asymptote.

L1

MITATIONS OF ULTIMATE RECOVERY GROWTH ANALYSIS AS A FACTOR OF TIME

One of the most important limitations is that the data series available is limited with

respect to time. EIA’s OGIFF data file ’that was used for its analysis covers a period from 1977

through 1996. This is only a 20-year time frame for natural gas ultimate recovery statistics for

thel Texas Gulf Coast Basin and East Texas, which have been producing since 1893 ahd 1916,

respectively. Therefore, for most fields, only mid- to late-stage ultimate recovery statistics are

available. URG patterns are thus deduced from only this fraction of the data available. Previous

data exist only in an aggregated form provided by the API/AGA and are not integrated with each

other. An implicit assumption is made that URG is invariant over time. Therefore, recently

in

digcovered fields are assumed to show URG patterns similar to those of fields discovered earlier

time.

~ Moreover, historical data are affected by reporting practices and field definitions that

haye not been historically consistent. In some instances, a field may be reported to have been

discovered in an earlier year than for when ultimate recovery data actually exist. Correcting the

[

di

[

ey

s
di
m
w

U

scovery year to the year in which actual data exist, as undertaken in the analysis, results in

gnificant variations in URG factors. Caution should also be exercised when assigning a

scovery year to multiple play fields. The field’s discovery year for its reservoirs in one play
ay differ from those included in another play. Discovery years must be adjusted to the year in
hich ultimate recovery data exist for that particular play. Upward and doanard revisions to

RG estimates have been made through time. In some instances, smaller fields have been

merged with a larger field and fields may be combined with each other with the progression of

ti1

me.
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Natural Gas Ultimate Recovery Growth as a Factor of Drilling Activity

Previous studies have calculated URG solely as a factor of time. Analysis of historical
URG, using ultimate recovery by year of initial discovery, assumes that ultimate recovery will
grow only as a function of time, regardless of drilling activity. The use of time for analyzing
URG has a major limitation in that time and effort are not always linearly related. Exploratory
and development efforts are not always continually applied at the field or reservoir level over
time. Other external factors, such as market forces and governmental policies, can modify or
disrupt the amount of exploration and development of a particular field or reservoir. Available
ultimate recovery data cover a broad spectrum of drilling activity, including the “boom” days of
the early 1980’s and the “bust” days of the late 1980’s. Moreover, backdating newly discovered
production and proved reserves to the initial year of field/reservoir discovery results in
exploration and development efforts being improperly credited to the time in which they actually
occur.

Several measures of natural gas exploratoration and development other than time were
considered, such as expenditures for exploration and development, wells drilled, footage drilled,
and producing completions. A comparison of these measures led to the selection of a cumulative
number of producing completions as the most appropriate measure for exploration and
development because a direct measure of probing the Earth’s crust is linearly related to drilling
activity.

Only two previous studies of URG have employed exploration and development
measures other than time as the independent variable. These include exploratory footage since
new-field discovery (Arps and others, 1971) and a functional form of the number of well
completions linked to time (National Petroleum Council, 1992). However, these studies also

utilize aggregated data for analysis on a national level, as has URG analysis as a factor of time.
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WELL-COMPLETION DATA AND ULTIMATE RECOVERY GROWTH ANALYSIS METHODOLOGY

Well-completion data were compiled for the major natural gas plays of the Texas Gulf
Coast Basin and East Texas. Natural gas well-completion data for each play were obtained from
Lasser Inc.’s Texas Production Database (1999). All producing completions within each play
were compiled, along with information such as field, reservoir, county, operator name, lease
name, well number, API number, status code, first production date, last production date,
completion date, cumulative production, well depth, and perforation depth.

Instead of sorting the producing well completions by completion date, we used the first
production date as the primary index because of slight differences between the two in some
instances. When the two differed, the first production date was used because it represented when
actual production was recorded in the designated well completion. In some producing-well
completions, neither a first production date nor a completion date was designated. These
producing-well completions made up less than 5 percent in the majority of plays analyzed and
were excluded in the calculation of natural gas URG as a factor of drilling activity.

The number of producing-well completions in each play was summed on a yearly basis.
Yearly and cumulative producing-well-completion data were matched to the ultimate recovery
data obtained from EIA’s OGIFF data base. All pre-1977 producing-well completions were
summed together with the 1977 annual producing-well-completion data.

Drilling activity results, representative of exploration and development efforts, are best
represented by ultimate recovery estimates. A general relationship between drilling activity and
ultimate recovery is shown in Figure 38. The curve intuitively should go through the origin
because no drilling activity produces no results. Furthermore, the curve for drilling activity and
its ultimate recovery must rise, first steeply, and then more gently. It finally asymptotically
reaches the ultimate resource recoverable as the number of producing-well completions

approaches infinity.
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Figure 38. General relationship between drilling activity and
ultimate recovery (modified from Arps and others, 1971).

91



The ultimate resource recoverable, being a fraction of the resource base, represents all the

respurces that could be recovered if there were no economic limit on the number of well

completions drilled. The resource base concept includes all hydrocarbon resources within a

specified geological area. The resource base represents the sum of annual reserves and

production, the currently unrecoverable content of undiscovered reservoirs, and the total content

of

undiscovered reservoirs, without regard to present or future technological feasibility.

However, long before the ultimate resource recoverable is reached, the economic limit will

prevent further drilling activity. In fact, the slope of the cumulative number of well completions

versus ultimate recovery represents the incremental ultimate recovery per well completion and

ca

co

n be used to determine the economic limit by converting ultimate recovery and well

mpletions to their corresponding dollar values (Arps and others, 1971).

ASSESSMENT OF NATURAL GAS ULTIMATE RECOVERY GROWTH IN THE TEXAS GULF COAST
BASIN AND EAST TEXAS AND ASSOCIATED PLAYS AS A FACTOR OF DRILLING ACTIVITY

In order to quantify and forecast natural gas ultimate growth in the Texas Gulf Coast

Basin and East Texas and associated plays by drilling activity, past trends in exploratory and

de
be
Fi

velopment performance are utilized to delineate current and most likely trends of URG. A plot
tween cumulative producing-well completions and natural gas ultimate recovery, as shown in

cures 39 and 40, is constructed for the total selected natural gas plays of the Texas Gulf Coast

Bgsin and East Texas. An increasing ultimate recovery trend can be correlated with increasing

cu

se
se
lo

na

hulative well completions.

A logarithmic equation, most closely resembling the past performance of all of the total
lected natural gas plays of the Texas Gulf Coast Basin and East Texas, was fitted to the data
ries. The squared correlation coefficient reveals a relatively good fit of the data to the
garithmic equation. This curve can be used to quantify natural gas URG or forecast future

tural gas URG potential extrapolated by increasing the number of cumulative completions
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Figure 39. Cumulative well completions versus natural gas ultimate recovery in the total major plays of the Texas Gulf
Coast Basin.
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Figure 40. Cumulative well completions versus natural gas ultimate recovery in total major plays of East Texas.
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until an economic limit is reached. Well completions will be made until the economic limit,

where the value derived from URG is equal to the cost of incremental well completions.

A general prevailing assumption was that URG would be achieved rather linearly with an

indgreasing number of well completions. However, natural gas URG in the total selected natural

ga

$ plays of the Texas Gulf Coast Basin and East Texas has occurred regardless of the number of

annual well completions. URG is controlled not merely by the number of well completions, but

by|the application and development of advanced exploration and recovery technologies. Fewer

well completions are needed to explore, delineate, and develop as a result of these advanced

€X

ploration and recovery technologies.

YIELD PER EFFORT OF NATURAL GAS PLAYS IN THE TEXAS GULF COAST BASIN
AND EAST TEXAS

iy

a

The traditional view in petroleum economics is that yield per effort (YPE) (referred to

go as finding rate, discovery rate, and exploration efficiency) generally declines as the more
obvious, larger geological features in a play are discovered by earlier drilling, as deeper drilling

increases footage, and as exploration and development targets include more elusive and marginal

reservoirs (Arps and others, 1971). The concept of declining yields per effort has prompted many

Ic

searchers to represent the relationship between yield and effort by an exponential decline

curve. Hubbert (1967) was the first to argue that yield per effort declined monotonically as an

expponential decline function of cumulative drilling because large fields were found early during

in

cQ
€0
de

ar

itial drilling and subsequent drilling targeted smaller and more remote fields.

However, yield per effort is controlled not only by cumulative depletion, but by a
mbination of variables that include technological advancements, the rate of drilling,
onomics, and institutional factors. Analysis of natural gas URG has shown that the exponential
cline in yield per effort for specific plays has been arrested or reversed. Rather than following

| exponential decline curve model, yield per effort may be better expressed in these plays
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through a “technological stretch” model (Fisher, 1994c; Forbes and Zampelli, 1996) (Figure 41).
The “technological stretch” model assumes that technological advancements will shift the yield

per effort function upward, mitigating the progression from larger to smaller fields. The

o

dvantage of this model is that it does not présuppose that cumulative depletion dominates the

(

effect of technology and that it is possible that technology can arrest or reverse the impact of

cumulative depletion on the volume of resources that are ultimately recoverable (Forbes and

N

ampelli, 1996). These plays are assumed to be geologically complex with high degrees of

-t

eservoir heterogeneities that require application of advanced exploration and development

K

echnologies to fully realize their potential.
Several variables can be used to determine yield per effort. Total annual reserve
additions, ultimate discoveries by year of discovery, annual new-field discoveries, area of giant

fields discovered, and number of fields discovered by size class have been historically used as a

[an

neasure of yield. Commonly used variables of effort include total footage, productive

Q

xploratory wells, total exploratory footage, total wells, and cubic mile of sediment drilled. In

=+

his study, yield is expressed as the amount of natural gas ultimate recovery, and effort is

gxpressed as the number of producing-well completions,

YPE = Ultimate recovery /number of producing-well completions.

The number of producing-well completions was selected as a measure of effort because it is not
affected by varying drilling depths, ’whereas ultimate recovery was selected as a variable of yield
lLecause it measures directly the total amount recoverable through well completions.

The average annual yield per effort of the total selected natural gas plays of the Texas
Gulf Coast Basin and East Texas is shown in Figures 42 and 43. However, utilizing cumulative
completions to determine play-by-play average yield per effort trends may mask some of the
more recent trends in natural gas URG in the Texas Gulf Coast Basin and East Texas. Past

completions prior to 1977 are included in the calculation of average annual yield per effort for
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Figure 41. Exponential decline versus “technological
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1995).
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Figure 42. Yield per effort for total major plays of the Texas Gulf Coast Basin.
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Figure 43. Yield per effort for total major plays of East Texas.
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each year from 1977 through 1996. Therefore, average annual yield per effort values are not

truly attributable to each year from 1977 through 1996.

19
of

When considering only the completions made during the time period from 1977 through
g?6, more meaningful play-by-play yield per effort analysis may be obtained. The calculation

yield per effort for this method is simply obtained by dividing the natural gas ultimate

recovery of 1996 minus that of 1977 by the cumulative completions made in 1996 minus that of

19

/7. A major assumption is that URG from 1977 to 1996 is attributable mostly to recent

completions made. Yield per effort relying on only recent data and trends can be achieved by

considering only data from 1977 through 1996. Disaggregating yield per effort by plays in this

method, we find that Wilcox (WX) plays have the greatest yield per effort in the Texas Gulf

Caast Basin (Figure 44). For East Texas, the Jurassic Carbonate (JC) and Lower Cretaceous-

Jurassic Sandstone (KJ) plays have significantly higher yield per effort in recent years as

compared with that of the Trinity Group Carbonate (KC) and Upper Cretaceous Sandstone (KS)

[ety

p

an
ho
wa

p
fu

Tr

ays (Figure 45).

Correlation to Major Geological, Engineering, and Production Parameters

Plays WX-1, WX-2, WX-4, and VK-1 in the Texas Gulf Coast Basin and plays KJ-1, KJ-2,
d KJ-3 in East Texas are ranked as the top plays that have significant current URG and that
Id the greatest future potential both as a factor of time and drilling activity. These plays
irrant further detailed investigation of their major geological, engineering, and production
ameters in order to postulate possible correlations between their significant current URG and
ture potential.

The Wilcox Deltaic Sandstone in the Houston Embayment (WX-1), Lower Wilcox Lobo

end (WX-2), and Wilcox Deltaic Sandstone in the Rio Grande Embayment (WX-4) plays
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Figure 44. Recent yield per effort of major plays in the Texas Gulf Coast Basin.
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Figure 45. Recent yield per effort of major plays in East Texas.
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comprise sediments of the Wilcox Group (Paleocene to lower Eocene), a major natural gas
productive formation and th¢ first major Tertiary progradational episode in the Tertiary System
of the Texas Gulf Coast Basin. This major progradational sequence of terrigenous clastic sediments
is deparated into upper and lower progradational phases by a retrogradational phase in
the/middle of the sequence. Within each of these phases are transgressive-regressive cycles of
deposition of more limited areal extent.

Most Wilcox reservoirs are small and natural-gas prone. Intensive exploration and
- development began in the late 1930’s, and since then the focus has been toward even deeper
reservoirs. Downdip limits of the Wilcox productive sandstones have yet to Be fully determined.
In joutcrop and the shallow subsurface, the Wilcox was deposited primarily in fluvial
enyironments. Downdip, the main Wilcox productive reservoirs were deposited by large deltas
and associated barrier-bar and strandplain systems (Fisher and McGowen, 1967).

The extensive Wilcox growth-fault zone of Syndepositional normal faults, with associated

=y

dip reversals and rollover anticlines, that developed along the unstable Wilcox shelf margin, is
the main structural feature responsible for the formation of major natural gas trapping

mechanisms (Figure 46) (Kosters and others, 1989). Because Wilcox deltaic reservoirs lie in the

Pt

di

shaly sandstones (Dutton and others, 1993). Numerous studies of the Wilcox Group have been

stal parts of delta-front and delta-flank shoreface facies, they are commonly thinly bedded

published (Fisher and McGowen, 1967; O’Brien and Freeman, 1979; Edwards, 1981; Bebout
and others, 1982; Alexander and others, 1985; Garbis and others, 1985; Long, 1986; Loucks and
others, 1986; Robinson and others, 1986; Kosters and others, 1989), as well as numerous
dgcuments submitted to the RRC for designation as tight gas reservoirs.

Play WX-1 is a large natural gas play situated in the middle to upper Texas Gulf Coast
Basin, predominately in RRC District 3. Current production in play WX-1 is from relatively deep
rgservoirs. Major fields of play WX-1 inc;lude Sheridan, Provident City, Katy, Columbus,
Chesterville North, Lake Creek, Cooley, and Milton North. Almost all fields in play WX-1 lie in

the Wilcox growth-fault zone, which extends downdip from the Cretaceous Stuart City shelf
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Figure 46. Regional fault zones of the Cenozoic Texas Gulf Coast Basin (Ewing,
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margin. Traps formed primarily in anticlines and faulted anticlines on the downthrown sides of
growth faults. In a few of the more updip fields, closure occurs against faults, and in the prolific
Katy field, reservoirs are arched over a deep-seated salt structure. Most reservoirs in play WX-1
are deep and have pressures.

Depositional heterogeneities are introduced in play WX-1 reservoirs because of the
differing styles of deltaic deposition that characterize the Wilcox episode in the Houston
Embayment. Distinctive patterns of sandstone distribution and facies assemblages can be found
in reservoirs of play WX-1. The lower Wilcox was deposited by lobate to dip-elongate, fluvially
dominated deltas (Fisher and McGowen, 1967). The main reservoirs in fluvially dominated
deltas are distributary-channel and channel-mouth-bar sandstones updip and thinner but more
widespread delta-front sandstones downdip. In contrast, the upper Wilcox was deposited
primarily by more strike-elongate, wave-dominated deltas (Fisher, 1969), where most sand is
reworked by waves and deposited along the delta-flank shoreface. Possible source rocks of play
WX-1 include prodeltaic mudstone interbedded with the reservoir sandstone, deep-marine
Wilcox mudstone deeply buried downdip from shallow-marine reservoir facies, and underlying
Upper Cretaceous to lower Paleocene marine mudstone.

The lower and upper parts of the Wilcox in play WX-1 are separated by a mudstone-rich
middle Wilcox interval (Bebout and others, 1982). On the southwest margin of play WX-1, a
series of submarine canyons were excavated into the lower Wilcox shelf and slope and were
filled primarily by lower and middle Wilcox fine-grained deep-marine facies (Galloway and
others, 1988). Gas producing zones have been found in isolated sandstones enclosed in canyon-
fill mudstone (Hallettsville, South) and in erosionally truncated, underlying sandstone (Yoakum).
Wilcox slope systems and deep, downdip extensions are potentially productive exploration
targets in play WX-1.

Play WX-2 is a relatively new play in RRC District 4. Major fields of play WX-2 include
Vaquillas Ranch, Laredo, JC Martin, La Perla Ranch, Benavides, McMurrey, and Bashara-

Herford. Play WX-2 has displayed rapid increases in terms of natural gas annual production,
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proved reserves, and estimated ultimate recovery during a relatively short period of time. Natural
gas ultimate recovery has increased severalfold just within the 1977 through 1996 time frame,
directly showing the tremendous natural gas URG occurring within this play. The number of
fields discovered has also increased correspondingly, but most of the major field discoveries
were in the late 1970’s and early 1980’s.

The lower Wilcox is defined as the generally progradational, marine, and transitional
(marginal marine) stratigraphic sequence between the Midway Group below and the middle
Wilcox and Wilcox Shale unit above (Hargis, 1962). The name “Lobo” was introduced by
O’Brien (1975) for the sequence of sandstones in the lower Wilcox in South Laredo field. A
series of lowermost Wilcox deltas prograded across an unstable shelf margin composed of thick,
undercompacted mud in the Midway Group. Gravity sliding and intense faulting of the entire
Lobo section into numerous fault blocks over the Midway muds occurred soon after Lobo
sandstone deposition. This structural activity was followed by a period of erosion that removed
or reworked upper Lobo sands in many of the higher fault blocks. The faulted and erosionally
limited Lobo sands were finally covered by thick middle Wilcox shales, which acted as a major
trapping mechanism (Long, 1986).

The Lobo sandstones consist of progradational delta-front sand derived primarily from a
local fluvial source interbedded with prodelta shales (Fisher and McGowen, 1967; Long, 1986).
However, longshore currents reworking deltaic sands from the northeast could have contributed
to a more wave dominated, shorezone origin for Lobo sands (Xue and Galloway, 1995).
Deposition of as much as 1,500 feet of Midway Shale on a broad, flat shelf preceded the Lobo
sequence.

The Lobo consists of seven sands, generally referred to as the Walker sand and the
Lobo 1 through 6 sands (Figures 47 and 48). The Lobo, including the Walker sand, as well as
some overlying sediments, is called the Lopeno by Bornhauser (1979). The overlying Stray
section is unlike the Lobo section and is rarely productive of hydrocarbons. Claughton (1977)

referred to the Stray section as the upper Lobo, and to the Walker and Lobo sands as the lower
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Figure 47. Lateral extents of the lower Wilcox Lobo productive sandstones (Long, 1986).
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Figure 48. Typical logs from the lower Wilcox Lobo trend showing productive sandstones and unconformities
(Long, 1986).
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bfo. The Lobo 6 (Hirsch) sand is the oldest, the most extensive, and the most consistently thick

111 Lobo sands. The Lobo 4 and 5 sands are thin, poorly recognized, areally restricted, and

generally nonproductive. The Lobo 3 (O’Keefe) sand has a greater lateral distribution than that

of

the Lobo 4 and 5 sands but is the least extensive and thinnest of productive Lobo sands. Like

thel Lobo 4 and 5 sands, the Lobo 2 sand is poorly developed, isolated, thin, and generally

nonproductive. The Lobo 1 (Clark) sand is locally the thickest and most productive of the Lobo

- sands. To the south, the Lobo 1 sand thins in central Zapata County and is called the McMurrey

sand by industry. The Walker sand, the youngest of the Lobo sands, occurs mainly in Webb

County and is very productive (Long, 1986).

The lower Wilcox Lobo sandstones are the major low-permeability natural gas producers

of the Texas Gulf Coast Basin and are formally designated as tight gas sandstones in Webb and

ata Counties. Porosity and permeability ranges of 12 to 25 percent and 0.0003 to 0.5 md.,

respectively, are common for producing sandstones (Robinson and others, 1986). Almost all

Lgbo sandstones must be stimulated by fracture techniques. Typical fracture stimulation

trgatments averaged 101,800 gal of gel and 207,000 1b of proppant. Recently, smaller fracture

treatments and more technologically advanced fracture designs have reflected an effort to

Ie

re

te

4,
sh
d¢

optimize fracture length (Dutton and others, 1993). Lobo reservoirs generally yield little or no

Wﬁlter, producing from gas expansion drive within each fault block (Long, 1986).

The complex configuration of faults and unconformities that compartmentalize Lobo

servoirs, as well as its characteristics of geopressured, tight gas reservoirs, has imparted high

de grees' of reservoir heterogeneity in play WX-2 (Figure 49). These reservoir heterogeneities

quire state-of-the-art reservoir characterization techniques, as well as advanced recovery
chniques, in order to fully recover play WX-2’s natural gas URG potential.

Play WX-4 is a large natural gas play in RRC Districts 1, 2, and 4. Within RRC District
play WX-4 lies primarily in Duval, Zapata, and Webb Counties. Production in play WX-4 has
ifted in the last 20 years from the shallowest upper Wilcox depositional sequence to the

sepest sequences. Major fields of play WX-4 include Tulsita-Wilcox, Bob West, Burnell,
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mpsonville NE, Hagist Ranch, and Seven Sisters East. Play WX-4 is characterized by

growth-faulted, deltaic sandstone reservoirs. Many of the deeper reservoirs are geopressured and

typically have pressure-depletion drives, but the most prolific reservoirs are normally pressured

and have solution-gas and water drives. Isolated areas in the middle Wilcox in Webb County and

thelupper Wilcox in Duval, Jim Hogg, and Starr Counties have been formally designated as tight

gag sandstones by the RRC.

Natural gas reservoirs in play WX-4 appear in a variety of deltaic facies, primarily in the

upper Wilcox. Upper Wilcox wave-dominated delta systems include thick sequences of strike-

aligned delta-front and delta-flank (barrier/strandplain) sandstone (Edwards, 1981), whereas dip-

oriented distributary-channel-fill and channel-mouth-bar sandstone is more prominent in lower

Wilcox fluvial-dominated delta systems (Fisher and McGowen, 1967). Field-scale facies

assemblages, however, are diverse and include channel-fill and crevasse splay sandstone

by
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interbedded with delta-plain mudstone that grades basinward into channel-mouth-bar and delta-

frgnt shoreface sandstone interbedded with prodelta mudstone. Delta abandonment was followed

transgressive reworking and deposition of marine mudstone over sandstone facies. Therefore,
lcox deltaic natural gas reservoirs in the Texas Gulf Coast Basin are typically stratigraphically
mplex and display variable lateral continuities. Abundant prodelta, shelf, and slope mudstones

the deep Wilcox Formation form both source and seals for natural gas reservoirs in play WX-4.

Additionally, the deep Wilcox Formation is overlain and underlain by thick mudstones of the

Reklaw Formation and Midway Group, respectively, which were deposited during regional

nsgressions.

Deep Wilcox natural gas reservoirs in play WX-4 are highly faulted because of
position along an unstable shelf margin. Closely spaced growth faults having thousands of feet
cumulative displacement, and associated stratigraphic thickness and facies changes
aracterize the deep Wilcox Formation. Trapé formed primarily in faulted rollover antiélines on

e downthrown sides of growth faults. Simple fault-plane traps are also common. Unraveling

thee faulting history is critical in positioning wells to penetrate fault blocks that were trapped at
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the time of sand deposition and not later. The vast majority of fields produce from highside
clpsures against down-to-the-coast faults. Even apparently faulted anticlines produce primarily
from the highside closure. There are some rare examples of downside closu<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>