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ABSTRACT

The Upper Cretaceous (Turonian) Wall Creek Member of the Frontier Formation
represents the distal reaches of a progradational clastic wedge that formed in response
to the Sevier orogeny. Following uplift along the Sevier highlands, sediments were
eroded and subsequently transported east and deposited into the Western Interior
Basin (WIB). These deposits have been exploited for oil and gas since the late 19th
century and still represent a prominent target for horizontal exploration in the Rocky
Mountain region. At Salt Creek Field, oil and gas has been produced from the
sandstones of the Frontier Formation for over 100 years from a large, asymmetrical,
anticlinal trap. This study integrates core, wireline log, and 3D seismic data at Salt
Creek Field to characterize the Turonian Wall Creek Member with respect to basin and
field scale depositional processes, structure, and reservoir quality. Furthermore, re-
interpretation of the deeper structure shows greater complexity than previously
understood.

Integration of publically available and unpublished core, wireline log, and 3D
seismic data lead to new interpretations at Salt Creek Field that carry significant
implications for exploration within the intermountain basins of Wyoming and throughout
the Rocky Mountain region: 1) the asymmetrical anticline at Salt Creek Field formed as
a fault-propagation fold induced by the occurrence of multiple (five) hinterland-verging
back thrusts. The multiple backthrusts occurred in response to the eastward verging
thrust that bounds the western margin of the PRB, a Laramide feature. 2) A linear, bar-
like sandbody of coarse-grained, transgressive reworked deposits are observed at Salt
Creek Field and lie between the delta front sandstones of the Upper Wall Creek
Member and the overlying marine Cody Shale. These sandstones form a structurally
enhanced stratigraphic trap and contain above average oil saturation. A similar,
reworked transgressive sandstone is observed at Spearhead Field in the PRB. These
sandstones represent an active target for oil and gas exploration. 3) A geometrically
confined medium-grained sandstone with an erosive base is located at the base of the
Wall Creek Member along a relatively thick southwest-northeast trending depositional



fairway at Salt Creek Field. The fairway of deposition suggests lowstand incision and/or
the presence of syndepositional paleostructural trends associated with basement
lineaments that resulted in accommodation remnants. Similar sandbodies of the Muddy
Sandstone provide excellent reservoirs and are actively explored for in the PRB.



TABLE OF CONTENTS

N R AT A S PP iii
LIST OF FIGURES . ... .ot e et e e e e e e e e e e e e e eeees IX
LIST OF TABLES ... .t e e e e e ennans XViii
ACKNOWLEDGMENTS ... e e e e e e e e eennas XiX
CHAPTER 1 INTRODUCTION ..ottt e e enn e eeees 1
11 OVEBIVIEW ...ttt ettt e e e et e e e e e e e r e e e e e e e e e nannee s 1

1.2 StUAY ODJECHIVES ...t e e e e e e eaanes 2

1.3 Area of INVESHIgatioN ...........ooovviiiiiiii e 2

1.4 Dataset and MethOdsS ...........uiiiiiiiiiiiii e 2

141 COre DaAtal ......uuiiiiiiiiiiiiiiiie e 2

1.4.2  SEISMIC DAl@......uuuuiiiiiiiiiiiiiiiiiiiii e 3

1.43  WellLog Data......ccooviieiiiiiiee e 3

CHAPTER 2 GEOLOGIC BACKGROUND AND REGIONAL FRAMEWORK .............. 5
2.1 Regional Overview and Depositional HisStory .............cccooeeeieii, 5

2.2 Structural FrameworK............oovviiiiiiiiiiiiiiiii 8

2.3 SHALGIAPNY ..ceeeeieiiiieieeee e 11

2.4 Previous WOrK ... 15

2.5 Salt Creek Field..........ooovviiiiiiiiiiiiiiiiiie e 20

2.6 Field History and Current Development ..., 22

2.6.1  Other Productive Horizons at Salt Creek Field ........................ 26

CHAPTER 3 CORE ANALYSIS . .. ee e 29



3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

Core Observation Methodology............eeiiiieeiiiieiiiiiie e 29

3.1.1 Bioturbation and Ichnology ..........cccccevviviiiiiiiiiie e, 31
70t O O T 10 - 1 11 o 33
Key StratigraphiC SUIMacCeS........ccooviieiiiiieiicie e 34
Facies and DeSCrIPLIONS ...........uuiiiiieeeeeeeecs e e 35
3.3.1 Facies 1. Mud rip-up clast dominated sandstone..................... 35

3.3.2 Facies 2: Medium- to coarse-grained convoluted sandstone... 36
3.3.3 Facies 3: Medium- to lower coarse-grained sandstone ........... 37

3.3.4 Facies 4: Very fine- to fine-grained sub-planar cross-
stratified SANAStONE ........ccooeeiiiiiiiie e 38

3.3.5 Facies 5: Calcite-cemented sandstone......c..cocoveeveeveieoieeiennenn.. 39

3.3.6  Facies 6: Very fine- to fine-grained ripple laminated

T2 1016 K53 (0] [ 3R 40
3.3.7 Facies 7: Tier 1 bioturbated sandstone..............ccccccceerviinnnnnnn. 41
3.3.8 Facies 8: Tier 2 bioturbated sandstone with superimposed

ICNNOTADIIC ..o 42
3.3.9 Facies 9a: Heterolithic muddy sandstone...........ccccccccvvvvveeeennnn. 43
3.3.10 Facies 9b: Heterolithic sandy mudstone ............cccccevvvvveeeeenen. 44
3.3.11 Facies 10: MUASIONE .......ccooiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeee 45
Facies DIStrDULIONS ..........uiiiiiiiieee e 46
ICNNOIOQY ... e 48
Sedimentary StIUCIUIES........oiie i i 50
Facies Table.......coooe 51
Key Stratigraphic SUrfaces...........ccovuuiiiiiiiiii e 53
Depositional ENVIFIONMENT ...........iiiiiiiiic e 55
3.9.1 Variations Observed in QUICIOP......cccovvvviiieieiiiiiieeeeiee e 59

vi



3.10 Depositional MOEL............uueiiiiee e 59
3.11  FACIeS ASSOCIALIONS .......uuviiiiiiiieeeieiiiie et e e e 60
3.11.1 Facies Association 1: Prodelta to Offshore...........ccccccviiinnnee. 61
3.11.2 Facies Association 2: Delta Front.........ccccccccvviviiiiiiiiiiiiiiinnnn. 62
3.11.3 Facies Association 3: Reworked Transgressive Deposits ....... 64
3.12  StratigraphiC CorrelationS..............uueuuueeuiiiiiiiiiiiiiiiiiiieei s 65
CHAPTER 4 STRUCTURAL ANALYSIS . ... 69
4.1 Previous Structural Interpretations ... 69
4.2 Updated Seismic Interpretation ...........cccoovvviiiiiiiiiiieeeeeeeeeee 70
4.2.1 Basement-Involved Thrusting .........cccovvvviiiiiiiiiiiiiiiiiiiiiiiieeeeee 74
4.2.2  Structural Interpretation ..........cccooeeeeeiiiiiiiiii e 75
4.2.3 Hinterland-Verging Backthrusts ..........ccccccccviviiiiiiiiiiiiiiiiinnnnn. 78
4.2.4 Dip Angle Mapping ......ccoovviiiiiiiiee e 81
4.2.5 Associated Thrust FEatures........ccccccvvviiiiiiiiiiiiiiiiiiiiiiieieeeeeee 84
4.2.6 Hinge-Perpendicular Extensional Faulting...........cccccccceeeeeeee.. 84
CHAPTER 5 RESERVOIR CHARACTERIZATION .....ciiiii e 86
5.1 RESErvoir QUAIILY........cooeeeeeeeeeeeeeeeeee e 86
5.2 Porosity & Permeability ... 86
5.2.1 Sampling and Data Presentation ...........ccccccvvvreiiiiiiiiiineneneennnn. 86
5.2.2  Overall Permeability and Porosity Distribution......................... 89

5.2.3 Distribution of Permeability and Porosity with Regard to
FaCIES.....coiiiiiiiii 89
5.2.4  Bioturbation and Reservoir Quality ..........cccccevvvviiiiiiiiiiiiinnnnnnn. 93
5.2.,5 Grain Size effect and Reservoir Quality..............ccovviivierinnnnn.n. 93
5.2.6 Measured Depth and Reservoir Quality ............ccceevvevvvniinnnnenn. 94

Vil



5.2.7  Fluid Saturations and Reservoir Quality ............ccccevvvvvvinneeenn. 94

5.2.8 Calcite Cementation effect on Reservoir Quality ..................... 95
5.3 Differentiation between Reservoir Flow Units...........cccccceeveeiiiiiiiinnnee. 101
5.4 Petroleum Potential of Facies ASSOCIatioNsS ............ccccvvevvveeeeeiiiiinnne. 101
5.4.1 Transgressive Reworked Sandstone...........ccccoeeeeeevvevevinnnnnnn. 101
5.4.2 Delta Front SAndStONES ..........ccoovviiiiiiiiiiiiiiiiieeeeeeeeee 107
5.4.3 Observations of Basal Wall Creek Member and Petroleum
IMPLCALIONS. ... 108
CHAPTER 6 CONCLUSION ... e e 115
REFERENCES CITED ...t e e 118

APPENDIX A CORE DESCRIPTION LOGS AND ASSOCIATED DATA AND

STRUCTURAL IMAGES ...t 124

viii



LIST OF FIGURES

Figure1.1 %DVHPDS RI 6DOW &UHHN )LHOG LOOXVWUDWLQJ GDWL

RXWHU OLPLWV RI WKH "VHLVPLF GDWD VHW RXW
&UHHN )LHOG 8QLW RXWOLQHG LQ EOXH DQG GHYHOR
E\ FXUUHQW RSHUDWRU DUH RXWOLQHG LQ EODFN

VKRZQ ZLWK LQMHFWLRQ DQG SURGXFLQJ ZHOO V\PE
FRUH GDWD DUH VKRZQ DV UHG DQG EOXH FLUFOHYV L
J)LHOG VSDQV DSSUR[LPDWHO\ PLOHV ZHVW HDVW I

Figure 2.1 Schematic of prototypical foreland basin system. Deposition of the

Frontier Formation occurred along the forebulge and backbulge
position along the profile (Decelles and Giles, 2004). ...........ccccceeeeeeeeeennnns 7

Figure 2.2 Early late Cretaceous paleo-tectonic map highlighting the location of

subduction of the Farallon Plate beneath the western margin of the

North American Craton. b) Late Turonian (89.8 Ma) paleogeographic

map illustrating the location of the Sevier highlands and the eastern

extent of the North American Plate into the WIB. Figure c) shows the
interpreted facies deposition during Lower Turonian (94-91 Ma). Dark

blue line represents the extent of the maximum Turonian regression.

On each figure, PRB outlined in black and shaded in red. From Blakey
220 1 ) T 7

Figure 2.3 Maps showing the inferred oceanographic circulation patterns in the WIB

during the late Cretaceous. Figure a), counter-clockwise circulation
patterns during large seasonal storms (from Slingerland and Keen,

1999). Figure b) illustrates the same counter-clockwise gyre

circulation during fair weather (from Slingerland et al., 1996). ................... 8

Figure 2.4 Map of Laramide structural uplifts and intermountain basins (blue) of

Wyoming. Salt Creek Field, shaded in red, is located on the western
margin of the PRB in the northwest corner of Natrona County. ............... 10

Figure 25 *HQHUDOL]HG VWUDWLJUDSKLF FROXPQ RI WKH 35% +1

JHQHUDO 35% VWUDWLJUDSKLF FROXPQ UHSUHVHQW
6HD OHYHO FXUYHV DQG GHWDLOHG ZHVWHUQ 35% VYV

.LUVFKEDXP DQG OHUFLHU DIWHU OHUHZHWKHU
&REEDQ HW DO *HQHUDOL]J]HG ZHVW HDVW 35%
DIWHU $QQD *HQHUDOL]J]HG KLHUDUFK\ RI VWUDV

35% VKRZQ WR WKH ULJKW..ILURP.OHOLEN.....13

Figure26 5SHIJLRQDO DJH UHODWLRQVKLSV IRU SDUW RI WKH 8SSH

$SSUR[LPDWH FKURQRVWUDWLJUDSKLF HTXLYDOHQW:'
LQFOXGH WKH *UHHQKRUQ )RUPDWLRQ &DUOLOH 6KD

iX



&UHHN RI QRUWKHDVW :\RPLQJ WKH -XDQD /RSH] &D
*UHHQKRUQ )RUPDWLRQ &RGHOO 6DQGVWRQH %OXH
%ULGJH &UHHN /LPHVWRQH RI VRXWKHDVW &RORUDG!
OH[LFR DQG WKH %OXH +LOO 6KDOH )DLUSRUW &KDC
&UHHN /LPHVWRQH Rl VRXWKHDVW 6RXWK 'DNRWD DQ
JURP OHUHZHWKHU HW.DOoeoeeeeeeeeeeeeeeeeeeeeeeeeeens 14

Figure 2.7 0DS VKRZLQJ UHODWLYH ORFDWLRQ RI 6DOW &UHHN )L
%HOW DQG WKH 35% %DVLQ ERXQGLQJ IHDWXUHV DU

PDUJLQN e 15

Figure 2.8 Generalized section of Salt Creek Field illustrates lithology, age, and
gamma ray response of the stratigraphic column. ..........ccccccceeiiiiiiiinnennn, 21

Figure29 +LVWRULFDO GDLO\ SURGXFWLRQ DW 6DOW &UHHN )LH
VHFRQGDU\ DQG WHUWLDU\ SURGXFWLRQ..SRDPVHV )U

Figure 2.10 % DVHPDS RI 6DOW &UHHN )LHOG LOOXVWUDWLQJ WKH
FRQWDFW LOQOWHUSUHWHG IURP WKH FXUUHQ¥ RSHUD

Figure2.11 $3, JUDYLW\ Rl GLIIHUHQW RLOV SURGXFHG DW 6DOW
RLO SURGXFHG IURP OHVR]RLF RLOV LQ 6DOW &UHHN
WR f OHVR]RLF RLO LV ORZ VXOIXU SDUDIILQLF QD

SDOHR]RLF RLOV UDQJH IURP f LQ WKH ODGLVRQ W
7THQVOHHS IRUPDWLRQ 3DOHR]RLF RLOV FRQWDLQ D
ORZHU $3, JUDYLW\ )URP.BWRQH......ccoooiiis 25

Figure 3.1 % DVHPDS RI 6DOW &UHHN )LHQG.DQG.ERUH.QRFDWLROQ\

Figure3.2 &RUH GHVFULSWLRQ ORJ FUHDWHG LQ (DV\&RUH VRIWZ
GHVFULEHG EDVHG RQ JUDLQ VL]H OLWKRORJ\ VHGL
VWDLQLQJ DQG ELRWXUEDWLRQ )DFLHV IORRGLQJ V
SDUDVHTXHQFHY DUH LQWHUSUHWHG $GGLWLRQDO C
DORQJVLGH FRUH GHVFULSWLRQVY DW DSSURSULDWH
DUH SORWWHG DORQJVLGH WKH ORJ DQG D EDVHPDS
ORFDWHG LQ WKH XSSHU ULJKW FRUQHU RI WKH ILJX!
GHFUHDVLQJ WKLFNQHVYVY RU UHJUHVVLRQDO QDWXUH

) B ettt ettt ettt ettt ettt 30
Figure 3.3 .H\ WR ELRWXUEDWLRQ LQGH[ PRGLILHG IURP 5HLQHFN
*ROGULQJ DQG 7D\ORU HW DO E\ ODF(DFKH!

32

Figure3.4 ,FKQRIDFLHY DQG DVVRFLDWHG LFKQRIDXQD IRXQG IUF
DE\WVVDO JRQH G6HLQADEKHU. .....ccooooiiiiiiiiie 33

Figure 3.5 9DULRXV W\SHV Rl RLO VWDLQLQJ REVHUYHG 3KRWRYV
7KH DEXQGDQW RLO VWDLQLQJ VKRZV D EURZQ FROR

X



EHFRPHV PXFK EULJKWHU XQGHU 89 OLJKW )DLU DQGC
HIKLELWV D OHVV EULJKW FRORU XQGHU 89 OLJKW D
REVHUYHG XQGHU QDWXUDO OLJKW 2LO VWDLQLQJ F
UHVWULFWHG E\ FHPHQWDWLRQ VSORWFK\ FHPHQWD
PXGVWROQH.EHGNM. ., 34

Figure 3.6 Facies 1, 0XG ULS XS FODVW GRPLQDWH.G.V.DQGVRQH
Figure 3.7 ) DFLHVY  OHGLXP WR FRDUVH JUDLQHG.ERQYROXWHG
Figure 3.8 )DFLHY  OHGLXP ORZHU FRDUVH.JUDLQHG.VEBQGVWRQ

Figure 3.9 )DFLHVY /RZHU WR XSSHU ILQH JUDLQHG VXE SODQDU
VD QG VW RQH oot eeeeee et e e st es s ees s 39

Figure 3.10 )DFLHYV &DOFLWH FHPHQWHG.V.DQGV.WR.QH.. 40
Figure 3.11 )DFLHV /IRZHU WR XSSHU ILQH JUDLQHG..UL&SOH ODP
Figure 3.12 )DFLHYV 7LHU ELRWXUEDWHG.VD.QGVWRQHA42
Figure 3.13 Facies 8, Tier 2 bioturbated sandstone with superimposed ichnofabric. .... 43
Figure 3.14 )DFLHVY D +HWHUROLWKLE.RXGG\.V.DQGV.WR.QH
Figure 3.15 )DFLHVY E +HWHUROLWKLFE.V.DQG\.RXGV.WR.QH5
Figure 3.16 )DFLHYV OXGVWRQH. . 46

Figure 3.17 )DFLHVY GLVWULEXWLRQ DFURVY 6DOW &UHHN )LHOG )
GRPLQDQW IDFLHVY SHUFHQWDJH RI HDFK FRUH LQFU
J)DFLHVY LV REVHUYHG LQ WKH QRUWK DQG D JUHDWE
DQG LQ WKH FHQWUD.O..SDUW...RL.WKH.ILHQ.G@G7

Figure 3.18 DO &RUH LPDJHV Rl FRPPRQ LFKQRIDXQD REVHUYHG
OHPEHU DW 6DOW &UHHN JLHOG ,®BGWHIURNER® E XU UR Z
$V 2SKLRPRUBXTHLFKLFREXK\FRVLSERQ
3DOHRSK3DGWROLVWBKRUDQR GONHWQLFREOLWHV
&KRQGUERWHNOQSORFULWHUIRRQVFDOH QRWH WKDW HD
LV DSSUR[LPDWHO\ LQ LQ ZLGWK DQG HDFK SLFWX
ODFDURQLFKQXV EXUURZ QRW VKRZQ FD.Q.49H REVHU

Figure3.19 DQ &RUH SKRWRJUDSKV RI YDULHW\ RI VHGLPHQWDU'
WKH :DOO &UHHN OHPEHU DW..6DOQW..&UHHN.BIHOG

Figure 3.20 QWHUSUHWHG UHJUHVVLYH VXUIDFH RI HURVLRQ DW
OHPEHU LQ FRUH $ DW 6.DOW.&UHHN.)LHOG3

Xi



Figure3.21 , QWHUSUHWHG WUDQVJUHVVLYH VXUIDFH RI HURVLRQ
OHPEHU DQG WKH RYHUO\LQJ &RG\ 6KDOH ,Q FRUH
XQFRQIRUPDEO\ RYHUOD.LQ.E\N..)DELHV................ 56

Figure 3.22 7TULSDUWLWH GHOWD FODVVLILFDWLRQ V\VWHP EHWZH
GRPLQDWHG HQG PHPEHUVY DQG PRGHUQ.H[BPSOHV *

Figure 3.23 &aRQFHSWXDO GHSRVLWLRQDO PRGHO IRU GHSRVLWLR
DW 6DOW &UHHN )LHOG DV\PPHWULFDO GHOWDLF V\\
3ULPDU\ VHGLPHQW VRXUFH LV IURP WKH ZHVW ZLWK
FXUUHQWY SURYLGLQJ VHFRQGDU\ VHGLPHQW VRXUF
EDVH )::% ORFDWHG DW WKH WRH RI WKH GHOWD IU
*UHHQ FRORUV UHSUHVHQW KLQWHUODQG DQG IOXYL
UHSUHVHQWY GHOWD IURQW GHSRVLWLRQ WDQ FROF
GHSRVLWLRQ DQG ZKLWH UHSUHVHQWY GLVWDO VKH(
6LGH YLHZ RI ILJXUH LOOXVWUDWHY SURJUDGDWLRQ|
RI WKH :DOO &UHHN OHPEHU 7KLV ILJXUH UHSUHVHOQ)
VHGLPHQWDWLRQ EXW GRHVY QRW LOOXVWUDWH WKH
VHGLPHQWYV IRXQG DW WKH WRS RI WKH :DOO &UHHN
ORFDOLWLHYV ORGH.O.LV.QRW.WR.V.EDOH....... 60

Figure 3.24 & RUH GHVFULSWLRQV DQG SKRWRJUDSKV RI EDVDO :D
D IURP FRUH $ VKRZV WKH VKDUS EDVHG QDWXUH |
EHWZHHQ )DFLHV RI )$ RI WKH :DOO &UHHN OHPEHU
XQGHUO\LQJ SURGHOWD WR GLVWDO VKHOI IDFLHV R
$ SURYLGHVY DQ H[DPSOH RI D JUDGDWLRQDO WUDQ
DQG WKH XQGHUO\LQJ SURGHOWD..W.R..G.LV.W&O VKHOI

Figure 3.25 & RUH GHVFULSWLRQ ORJ RI FRUH :& DQG FRUH SKRV
LOOXVWUDWLQJ WUDQVJUHVVLYH UHZRUNHG VDQGVW
EHWZHHQ WKH :DOO &UHHN OHPEHU DQG WKH &RG\ 6K
)DFLHV LV QRWDWHG RQ FRUH GHVFULSWLRQ ORJ C
WKH ORFDWLRQ RI WKLV VXUIDFH RQ WKH FRUH SKRW
SODLQ OLJKW DQG ERWWRP WKUHH DUH WKH VDPH IR
OLJKW OLQRU WUDQVJUHVVLYH VXUIDFHV RU UDYLQ
ZLWK ZKLWH DUURZV 3HEEOH ODJV DUH SUHVHQW D\
DUH LQWHUSUHWHG WR EH WUDQVJUHVVLYH SXOVHYV
DEXQGDQW RLO VWDLQLQJ Rl WKH FRDUVH JUDLQHG
FHPHQWHG LQWHUYDO ZKLEK.LV..QRW..RLO.V&®WDLQHG

Figure3.26 $ $f QRUWK VRXWK DORQJ VWULNH VWUDWLJUDSKLF |
WRS RI WKH :DOO &UHHN OHPEHU WKURXJK FRUHV DV
IORRGLQJ VXUIDFHVY DUH GHSLFWHG VHSDUDWLQJ G
SDUDVHTXHQFHY VHSDUDWHG E\ IORRGLQJ VXUIDFHYV
WXUTXRLVH DUH WKH UHZRUNHG WUDQVJUHVVLYH VD
DIRUHPHQWLRQHG VDQGVWRQHY DUH GHPDUFDWHG 1
IURQW IDFLHV E\ D IORRGLQJ VXUIDFH RU D UDYLQHP

Xii



WKH FRUHV ZLWK DQ HURVLRQDO EDVH DUH ODEHOHC
6XUIDFH Rl (URVLRQ &URVV.VMHEWLRQ.MSDQE PL

Figure 4.1 Previous structural interpretations of Salt Creek Field. D :HVW HDVW FURVV
VHFWLRQ E\ ODOORU\ LQ ZKLFK WKH DQWLFOLQH
LQWHUSUHWHG DV D FRQFHQWULF IROG ZKHUH GHIRL
EDVHPHQW JUDQLWH XSZDUG WR WKH RYHUO\LQJ VHC
LQWHUSUHWDWLRQ E\ ODOORU\ VXJJHVWYV QR IDXOW
VHFWLRQ E\ 6WRQH LQ ZKLFK WKH DQWLFOLQH L
EDVHPHQW LQYROYHG WKUXVW JHQHUDWHG IROG )L
WKDW VWHHSHQV XSZDUG LQW.R.MWKH.RYHID\LQJ VH

Figure4.2 7LPH VWUXFWXUH PDS RI 8SSHU &UHWDFHRXV 7XURQLCL
DV\PPHWULFDO GRXEOH SOXQJLQJ QDWXUH RI WKH D
IROG KLQJH WKDW WUHQGY QRUWK VRXWK )LHOG GH
RYHUODLQ LQ OLJKW JUH\ WR LOOXVWUDWH WKHLU U
&RROHU FRORUV UHSUHVHQW GHHSHU VWUXFWXUH D
VKDOORZHU.VWUXEWXUH ..., 72

Figure 4.3 )LJXUH D DQG E LOOXVWUDWH UDZ VHLVPLE OLQHV LC
VKRZ LQWHUSUHWHG YHUVLRQV RI WKH VDPH VHLVPL
WLPHVOLFH ] LQ PDS YLHZ )LJXUH E VKRZV ZHV
OLQH DFURVY 6DOW &UHHN )LHOG %ODFN GRWWHG O
ORFDWLRQ RI LPDJHG LQOLQH DQG WLPHVOLFH ,QWF
VKRZV WKH DV\PPHWULFDO DQG GRXEO\ SOXQJLQJ QI
WLPHVOLFH ] ROGHU -XUDVVLF \HOORZ VWUDW
WKH DQWLFOLQH DQG \RXQJHU &UHWDFHRXV EOXH \
SHULPHWHU RI WKH IROG &XUYLOLQHDU IROG KLQJH
O L Q- Hoe oottt ettt 73

Figure44 DZ ZHVW HDVW VHLVPLF OLQH LQ WLPH DFURVYV 6DOW ¢
IDXOW SODQH UHIOHFWRU..LQ .WKH. . MXEVMXUILDBFH

Figre45 D G HYROXWLRQ RI LQWHUSUHWDWLRQV RQ D ZHVW HI
SDQHOV WDNHQ DW [ YHUWLFDO H[DJJHUDWLRQ DQG
D D 5DZ VHLVPLF OLQH OLJKW EOXH GDVKHG OLQF
KRUL]JRQ LQ 3HWUHO %ODFN WH[W LOOXVWUDWHYV JI
KRULJRQV E VHLVPLF OLQH LOOXVWUDWLQJ LQWHUS
EDFNWKUXVWYV RULJLQDWLQJ LQ 3UHFDPEULDQ EDVH
RYHUOD\V GLIIHUHQWLDWH DJH RI LPDJHG VWUDWD
&UHWDFHRXV VWUDWD DUH VKRZQ LQ EOXH -XUDVVL
LQ \HOORZ 3HQQV\OYDQLDQ DQG &DPEULDQ VWUDWD
DQG XQGLIIHUHQWLDWHG 3UHFDPEULDQ EDVHPHQW U
$QQRWDWHG VHLVPLF OLQH LOOXVWUDWHYV LQWHUSU
QXPEHUV DQG DVVRFLDWHG WKUXVW IHDWXUHV IDXC
VK R U MLE XMoo e e 76

Xiii



Figure46 D F ORGHO RI WKH SURJUHVVLYH GHYHORSPHQW RI D \

SURSDIJDWLRQ IROG IURP 6XSSH DQG OHGZHGHII |

JLIXUH D UHSUHVHQWY HDUOLHVW SKDVH RI PR

VKDOORZ ORZ DQJOH WKUXVW )LIXUHV E DQG F LO(
SURSDIJDWLRQ WKURXJIK.WLPH....cccoooeiiii, 1

Figure47 6NHWFK UHFRQVWUXFWLRQ RI WKH IRUPDWLRQ RI WKH
IRUPHG DV D IDXOW SURSDJDWLRQ IROG UHVXOWLQJ
EDFNWKUXVWLQJ )DXOW SURSDJDWLRQ IROG PRGHO
VHLVPLF LPDJH LQ W.LERH.... LMoo 9ol 78

Figure 48 *HQHUDOL]J]HG PDS VKRZLQJ ORFDWLRQ RI 35% ERXQGL(
KLQWHUODQG YHUJLQJ EDFNWKUXVW WKDW IRUPV 6D
DVVRFLDWHG DQWLFOLQDO ILHOGVY WR WKH VRXWK §
QRUWKZHVW VRXWKHDVW WUHQG LQ D VLPLODU WUH(¢
WKH 3RZGHU SLY.HU.%DMLQ . 80

Figure49 D )LJXUH LOOXVWUDWLQJ DQJOH XVHG IRU GLS DQJOH
DQJOH KHDW PDSV VKRZQ DORQJ HDFK WKXVW SODQF
GLSV RI OHVVHU DQJOH DQG ZDUPHU FRORUV UHSUH\
WKUXVW VKRZV D VLPLODU OLVWULF W\SHG FXUYHG .
WRZDUGV WKH EDVDO GHFROOHPHQW VXUIDFH DQG D
WRZDUGV WKH HYHQWXD.O..ILDXOW.WLS..........82

Figure 410 D 7LPH VWUXFWXUH PDS RQ WRS RI EDVHPHQW &RRO

ORZHU VWUXFWXUH DQG ZDUP FRORUV UHSUHVHQW K
DQRG SHQHWUDWH WKURXJK 3UHFDPEULDQ EDVH

&DPEULDQ DQG VXEVH TMXrd @kngsd G infertd€dwoV
illustrate penetration into the overlying sediments, thus Thrust 3 is
represented by the thickest line. In map view, the general parallel to
sub-parallel nature of the thrusts are depicted along with the
CUNVIlINEAI NATUIE. ...ceeeeiiiiie e e e e e e et e e e e e e eeeeenes 83

Figure411 D 1RUWK VRXWK WLPH VHLVPLF OLQH DFURVV FUHVW
EDVHPHQW WKUXVW SODQHV DUH LQGLFDWHG E\ EOX
SHUSHQGLFXODU QRUPDO IDXOWLQJ RYHU WKH FUHV!
LQGLFDWHG E\ EODFN OLQHV GRZQWKURZQ EORFNV
DUURZV 6HLVPLF OLQH LV VKRZQ ZLWK...[.XY8BUWLFDO

Figure 51 D 'LVWULEXWLRQ RI 5&$% GDWD SRLQWV RI SHUPHDELO
IDELHV Rl WKH :DOO &UHHN OHPEHU DQG E WKH UHOI
SHUFHQWDJHV IRXQG ZLWKLQ WKH.ERUHV..F8QWDLQL

Figure52 D &URVV SORW RI SHUPHDELOLW\ DQG SRURVLW\ ,QGL
FRORUHG E\ IDFLHV 7KH FURVV SORW VKRZV D SRVL)\
SHUPHDELOLW\ DQG SRURVLW\ DQG DD FRWWUHODWLR(
E LQGLYLGXDO IDFLHY DUH SORWWHG DJDLQVW SHU

Xiv



SRLQWY DUH FRORUHG E\ IDFLHVY DQG VKRZ D QHJDW|
IDFLHV QXPEHU DQG SHUPHDELOLW\ )DFLHV DUH UDC
HQHUJ\ WKXV WKH GDWD VXJJHVWV WKDW ORZHU HQ
:bOO &4UHHN OHPEHU FRUUHODWH.ZLWK..ORZHU SHUPH

Figure 5.3 &URVV SORW RI SHUPHDELOLW\ DQG.SRURV.LVE2 IRU LQC

Figure54 &URVYV SORW Rl SHUPHDELOLW\ DQG SRURVLW\ ,QGLYL
E\ IDFLHVY DQG VLIHG E\ ELRWXUEDWLRQ LQGH[ 6PDO
ORZHU ELRWXUEDWLRQ LQGH[ DQG ODUJHU FLUFOHYV
ELRWXUEDWLRQ LQGH[ $ EHVW ILW OLQH VKRZV D SR
SHUPHDELOLW\ DQG SRURVLW\ DQG DQ LQYHUVH UHO
ELRWXUEDWLRQ LQGH[ DQG SHUPHDELOLWIIBQG SRUF

Figure55 D ,QGLYLGXDO IDFLHVY SORWWHG DJDLQVW SRURVLW\
FRORUHG E\ IDFLHVY DQG VL]HG E\ ELRWXUEDWLRQ LQ
UHSUHVHQW ORZHU ELRWXUEDWLRQ LQGH[ DQG ODUJ
ELRWXUEDWLRQ LQGH[] 30RW LOOXVWUDWHY OLWWO
SRURVLW\ DQG ELRWXUEDWLRQ LQGH[ EHWZHHQ WKH
OHPEHU )LJXUH E ,QGLYLGXDO IDFLHV SORWWHG DJ
SORW LOOXVWUDWHY WKH QHIJDWLYH FRUUHODWLRQ
SHUPHD.ELQ.LW. i 96

Figure 5.6 ) Permeability and b) porosity vs grain size plots illustrate a subtle
positive relationship between grain size and porosity and grain size
and permeability. The primary effect of grain size on porosity is
observed between 10 and 20% between upper fine- and coarse-
grained SANUSIONES. .......uuuiiiiiiiiiiiiiiiibibe bbb 97

Figure 57 D 'HSWK YV SHUPHDELOLW\ SORW DQG E GHSWK YV SF
ZLWK SHUPHDELOLW\ DQG SRURVLW\ GDWD 30ORWYV V.
SHMPHDELOLW\ SRURVLW\N.DQG.GHSWK........ 98

Figure58 2LO VDWXUDWLRQ SORWWHG DIJDLQVW SHUPHDELOLW\
,QGLYLGXDO GDWD SRLQWYV DUH FRORUHG E\ IDFLHV
VXEWOH SRVLWLYH FRUUHODWLRQ EHWZHHQ RLO VDV
SHUPHDELOLW\ DQG SRURVLW\ )LIJXUHV F DQG G DU
DERYH ZLWKKROGLQJ RWKHU FRUH DQG RQO\ VKRZLQ
J)DFLHVY LV PRVW SURPLQHQW $ SRVLWLYH FRUUHOD
VDWXUDWLRQ DQG SHUPHDELOLW\ DQG SRURVLW\ LV
FOHDU GLIIHUHQFH LQ SURSHUWLHYV EHW.ZH®Q )DFLH)

Figure 59 &URVV SORW RI EHWZHHQ RLO VDWXUDWLRQ DQG PHDV
SRLQWY DUH FRORUHG E\ FRUH 'DWD LOOXVWUDWHYV
YDOXHV SUHVHQW LQ D ORFDWLRQ VKDOORZHU RQ W
DERYH WKH RULJLQDO..RLO..ZDW.HU..ERQ.W.D.FMO

XV



Figure 510 SHUPHDELOLW\ DQG SRURVLW\ FURVV SORW ,QGLYLG>
E\ IDFLHV /LQHV UHSUHVHQW FRQVWDQW UDWLR EHW
SRURVLW\ DQG GLYLGH WKH SORW LQWR DUHDYV RI VL
VXEPLFURSRUHV WR PHIJDSRUHV )DFLHV DQG )DFI
SULPDULO\ LQ WKH PHVRSRUHV WR PDFURSRUH UDQJ
EHWZHHQ PDFURSRUH DQG PHIJDSRUH UDQJH 7KHVH
WKH DIRUHPHQWLRQHG JURXSV RI IDFLHV ZLOO H[KLE
TXDOLWLHV IURP RQH DQRWKHU :LWK )DFLHV EHLQ.
)DFLHV DQG D QH[W RSWLPDO DQG )DFLBV DQG

Figure 5.11 3BHUPHDELOLW\ DQG SRURVLW\ FURVV SORW ,QGLYLG
E\ IDFLHV /LQHV UHSUHVHQW FRQVWDQW UDWLR EHW
SRURVLW\ DQG GLYLGH WKH SORW LQWR DUHDV RI VL
VXEPLFURSRUHV WR PHJDSRUHV )DFLHV DQG )DF|
SULPDULO\ LQ WKH PHVRSRUHV WR PDFURSRUH UDQJ
EHWZHHQ PDFURSRUH DQG PHJDSRUH UDQJH 7KHVH
WKH DIRUHPHQWLRQHG JURXSV RI IDFLHV ZLOO H[KLE
TXDOLWLHV IURP RQH DQRWKHU :LWK )DFLHV EHLQ.
)DFLHVY DQG D QH[W RSWLPDO DQG )DFLMV DQG

Figure 5.12 7TUDQVJUHVVLYH UHZRUNHG VDQGVWRQH )$ LVREKRL
OLQHDU VDQGVWRQH LV WKLFNHVW LQ WKH FHQWHU
GLUHEMLRQ oottt ettt es s s s 105

Figure 513 6WUXFWXUH FRQWRXU DQG QHW SRURVLW\ LVRFKRUH
5DQFK )LHOG &RQYHUVH &RXQW\ :\RPLQJ IURP /DQJ
OLQHDU IHDWXUH UHSUHVHQWY UHZRUNHG IDFLHV IR
JURQWLHU )RUPDWLRQ DW 6SHDUKHDG.5DQI& )LHOG

Figure 514 D ,VRFKRUH PDS Rl WKH :DOO &UHHN OHPEHU DW 6DO
LVRFKRUH PDS IURP WKH :DOO &UHHN OHPEHU WR %H
QDPH®%HQWRQLWH 7KH FXUYLOLQHDU EDQG RI WKL
WKH ZHVWHUQ PDUJLQ RI WKH ILHOG ERXQGDU\ WKDV
DQWLFOLQH LV LQWHUSUHWHG WR EH DQ DUWLILFLDC
D QW LEQ.LQH oottt eeeee e eeees e e e 111

Figure5.15 2LO DQG JDV PDS RI WKH 35% VKRZLQJ WKH PDMRU HO
EDVLQ WKH ORFDWLRQ RI ILHOGY DQG GLVWULEXWLF
%& %HOO &UHHN 65 6SULQJHQ 5DQFK 5= 5R]JHW 6&&
&UHHN *% *RVH %XWWH )& )LGGOHU &UHHN &7 &0OD
3% 3DUNPDQ %DNHU %+& %LIJKRUQ &XVWHU %' %XIID
%% %ODFN %XWWH /& /LIJIKWHQLQJ &UHHN.1JPRP 0DU\

Figure 5.16 B-% ] 1RUWKZHVW VRXWKHDVW FURVV VHFWLRQ WKUR:
IDLUZD\ IRU WKH :DOO &UHHN OHPEHU 7KH :DOO &UHI
OLJKW EOXH WKLFNHQV WRZDUGV W%H W RIYHWVHD Q G

XVi



Figure 5.17 Core description logs and associated data overlain with lines pointing to
location on isochore map. Cores A881, C937, and D757 appear to
have fining upward sandbody with sharp basal contact. GR signature
of C937, which is along the margin of the thick fairway suggests a
slightly thinner sandbody but of similar characteristics and slightly less
sharp basal contact but more sharp than observed in cores A362 and
20RWC2 outside of the fairway. Cores A 362 and 20RWC2 show a

gradational base and similar GR and log characteristicS ....................... 114
Figure A.1 Core Description Log and Associated Data: A362. Core =log *1............ 125
Figure A.2 Core Description Log and Associated Data: 03WC2 ..........cccccvvvvvvviiinnennnn. 126
Figure A.3 Core Description Log and Associated Data: 20RWC2...........cccceeveeeeeeeennns 127
Figure A.4 Core Description Log and Associated Data: A518. Core = log + 1. ........... 128
Figure A.5 Core Description Log and Associated Data: A881...........cccccccceeeeeeeeeeeeennns 129
Figure A.6 Core Description Log and Associated Data: C937. Core =log + 1............ 130
Figure A.7 Core Description Log and Associated data: D757. ..........ccccveeeiiieeeeeeennns 131
Figure A.8 Obligue view of thrust fault planes at Salt Creek Field..........ccccccccvvvvrennen. 132

Xvii



LIST OF TABLES

Table 3.1 FACIES TaADIE. ... e e e e eaas 52

Table5.1 'LVWULEXWLRQ RI 5&4%$ GDWD SRLQWYVY DYHUDJH DQG UI
SRURVLW\ ZLWKLQ.HDEK.IDELHV......cooooeee e, 87

Table A.1 Table of core data used in StUdY. ........cooouuiiiiiiiii i 124

Xvili



ACKNOWLEDGMENTS

Mother and Father
Brother and Kristen
Omi

Dr. Sonnenberg

Dr. Donna Anderson
Dr. Mary Carr

Dr. Gus Gustason
Andrew Heger

Fellow AAPG Officers

Consortium peers and other fellow students

XiX



CHAPTER 1

INTRODUCTION

1.1 Overview

The Upper Cretaceous (Turonian) Wall Creek Member of the Frontier Formation
represents the distal reaches of a progradational clastic wedge that formed in response
to the Sevier orogeny. Following uplift along the Sevier highlands, sediments were
eroded and subsequently transported east and deposited into the Western Interior
Basin (WIB). These deposits have been exploited for oil and gas since the late 19th
century and still represent a prominent target for horizontal exploration in the Rocky
Mountain region. At Salt Creek Field, oil and gas has been produced from the
sandstones of the Frontier Formation for over 100 years from a large, asymmetrical,
anticlinal trap.

Successful economic exploitation of oil and gas resources enabled by
unconventional drilling techniques has warranted increased interest in the Frontier
Formation in recent years. This study integrates publicly available data with previously
unpublished core, wireline log, and 3D seismic data at Salt Creek Field in order to
characterize the Turonian Wall Creek Member with respect to basin and field scale
depositional processes, structure, and reservoir quality. Detailed analysis of the
aforementioned data provides a greater understanding of these elements within the
Wall Creek Member and the major influencing factors therein. Additionally, the deeper

structure through Precambrian basement rock is interpreted. The findings of this study



carry significant implications for exploration within the intermountain basins of Wyoming

and throughout the Rocky Mountain region.

1.2 Study Objectives

This goal of this study is to observe the following subsurface data at Salt Creek
Field: core, wireline log, and seismic data to characterize the Wall Creek Member in
order to 1) interpret depositional processes and influencing factors; 2) document spatial
and temporal facies relationships 3) document the stratigraphical hierarchy of surfaces
and their impact on reservoir characteristics; 4) interpret the deeper structure at Salt
Creek Field and 5) describe reservoir properties and their relationships to facies and

depositional processes in the Wall Creek Member.

1.3 Area of Investigation

Salt Creek Field is located on the western margin of the PRB in northeastern
Natrona County at the convergence of four townships (T40N R79W, T40N R78W, T39N
R79W & T39N R78W) and is situated along a structural transition between the PRB on
the east and the Casper Arch on the west. The field area covers approximately 22,000

acres, spanning 9 miles north-south and greater than 5 miles west-east.

1.4 Dataset and Methods
This study integrates core, seismic, and well log data to characterize the geology

at Salt Creek Field (Figure 1.1). The following section discusses these data.

1.4.1 Core Data

Data for eight cores of the Wall Creek Member at Salt Creek Field were used.

Cores are described in detail and logged alongside available data and observations



using EasyCore Software. Facies were identified based on lithology, grain size,
sedimentary structures, ichnology, bed to bed contacts, cementation and oil staining.
Facies are described and ordered from interpreted highest to lowest energy based on
but not limited to lithology, grain size, sedimentary structures and ichnology. When
publically available, routine core analysis (RCA) data were integrated in order to
supplement facies description and understanding. Furthermore, key stratigraphic
surfaces were identified to help constrain the stratigraphic architecture and depositional
sequences at field scale at Salt Creek Field.

Core descriptions, interpretations, and associated data were plotted to observe
relationships amongst different variables. Finally, the data was exported to Spotfire
software in order to illustrate relationships between variables in the Wall Creek Member

and reservoir quality at facies scale.

1.4.2 Seismic Data

A processed, time migrated 3D seismic data set acquired at Salt Creek Field by
Anadarko Petroleum Company in 2004 was granted by the current field operator, Fleur
De Lis Energy (FDL) (Figure 1.1). Seismic data were used to interpret the overall

structure at Salt Creek Field from surface through deep basement rock.

1.4.3 Well Log Data
967 wells within the data limits, provided by IHS Software were used to map total

thickness of the Wall Creek Member and observe thickness trends between underlying
bentonite beds (Figure 1.1). The primary log suites available included a gamma ray
(GR) log, spontaneous potential (SP) and/or a resistivity log. A number of wells in close

proximity to core data were digitized to aid internal Wall Creek Member correlations.
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CHAPTER 2

GEOLOGIC BACKGROUND AND REGIONAL FRAMEWORK

2.1 Regional Overview and Depositional History

Located in eastern Wyoming and southeastern Montana, the PRB represents a
Laramide structural feature with origins related to early middle Paleocene (Ayers, 1986).
In the years preceding Laramide deformation, this geographic region was occupied by a
large composite foreland basin (Figure 2.1) known as the Western Interior Basin (WIB).
The WIB spanned a distance of over 600 mi (~1,000 km) east-west and 3,000 mi
(>5,000 km) north-south. Formation of the WIB initiated during the Late Jurassic with
emplacement of Sevier orogenic thrust sheets in response to collision and subsequent
subduction of the Farallon plate beneath the western margin of the North American
Plate (Kauffman and Caldwell, 1993). Inundation of the North American continent began
during the Barremian-Aptian when the north-situated Boreal Sea and south-situated
Tethys Ocean waters were joined for the first time during latest Albian (Kauffman, 1985;
Kauffman and Caldwell, 1993; Decelles, 2004). During the Sevier orogeny, a north-
south trending uplift known as the Sevier Highlands located on a western landmass,
sourced sediment deposition into the WIB while concurrent flexural subsidence
continued until approximately 75 Ma during the onset of the Laramide orogeny
(Kauffman, 1977) (Figure 2.2a). Sevier highlands and associated uplifts represent the
provenance of the Cenomanian to early Turonian Frontier Formation which was
deposited as an eastward prograding clastic wedge that thickens in a south-southeast

trend (Bartram, 1937). The Notom, Vernal, and Ferron deltas represent



contemporaneous systems deposited along the western margin of the WIB in
association with the influx of sediments from the Sevier highlands into the WIB
(Bhattacharya and MacEachern, 2009). Deposition occurred during rising eustatic sea
level and the Frontier Formation sandstones represent relatively short-lived regressive
pulses of sedimentation (Kauffman, 1977). The furthest eastward extent of the Turonian
regression stretched nearly to the eastern boundary of modern day Wyoming (Figure
2.2b). Sedimentation rates ranged from 0.08 in/1,000 years to nearly 12 in/1,000 years
(Mereweather et al, 1996). Paleogeographic reconstructions suggest that the WIB
consisted of a complex shoreline morphology comprising deltas, shorelines, and tide
dominated embayments (Gani and Bhattacharya, 2007; Vakarelov et. al, 2012; Ahmed
et. al., 2014). This complex shoreline morphology can be attributed to three
mechanisms (Zupanic, 2017): 1) massive counter clockwise gyre systems that resulted
in a strong southerly current along the western margin of the WIB (Slingerland and
Keen, 1999; Figure 3), 2) the frequent occurrence of large storm systems resulting in
enhanced southerly flows and offshore directed rip-currents (Winn, 1991) and 3)
progradation of fluvial systems, commonly associated with base-level fall, which
resulted in coastline protrusions and protected areas that would be more susceptible to
tidal-influence (Slingerland et. al., 1996; Longhitano and Steel, 2016).

Continued flexural subsidence and resulting sediment deposition occurred in the
WIB until approximately 80 Ma during the onset of the Laramide orogeny. The Laramide
orogeny began around ~75 Ma and lasted until approximately ~35 Ma. Laramide
deformation produced extensive structural deformation of basement and crustal

sediment and is responsible for the partitioning of numerous intermountain basins in



Wyoming and bordering states of the Rocky Mountain Region (White et al., 2002;

Decelles, 2004; Liu et al., 2014).

Foreland basin system

Orogenic wedge

Topographic front Wedge top Foredeep Forebulge Backbulge

= Craton
Progressive

Triangle zone  unconformities

Passive margin megasequence

Figure 2.1 Schematic of prototypical foreland basin system. Deposition of the Frontier
Formation occurred along the forebulge and backbulge position along the profile
(Decelles and Giles, 2004).

EARLY LATE 2\
CRETACEOUS

Figure 2.2 Early late Cretaceous paleo-tectonic map highlighting the location of
subduction of the Farallon Plate beneath the western margin of the North American
Craton. b) Late Turonian (89.8 Ma) paleogeographic map illustrating the location of the
Sevier highlands and the eastern extent of the North American Plate into the WIB.
Figure c) shows the interpreted facies deposition during Lower Turonian (94-91 Ma).
Dark blue line represents the extent of the maximum Turonian regression. On each
figure, PRB outlined in black and shaded in red. From Blakey (2016).
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Figure 2.3 Maps showing the inferred oceanographic circulation patterns in the WIB
during the late Cretaceous. Figure a), counter-clockwise circulation patterns during
large seasonal storms (from Slingerland and Keen, 1999). Figure b) illustrates the same
counter-clockwise gyre circulation during fair weather (from Slingerland et al., 1996).

2.2 Structural Framework

Among the intermountain basins, the PRB covers approximately 34,000 mi?
(8,800 km?) and stretches from southern Natrona and Converse Counties of Wyoming
into Powder River and Bighorn counties of Montana (Figure 2.4). The PRB is bound

structurally to the west by the Big Horn Mountains and the Casper Arch, to the south by
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the Laramie Range and to the east by the Black Hills Uplift. Steeply, near vertical
dipping strata characterize the western flank and more gently-dipping beds along the
eastern margin. The PRB axis lies west of center and trends north-northwest to south-
southeast. The PRB consists of Paleozoic through tertiary strata that overly the
basement rock. Deepest Paleozoic strata reach basement rock at 17,000 ft below the
surface, highlighting the intense structural relief of the basin of approximately 20,000 ft.
Major Paleozoic producing units within the basin are the Tensleep Sandstone and the
Minnelusa Formations. Cretaceous hydrocarbon reservoirs consist of the Muddy,
Frontier, Turner, Shannon, Sussex, Parkman and Teapot Sandstones. The Mowry and
Niobrara Formations have emerged as resource plays of late and are considered to be
the source beds for the petroleum found in the sandstone reservoirs within the basin.
The aforementioned sandstones have garnered increased interest of late due to their
potential as tight oil and halo reservoirs.

Along the western margin of the PRB in western Converse county and Eastern
Natrona county, smaller, subparallel northwest-southeast trending structural fields have
produced oil from Pennsylvanian through Cretaceous strata since the early 20th
century. These fields include Salt Creek Field, Teapot Dome, Cole Creek, and Sage

Spring Creek.
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Figure 2.4 Map of Laramide structural uplifts and intermountain basins (blue) of Wyoming. Salt Creek Field, shaded in red,
is located on the western margin of the PRB in the northwest corner of Natrona County.
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2.3 Stratigraphy

Rocks of the late Albian-Lower Campanian in southern PRB area comprise
marine shales, siltstones, sandstones, chalks, and limestones. Numerous marine
transgressions and regressions associated with relative sea-level fluctuations and
sediment supply resulted in lateral shifts in depositional environment during this time.
The result of this is an intertonguing relationship between marine-derived sediments
and continental sediments (Weimer, 1985). The Frontier Formation is a great example
of this, as several marginal marine sandstone tongues are encased in marine
mudstones.

The Frontier Formation lies stratigraphically above the Mowry Shale at the
contact with the Clay Spur Bentonite. Overlying the Frontier Formation is the Cody
Shale, and locally the Carlile Shale (Figure 2.5). Deposition of the Frontier Formation
occurred as sediments were shed and transported east from the Sevier highlands into
the WIB via fluvial processes. These deposits represent the distal reaches of a west-
east prograding clastic wedge (Merewether et al., 1979). The Frontier Formation is
characterized by stacked, upward coarsening sequences of mudstones to medium-
grained sandstones, the overall unit comprises bentonites, shales, siltstones and
sandstones. In general, the Frontier Formation consists of three sandstone members
encased in mudstone intervals (Merewether et. al., 1979), the nomenclature of these
sandstones, from oldest to youngest are the Belle Fourche Member, the Emigrant Gap
Member, and the Wall Creek Member. An unconformity lies between the Emigrant Gap
and Wall Creek Members and is a wave ravinement surface (Kirschbaum & Mercier,

2013). The Wall Creek Member eventually onlaps the unconformity or the Emigrant Gap
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Member as the unit backsteps into western Wyoming (Curry, 1979). A generalized
hierarchy of stratigraphic cycles of the PRB from 2" to 6" order can be observed in
Figure 2.5.

Ammonites present and preservation of bentonite beds within and bounding the
Frontier Formation allow for extensive age dating. Calycoceras gilberti and Scaphites
nigricollensis ammonite zones constrain the Frontier Formation at the top and base
respectively (Merewether et al., 2007) and therefore place the age of the Frontier
Formation within the Cenomanian and Turonian stages of the Upper Cretaceous (97-
89.45 Ma ). Thus, a total time for deposition of approximately 7.5 Ma. Conlinoceras
tarrantense (95.73 + 0.61 Ma) and Vascoceras birchbyi (93.48 + 0.58 Ma) ammonite
zones constrain the Belle Fourche member; Prionocyclus hyatti (92.46 + 0.58 Ma) and
Prionocyclus macombi (90.21 + 0.54 Ma) constrain the Emigrant Gap member; and
Prionocyclus macombi and Scaphites preventricosus (88.55 £ 0.59 Ma) constrain the
Wall Creek member (Cobban et. al., 2006; Kirschbaum and Mercier, 2013). The
regionally correlative Clay Spur Bentonite found at the base of the Frontier Formation is
dated at 97.17 Ma (Merewether et al., 2007) and thus constrains Frontier Formation
maximum age.

Approximate chronostratigraphic equivalents of the Frontier Formation include
the Greenhorn Formation, Carlile Shale, Turner, and Pool Creek of northeast Wyoming;
the Juana Lopez, Carlile Shale, Greenhorn Formation, Codell Sandstone, Blue Hill
Shale, and the Bridge Creek Limestone of southeast Colorado and northeast New
Mexico; and the Blue Hill Shale, Fairport Chalky Shale, and Bridge Creek Limestone of

southeast South Dakota and northeast Nebraska (Merewether et al., 2007; Figure 2.6).
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2.4 Previous Work

Substantial work has been completed by past researchers on the Frontier

Formation outcrop belt located near Kaycee, Wyoming in order to observe and define

the geologic characteristics of the Wall Creek Member of the Frontier Formation (Figure

2.7). Furthermore, preliminary interpretations have been made on the structural nature

of the anticline that forms Salt Creek Field. However, thorough imaging and

interpretations of the structure using 3D seismic data have not been published in the

literature. The following section summarizes the existing publications relevant to this

study and summarizes the key conclusions drawn from each.
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No single depositional model has been applied to the sandstones of the Frontier
Formation. Rather, a number of different researchers have used outcrop and
subsurface observations to characterize the depositional system with regard to its major
influencing factors and deposition controls. These studies have resulted in different
depositional interpretations. However, most of the work completed on outcrop data have
an overarching synonymous theme of marginal marine environments subjected to
varying influence.

From WKH ODWH fV WR SUHVHQW GD\ H[WHQVLYH ZRUN
Frontier Formation, including the Wall Creek Member and the Belle Frouche Member.
The most recent interpretation of the Frontier Formation depositional environment is a
top-truncated mixed-influenced lowstand delta system (Bergman, 1994; Bhattacharya
and Willis, 2001; Martinsen, 2003; Sadeque, 2006; Rhodes, 2015).

Weimer et al. (1983) identified the Wall Creek Member sandstones at Salt Creek
Field as shallow marine shelf deposits consisting of three primary facies or process-
controlled genetic units. These units included central bar, bar margin, and shelf.
Approximately 120 ft of core from the Amoco #22 WC-1 NW25 well located in east
central Salt Creek Field were used for this study. Authors noted that reservoir facies in
the Amoco #22 well had an average porosity of 17.8%, average permeability of 12.4
millidarcies (mD), and an average net thickness of 71 ft.

Winn (1991) completed a regional sedimentary and stratigraphic analysis of the
Wall Creek Member in the PRB using outcrop, core and well-log data to illustrate a
depositional scenario for the Wall Creek Member and Turner Member Sandstones.

Winn (1991) concluded that the Wall Creek Member, coeval Turner Member, and Carlile
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Shale were deposited as part of a late Turonian to Coniacian transgressive systems
tract above an approximately 90 Ma erosional surface formed during a lowstand. Winn
(1991) interpreted the Wall Creek Member as shelf sand sheet deposits and presented
a depositional scenario by which clastic sediment was eroded and transported by fluvial
processes from the Sevier orogenic highlands eastward to a coastal distributary system
positioned along the western margin of the WIB. Sediments were subsequently
transported eastward to the shelf by winter storm systems and storm-generated
currents.

Gani and Bhattacharya (2007) studied the Wall Creek Member at the Raptor
Ridge outcrop locality, also known as the Raptor Delta, to develop an architectural-
elemental model for the open-marine deltaic deposit. The purpose of the study was to
examine the relationship between external geometry and internal facies composition by
paleogeographic reconstruction of the system. The Wall Creek Member crops out at the
Raptor Ridge location along the southern edge of the Frontier Outcrop Belt (Figure 2.7),
approximately 30 mi west of Salt Creek Field. Gani and Bhattacharya (2007) suggest
that the process based tripartite deltaic classification system established by Galloway
(1975) is applicable and quite useful. However, its development which was based
largely on present-day fluvial, wave, and tidal regimes and the variable plan-view shape
of deltas observed from aerial photos or coastline maps lacked key information on
facies variability within such deltaic systems. Perhaps consequently, few studies have
been completed on modern deltaic systems to demonstrate variability in lateral facies
architecture. Gani and Bhattacharya (2007) identified six architectural elements or basic

deltaic building blocks within the prodelta and delta front deposits: prodelta fines, frontal
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splay, channel, storm sheet, tidally modulated deposit, and bar accretion. Noting that
the building phases of the Raptor Delta were likely seasonal to decadal river floods
which produced the channel, frontal splay and bar accretion deposits. The delta
experienced intervening periods in which wave, storm, and tidal reworking produced
storm sheet and tidally modulated deposits. Gani and Bhattacharya (2007) found that
the Raptor Delta showed a lobate geometry containing a gentle shore parallel trend
suggesting wave-influence and that the relationship between the smooth inferred plan-
form morphology vs the internal facies complexity at Raptor Ridge raised concern
towards the basic assumptions of tripartite classification for deltaic systems. Gani and
Bhattacharya (2007) concluded that only a detailed architectural facies analysis could
reveal the complex interactions between delta building processes and thus classified
WKH 5DSWRU "HoMWQD XM QPFHGES LQ RUGHU WR LOOXVWUDWH LV
Lee et al. (2007) used ground-penetrating radar (GPR) in a study completed in
companion with the aforementioned article by Gani and Bhattacharya (2007). Lee et al.
(2007) delineated 3D architectural elements and examined the evolution of the Wall
Creek Member of the Frontier Formation at the Raptor Ridge locality. Their study
integrated GPR, outcrop, photomosaic, core and GPS data. Three primary architectural
elements within the delta front deposits were identfied: mouth bars, shallow delta-slope
channels, and tidally-modulated bars. Additionally, Lee et al. (2007) recognized the
presence of two laterally-overlapping deltaic lobes within the study area. Lee et al.
(2007) concluded that the overlapping lobes represented autocyclic delta switching.
Sadeque et al. (2006) applied physical sedimentology in conjunction with

ichnology to differentiate amalgamated parasequences in the Wall Creek Member at
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Salt Creek Field and along western margin of the PRB. Sedaque et al. (2006) noted that
the Wall Creek Member at Salt Creek Field superficially resembles an incised valley in
gamma-ray log signature and an undifferentiated sand body in core, which contrast
interpretations from the Frontier Outcrop Belt (Winn, 1991; Gani & Bhattacharya, 2007;
Lee et al., 2007 etc.). The study concluded that the Wall Creek Member at Salt Creek
Field has no genetic or scale difference with the deltaic parasequences separated by
distinct prodelta shales observed in outcrop. Sedaque et al. (2006) divided the Wall
Creek Member at Salt Creek Field into five individual parasequences and interpreted
each to be comprised of delta front deposits and poorly preserved prodelta deposits
absent of delta-plain or paralic deposits.

Nyman et al., (2014) evaluated the origin and distribution of larger calcite
concretions in the Wall Creek Member at the Raptor Ridge Outcrop. Using petrography,
understanding of diagenesis, and geochemistry in conjunction with 3D ground
penetrating radar and borehole data, Nyman et al. (2014) made several key
conclusions: 1) Calcite concretions in the Wall Creek Member range from 2 to 18 ft in
length and 7 in. to 2 ft. in height. Concretions fill up 15% of the sandstone volume and
most commonly occur as non-uniformly distributed concretions that typically cement the
most permeable facies first; 2) carbonaceous mud clasts and organic matter represent
nucleation sites for observed calcite concretions; and 3) concretions impede fluid flow
and result in significant fingering.

Rhodes (2015) utilized outcrop and subsurface log data to interpret the variability
in the depositional history of the Wall Creek Member of the Frontier Formation in the

PRB. Rhodes concluded that the Frontier Formation depositional environment cannot
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be explained as solely deltaic, and that the Wall Creek Member represents a host of
depositional environments that together represent a complex wave-dominated
depositional system.

Subsurface analysis of basement-involved structures throughout the Rocky
Mountain foreland province has revealed that significant anticlinal folding of
Phanerozoic rocks are primarily associated with basement faulting (Stone, 2006), thus
suggesting a causal relationship between basement-fault propagation and fold
generation in the Phanerozoic cover. Stone (2006) integrated well-log control with
surface geologic mapping to present a west-east structural cross section sketch through
the middle of Salt Creek Field, and displayed the top-of-basement geometry. Stone
(2006) incorporated the kinematic and geometric constraints developed from studies of
numerous similar foreland fault-related anticlines where interpretations are based on a
complete suite of good-quality subsurface data, especially seismic reflection data. The
interpretation by Stone (2006) was significant in that it offered a new interpretation
involving thrust faulting beneath Salt Creek Field, the likes of which opposed the
previous interpretation of basement-involved folding (Mallory, 1949) and had not yet

been published in the literature.

2.5 Salt Creek Field

Situated on the eastern Casper Arch along the western margin of the PRB
(Figure 2.7), Salt Creek Field represents the largest oil and gas field in Wyoming and
the 39" largest in the lower 48 when measured by its cumulative barrels of oil
equivalent (EIA, 2015). The trapping mechanism at Salt Creek Field is an asymmetrical

anticline structural trap that formed in response to Laramide deformation and provides
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four-way closure. The overlying Cody Shale provides a top seal for the reservoirs of Salt
Creek Field (Fleur De Lis, 2014). The Frontier Formation at Salt Creek Field consists of
three sandstone members: Wall Creek 1, Wall Creek 2 and Wall Creek 3 (Figure 2.8).
For the duration of this paper, the Wall Creek 1, First Wall Creek, and Wall Creek
Member may be used interchangeably. Nomenclature alterations of the same format

apply to the Wall Creek 2 throughout literature and are hereby used interchangeably.
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Figure 2.8 Generalized section of Salt Creek Field illustrates lithology, age, and gamma
ray response of the stratigraphic column.
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2.6  Field History and Current Development

Oil production at Salt Creek Field began in 1889 when P.M. (Mark) Shannon of
the Pennsylvanian Oil and Gas Co. completed the first producing well in the Shannon oll
pool. The first oil gusher (Dutch No. 1) was drilled by Dutch Petroleum in October of
1908 (Roberts, 1956) and produced oil from the Wall Creek 1 oil pool. It is estimated
that approximately 800,000 MMBO of oil equivalent (oil and associated gas) has been
recovered from the field (EIA, 2015). Early drilling at the Salt Creek Field area was
predicated upon oil seeps from the Upper Cretaceous Shannon Sandstone which
encircles the Frontier Formation and the anticline at the surface. Shallowest production
in the field has been taken from sandy lenses in the Pierre shale at depths of 400 to
1,000 ft in the subsurface. Primary production is taken from the First and Second Wall
Creek of the Frontier Formation. Other productive horizons at Salt Creek Field include
the Cretaceous Steele Shale; Lakota Sandstone and Shale; the Jurassic Morrison
Sandstone, the First, Second, and Third sandstones of the Sundance Formation; and
the Tensleep Sandstone of the Pennsylvanian (Figure 2.8) (Obert and Mather, 1999).
Stone (1993) noted several unusual geologic conditions found at Salt Creek Field: 1)
multiple stacked oil pools through the Mesozoic section; 2) overpressuring in most
producing zones; 3) a strong heat-flow anomaly over the field; and 4) essentially
identical sweet oil found in all Mesozoic pools.

By 1930, approximately 3,000 wells had been drilled at Salt Creek Field. Oil
production reached its peak in 1923 when total production accounted for 5% of all
United States oil production for that year (Roberts, 1956). In 1962, the first full scale

waterflood was installed at Salt Creek Field. Tertiary recovery began in 2004 by means
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of CO2 injection, two years after the field was acquired by Anadarko Petroleum
Corporation. At Salt Creek Field, CO2 is injected using a technique in which CO2 and
water are injected in alternation with another, this process is known as water alternating
gas injection (WAG) (Anadarko, 2009; Figure 2.9). To date, 4,291 wells have been
drilled at Salt Creek Field. Of these wells, 2,602 are oil wells, five are gas wells, and

1,552 are injection wells (WOGCC, 2015).
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At Salt Creek Field, the Wall Creek 2 represents the primary productive horizon
with 465 MMBO produced as of 2012. The second most prolific formation is the Wall
Creek 1 (Anadarko, 2009). Wall Creek 1 and Wall Creek 2 are separated by
approximately 300 ft of mudstones. The Wall Creek 2 ranges in depth from 1,500-3,000
ft with a net thickness around 85 ft. The average permeability and porosity of the Wall

Creek 2 at Salt Creek are 19% and 52 mD respectively. The Wall Creek 1 ranges from
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approximately 800-3,000 ft measured depth and averages around 100+ ft in thickness.

The original oil-water contact interpreted by the current operate can be observed in

Figure 2.10. At Salt Creek Field, the Wall Creek 2 is interpreted by the current operator

DV uyPLGGOH DQG XSSHU VKRUHIDFH GHSRVLWLRQDO VHWWLQ
HIOXYLDO WLGDO PDUL @HnheQlewasablecdHdrdztenstitsRve Wall

Creek 1 has proven a more difficult reservoir to operate because of reservoir complexity

and variability throughout the field (Fleur De Lis, 2015).

e 3 2017

Figure 210 % DVHPDS RI 6DOW &UHHN )LHOG LOOXVWUDWLQJ WKH
LOQOWHUSUHWHG IURP WKH FXUUHQW RSHUDWRU )OHXU 'H /LV
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Oil compositions at Salt Creek Field can be divided into two general types,
Mesozoic and Cenozoic (Stone, 2006). API gravity of oil produced from Mesozoic oils in
Salt Creek Field ranges from 30.6° to 39°. Mesozoic oil is found to be low-sulfur,
paraffinic-naphthenic (sweet) crude in the higher API range. Paleozoic oils range from
21.6° in the Madison to 25.4° degrees in the Tensleep formation. Paleozoic oils contain
a higher sulfur content and lower API gravity, yielding a sour crude. Wall Creek 1 oils
from the same data set recorded an API gravity of 39° (Figure 2.11). The differentiation
between oils of the Paleozoic and Mesozoic is common in the foreland province (Stone,

2006).
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Steele Shale 35 4° Tensleep 25.4° (S = 2.36%)
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Figure 2.11 $3, JUDYLW\ Rl GLIITHUHQW RLOV SURGXFHG DW 6DOW
SURGXFHG IURP OHVR]RLF RLOV LQ 6DOW &UHHN )LHOG UDQJt}
LV ORZ VXOIXU SDUDIILQLF QDSKWKHQLF VZHHW FUXGH 3D
ODGLVRQ WR f GHJUHHV LQ WKH 7THQVOHHS IRKRDWLRQ 3C
VXOIXU FRQWHQW DQG ORZHU $3, JUDYLW\ )URP 6WRQH
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2.6.1 Other Productive Horizons at Salt Creek Field
This section discusses the other productive horizons at Salt Creek Field outside

of the Wall Creek 1 and Wall Creek 2.

2.6.1.1 Carlile Shale

The Upper Cretaceous shales of the Carlile Formation produce from an average
depth of 1,450 ft and have a pay thickness of greater than 1,000 ft, gross interval.
Fractures comprise the unit permeability. The first Carlile shale well was completed in
1906 and the shales were normally pressured. However, production and development
was initially focused on the Wall Creek 1 and Wall Creek 2. Carlile shale production was
scattered across the field although the better wells were located on the steeply-dipping
west flank. Perhaps this is due to increase flexural deformation resulting in higher
concentration of fractures. One well, still recorded production in 2000 after 79 years. In
1998, the Howell Corporation drilled the #1-H Nio, 27-40N-79W, the first horizontal well

in the field. (Obert and Mather, 1999).

2.6.1.2 Third Wall Creek Sandstone

The Third Wall Creek Sandstone is a very fine- to coarse-grained, poorly sorted,
white to light grey, quartzose sandstone. Average depth of the Third Wall Creek ranges
IURP - 9 1 DQG SD\ DYHUDJHV W Pe@nédlility @nd\psrasiNg® HV V
characterized as fracture. The Third Wall Creek comprises several thin lenticular marine
sands that trend in a northwest-southeast direction. Original production was located in
three areas with the primary area along the western flank of the anticline in section 27
and 34-40N-79W extending onto the crest of the structure. Other isolated lenses in the

SE 26-40N79W and on the southeast plunge of the anticline in section 17, 19 and 20-
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39N-78W. In 1969, a waterflood was attempted and abandoned in 1980 (Maynard et al.,

1991).

2.6.1.3 Lakota Sandstone

The Cretaceous Lakota Sandstone ranges from fine grained to conglomeratic.
Average depth of the Lakota Sandstone ranges from 2,300-2,400 ft and pay averages
32.5 ft in thickness. The Lakota Sandstone has an average porosity of 18.9% and
permeability up to 114.4 mD and reservoir continuity is considered variable. Structural
position and high frequency of faulting enhances Lakota production. Oil was first
discovered the Lakota Sandstone in 1921 and development reached its peak in 1928.
The drive mechanism of the Lakota is reported as limited water drive on the crest and
gas expansion during primary production. The initial pressure of the Lakota Sandstone
reservoir was 1,300 pounds per square in. absolute (psia). High rates of withdrawal lead

to water encroachment in the early stages of reservoir life (Maynard et al., 1981).

2.6.1.4 Sundance Formation

The Jurassic Sundance Formation comprises fine- to medium-grained, grey,
calcareous sandstone. At Salt Creek Field, three different sandstones can be identified
in the Sundance: First, Second and Third Sundance Sandstones. Average depth of the
Sundance Formation is 2,800-3,000 ft and effective pay averages from 37-63 ft.
Porosity in the Sundance Formation ranges from 15-19% and permeability ranges from
15-195 mD. The Sundance Formation sandstones are considered to be of shallow
marine origin. Commercial oil production from the Sundance Formation began in 1925;
greater than 80% of all Sundance Formation oil and gas production comes from the

Third Sandstone. The initial pressure of the Sundance reservoir was 1,560-1,660 psia.
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The drive mechanism of the Sundance reservoirs is limited water-drive and gas
expansion in the second and active water-drive in the Third Sandstone (Obert and

Mather, 1999).

2.6.1.5 Tensleep Sandstone

The Pennsylvanian Tensleep Sandstone is predominately a medium- to fine-
grained sandstone with increasing dolomite toward the base. Sandstones of the eolian
Tensleep are interbedded with carbonate dolomites. The Tensleep Sandstone lies at an
average depth 3,800 ft and averages 77 ft of pay thickness. Permeability and porosity in
the Tensleep Sandstone average 14% and 140 mD respectively. The Tensleep
Sandstone was discovered in 1930, however no market existed for the black crude that
was being produced and so the discovery well only produced periodically to provide oil
for roadwork. The Tensleep Sandstone reservoir was not unitized until 1939. Initial
reservoir pressure was 2,230 psia and reservoir pressure is maintained by strong water

drive (Maynard et al., 1981).
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CHAPTER 3

CORE ANALYSIS

3.1 Core Observation Methodology

Of the seven cores analyzed at Salt Creek Field (Figure 3.1), ten different facies
are identified based on lithology, grain size, sedimentary structures, ichnology, bed to
bed contacts, cementation and oil staining. Facies are described and ordered from
interpreted highest to lowest energy based on but not limited to lithology, grain size,
sedimentary structures and ichnology. When publicly available, routine core analysis
(RCA) data are integrated in order to supplement facies description and understanding.
Additionally, key stratigraphic surfaces are identified to help constrain the stratigraphic

architecture and depositional sequences at field scale at Salt Creek Field (Figure 3.2).
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Figure 3.1 % DVHPDS RI 6DOW &UHHN )LHOG DQG FRUH ORFDWLRQ\
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3.1.1 Bioturbation and Ichnology

Richter (1952) defines bioturbation as the process by which primary consistency
and structure of a sediment are modified by the activity of the organisms living within it.
The type, abundance and diversity of the organisms that interact with the substrate
have a direct relationship with the environmental conditions and influencing factors
occurring at the particular location. Changes in oxygen, salinity, hydraulic energy and
sedimentation rates at the sea floor will all effect the environmental conditions and thus
the habitability to any certain species. A species may thrive in a certain environment,
while other environments may prove uninhabitable. Because of this, bioturbation, trace
fossil ichnology and the interplay of the two can provide evidence of the environmental
conditions and influencing factors present during deposition (Bromley, 1996).
Bioturbation for each core is observed in detail and plotted as a log beside core data
and interpretations. Bioturbation is recorded by observing the bioturbation index (BI)
classification scheme modified by Reineck (1963), Taylor and Goldring (1993) and
Taylor et al. (2003) McEachern and Bann (2008). Bl is measured from 0-6 based on
abundance of trace fossils (Figure 3.3). Along with Bl, ichnodiversity is quantitatively
noted from low to high. Low ichnodiversity facies contain a low number of species (1-2),
while high ichnodiversity indicates numerous species present. The presence of
colonization of ichnofauna is also recorded along with documentation of cross-cutting
relationships. Finally, each facies is documented with regard to the ichnofacies scheme
developed by Seilacher (1954). Ichnofacies description refers to traces fossils formed

under a similar set of environmental conditions (Figure 3.4) The goal of interpreting
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ichnofacies is to better understand and constrain depositional environment and

processes.
KEY TO BIOTURBATION INTENSITY
Bl | Characteristics | Mudstone Facies | _Sandstone Facies
0 Biotarhation absent

1 Sparse boturbation, bedding
osstnct, low dacrete raoes

Moderte Doturbaton, Beddng
Doundaries shaip, races
Gacrete, Overlap rare

Cormmon Dioturtaton,

4 bedding boundaries Indissnct

high trace densitty with
ovariap Comnon

Abundant Boturbation
becdng complotely delturted
(ust vinibie)

Corrgiete Dobrbaton
otal DRogenic
homogenization of sedinont

Figure 3.3 .H\ WR ELRWXUEDWLRQ LQGH[ PRGLILHG IURP 5HLQHFN
DQG 7D\ORU HW DO E\ ODF(DFKHUQ DQG %DQQ
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3.1.2 Oil Staining

Because of high hydrocarbon saturation levels present in the Wall Creek Member
at Salt Creek Field. Oil staining in core is visible and can be recorded by direct
observation under natural light. Furthermore, because hydrocarbons fluoresce under
ultraviolet (UV) light, a UV light was used in addition to natural light when recording oll
staining. Oil staining is measured as none, poor, fair, or abundant (Figure 3.5).
Abundant oil staining exhibits a brown color under natural light and becomes bright
fluorescent under UV light. Fair and poor oil staining exhibits a less bright color under

UV light and oil staining is difficult to observe under natural light. Oil staining classified
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as poor or fair is typically restricted due to cementation, splotchy cementation and the

presence of mudstone beds.

None Abundant

Natural Light

Ultraviolet Light

Figure 3.5 9DULRXV W\SHV Rl RLO VWDLQLQJ REVHUYHG 3KRWRYV
DEXQGDQW RLO VWDLQLQJ VKRZV D EURZQ FRORU XQGHU QD\
EULJKWHU XQGHU 89 OLJKW )DLU DQG SRRU RLO VWDLQLQJ F
OLJKW DQG RLO VWDLQLQJ LV GLIILFXOW WR REVHWNWHG XQGF
SRRU RU IDLU LV UHVWULFWHG E\ FHPHQWDWLRQ VSORWFK\
PXGVWRQH EHGYV

3.2 Key Stratigraphic Surfaces

From core analysis, three key stratigraphic surfaces (KSS) were identified in this
project. This study adopts the definition of KSS as a lithological contact where the
observed facies juxtaposition is inferred to have resulted from variations in 1)

depositional environment, 2) depositional processes, and 3) environmental conditions
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(Heger, 2016). The following surfaces were observed and documented at Salt Creek
Field: 1) regressive surface of erosion, 2) minor flooding surfaces and 3) transgressive

surface of erosion.

3.3 Facies and Descriptions
This section describes facies and associated characteristics observed in the Wall

Creek Member at Salt Creek Field.

3.3.1 Facies 1: Mud rip-up clast dominated sandstone

Facies 1 consists of light grey, lower very fine- to upper fine-grained sandstone
dominated by mud rip-up clasts. Individual mud rip-up clasts are typically aligned to sub-
aligned to horizontal. Mud rip-up dominated sandstone intervals range from in. to ft in
thickness. Facies 1 has a Bl of zero to one (Bl = 0-1) and little to no ichnodiversity.
Bioturbation is confined to mud rip-up clasts and not present in the sandstone matrix.
Individual mud rip-up clasts range from less than in. to 2 in. in length in any given
location. When beds within Facies 1 contain large variations in mud-rip up clast size,
normal grading is commonly observed. Furthermore, when present in great quantity
Facies 1 appears to be cyclic, occurring three to four times over within an interval no
greater than 10 ft. Facies 1 is present in all cores observed in Salt Creek Field and
predominantly resides in but is not limited to the fine- to medium-grained sandstone

facies (Figure 3.6).
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Figure 3.6 Facies1, 0XG ULS XS FODVW GRPLQDWHG VDQGVWRQH

3.3.2 Facies 2: Medium- to coarse-grained convoluted sandstone

Facies 2 consists of grey to tan, medium- to coarse-grained sandstone with
common rip-up clasts and thin mudstone lamina and interbeds. Facies 2 has a Bl of 1
(BI = 1) and low ichnodiversity. The dominating sedimentary features of Facies 2 are the
distorted bedding features and intermixing of mud and sand, and rip-up clasts of mud,
chert, and siderite. Furthermore, this facies contains coarser grains than any other
facies observed at Salt Creek Field. Undulated, wavy-mud lamina and centimeter scale
muddy beds are common in this facies. Abundant oil staining is associated with Facies
2. Facies 2 was not present in every core from Salt Creek Field, but is found in the

northern half of the field and at the top of core 03WC2. Facies 2 contains moderate
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amounts of calcite cementation, on the order of feet in length. Splotchy cementation is

also observed in Facies 2 (Figure 3.7).

Figure 3.7 )DFLHYV OHVGERPUVH JUDLQHG FRQYROXWHG VDQGVWHF

3.3.3 Facies 3: Medium- to lower coarse-grained sandstone

Facies 3 consists of tan, medium- to lower coarse-grained sandstone and
contains faint low to high angle cross bedding and trough cross bedding. Mud rip-up
clasts are common and mud drapes present but are rare. Facies 3 contains rare
bioturbation (Bl = 0-1) and is commonly associated with fair to abundant oil staining.
Ichnofauna present are ophiomorpha and Skolithos burrows. Nodules of glauconite and
pyrite are observed in this facies. Facies 3 contains a fair amount splotchy calcite

cementation (Figure 3.8).
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Figure 3.8 )DFLHV OHGLXP ORZHU FRDUVH JUDLQHG VDQGVWRQ

3.3.4 Facies 4: Very fine- to fine-grained sub-planar cro  ss-stratified sandstone
Facies 4 consists of tan to grey, lower- to upper fine-grained sandstone
containing low- to high-angle, cross-stratified and normally-graded lamina. Cross
stratification in this facies may be tabular or trough and commonly shows well
developed toesets. Presence of aligned mud grains allow for observation of cryptic
cross stratification. Laminations are subparallel and show tangential relationship to
lower-ERXQGLQJ VXUIDFHV DQG D VLIJPRLGDO RU PEXQGOHGT QI
drapes and double mud drapes are commonly found within Facies 4. Facies 4

commonly appears in association with facies 2, 5 and 6 and has a relatively low Bl (Bl =
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1). Ichnofauna include Ophiomorpha and Skolithos burrows. This facies commonly

contains fair oil staining (Figure 3.9).

Figure 3.9 )DFLHV /IRZHU WR XSSHU ILQH JUDLQHG VXE SODQDU

3.3.5 Facies 5: Calcite-cemented sandstone

Facies 5 consists of a white to light grey lower- to upper fine-grained sandstone
that has been cemented by calcite after deposition. Cemented beds range from in. to ft
and are commonly bound by mud beds and or drapes ranging from centimeters to in.
thick. Mud beds above and below the cemented facies suggest that mud formed a
barrier for fluid flow, causing calcite cement to be concentrated in the more permeable
sandstone. Preservation of original bedding and/or sedimentary structures are rarely
preserved. Bl of Facies 5 ranges from 1 +2 (Bl = 1-2). No oil staining is present in this

facies. Ichnofauna vary and are representative of the original facies in which
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cementation has occurred (Figure 3.12). For example, mud draped ripple laminations of
Facies 6 may be preserved but the original sandstone matrix is overprinted by

cementation (Figure 3.10).

Figure 3.10 )DFLHYV &DOFLWH FHPHQWHG VDQGVWROQH

3.3.6 Facies 6: Very fine- to fine-grained ripple laminated sandstone

Facies 6 represents light grey to tan sandstone that is commonly lower- to upper
fine-grained. Facies 6 contains abundant ripples of current and wave origin, as well as
combined flow ripples. Thin beds of parallel laminations are also present in this facies.
Wispy laminae and drapes along ripple foresets are common. Mud drapes and double
mud drapes are observed in Facies 6. Mud clasts are present but rare. Facies 6
contains low to moderate bioturbation (Bl = 1-2), common ichnofauna include

Ophiomorpha and Skolithos (Figure 3.11).
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Figure 3.11 )DFLHYV /IRZHU WR XSSHU ILQH JUDLQHG ULSSOH ODP

3.3.7 Facies 7: Tier 1 bioturbated sandstone

Facies 7 represents a light to dark grey very fine- to fine-grained sandstone
interval that is dominated by the presence of Macaronichnus burrowing. Burrowing of
the tier 1 facies is defined by the presence of high bioturbation (Bl = 3-4) with little
ichnodiversity (1 +2 species), commonly of the Macaronichnus suite of horizontal to
inclined but rarely vertical branched tubes. Macaronichnus burrows are unlined and
typically do not interpenetrate or cross one another. Facies 7 commonly exhibits a fining

upward trend which terminates in a relatively mud-rich bed (Figure 3.12).
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Figure 3.12 )DFLHYV 7LHU ELRWXUEDWHG VDQGVWRQH

3.3.8 Facies 8: Tier 2 bioturbated sandstone with superimposed ichnofabric

Facies 8 is the most abundantly bioturbated facies in the Wall Creek member (BI
= 3-5). The light grey, fine-grained sandstone is mud rich and contains a complex
superimposed ichnofabric due to high levels of bioturbation and individual burrows
burrowing. Bioturbation in this facies results in a mottled texture in which complex cross
cutting relationships between sediment and burrows exists. Ichnofauna include
Planolites, Thalassinoides, Teichichnus, Asterosoma, Ophiomorpha, Skolithos,

Macaronichnus and Chondrites burrows (Figure 3.13).
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Figure 3.13 Facies 8, Tier 2 bioturbated sandstone with superimposed ichnofabric.

3.3.9 Facies 9a: Heterolithic muddy sandstone

Facies 9a consists of light grey sandstones commonly interbedded with
mudstone. This facies contrasts Facies 9b merely in its overall sand content and has
greater than 50/50 net to gross sand. Muddy interbeds and lamina are parallel to
subparallel and wavy in nature. Common sedimentary structures are asymmetrical and
symmetrical ripples, combined flow ripples, scour surfaces, lenticular bedding, wavy
bedding, flaser bedding, pinstripe lamina and mud draped foresets. Contacts between
bedding occasionally represent scour surfaces. Facies 9a has a Bl between one and

two (Bl = 1-2). Burrowing is commonly confined to the mudstone lamina in this facies.
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Ichnofauna include Planolites, Chondrites, Thallassinoides and Paleophycus (Figure

3.14).

Figure 3.14 )DFLHY D +HWHUROLWKLF PXGG\ VDQGVWRQH

3.3.10 Facies 9b: Heterolithic sandy mudstone

Facies 9b consists of dark grey to black heterolithic mudstones containing
lenticular sandstone interbeds which vary in thickness from sub in. to in. Common
sedimentary structures are asymmetrical and symmetrical ripples, combined flow
ripples, convoluted bedding, scour surfaces, lenticular bedding, wavy bedding, flaser
bedding, pinstripe lamina, loading structures, pinch and swell surfaces structures, load
structures, starved ripples, and mud draped foresets and crests. Non-mud beds contain

silt and very fine-grained sandstone. Facies 9b contains sparse to moderate
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bioturbation (Bl = 1-3) within the mudstone intervals and rare to no bioturbation within
sandy interbeds. Facies 9b contains slightly higher levels of bioturbation than Facies 9a.
Common ichnofauna include Planolites, Skolithos, Chondrites, Thallassinoides and
Palaeophycus burrows. Facies 9 is commonly located at the base of each core and is
consistent across Salt Creek Field. Facies 9a is differentiated from facies 9b based on
overall sand and mud content and has a distinguishably greater amount of sand then

Facies 9b (Figure 3.15).

Figure 3.15 )DFLHVY E +HWHUROLWKLF VDQG\ PXGVWRQH

3.3.11 Facies 10: Mudstone
Facies 10 is a black mudstone unit. Facies 10 is located above the Wall Creek

Member and belongs exclusively to the Cody Shale and contains moderate BI.
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Sedimentary structures observed include white lenticular, wispy lamina. The contact
between Facies 10 and the underlying Wall Creek Member is commonly a sharp,

nonconformable contact (Figure 3.16).

Figure 3.16 )DFLHYV OXGVWRQH

3.4 Facies Distributions

A plot of relative facies percentages per core, shown in map view, illustrates the
distribution of facies across Salt Creek Field. Facies 4 and 6 make up the dominant
percentage of each core. Facies 2 is most prevalent in the northern end of the field in
the 03WC2 and 20RWC2 cores. Facies 8 was primarily observed in cores A362, A581

and C937 in the center of the field (Figure 3.17).
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3.5 Ichnology

Trace fossils in the Wall Creek Member vary between the aforementioned facies.
For example, Facies 8 contains abundant bioturbation (Bl = 3-5) and high ichnodiversity
while Facies 1-6 contain lower levels of bioturbation with low ichnodiversity. Facies 8
contains as many as eight different species.

As mentioned, the trace fossil ichnology of each facies has an intimate
relationship with depositional processes and are hereby used when making
environmental considerations for each facies. A number of trace fossils were recognized
in the cored intervals of the Wall Creek Member: Planolites, Chondrites, Skolithos,
Arenicolites, Phycosiphon, Paleophycus, Macaronichnus, Asterosoma, Teichichnus,
Diplocriterion, and Ophiomorpha (Figure 3.18). These dwelling burrows and crawling
traces fall inside the Skolithos and Cruziana ichnofacies and suggest a depositional
environment from the sandy shore to the sublittoral zone. For example, the Skolithos
Ichnofacies is known to represent moderate to relatively high energy conditions where
organisms have to be able to respond rapidly in stressful conditions (Seilacher, 1953).
Skolithos Ichnofacies is commonly associated with slightly muddy to clean, well-sorted,
shifting sediments subject to abrupt erosion or deposition. Skolithos Ichnofacies is
representative of beach, foreshore, shoreface, and other settings of comparable energy
including estuarine point bars, tidal deltas and deep sea fans (Benton and Harper,
1997). The Cruziana Ichnofacies suggests shallow marine settings of moderate to
relatively low energy including well-sorted silts and sands to interbedded muddy and
clean sand (Seilacher, 1954). The Cruziana Ichnofacies is interpreted to lie slightly

seaward of the Skolithos Ichnofacies.
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3.6 Sedimentary Structures

A wide range of sedimentary structures are observed in the Wall Creek Member
at Salt Creek Field. All of which, when considered individually and as a whole, have
implications for depositional environment and influencing processes that form the
sedimentary structures. At Salt Creek Field, sedimentary structures suggest varying

influence of tide-, wave-, and fluvial processes.

The abundance of asymmetrical ripples, planar cross stratification trough-cross
stratification suggest strong current activity and the formation of subaqueous dunes.
Mud-draped foresets, double mud drapes and wavy to flaser bedforms are observed in
Facies 3-6, combined, these sedimentary structures are interpreted to indicate the
presence of tidal processes. The presence of oscillation ripples and hummocky cross
stratification suggests oscillatory wave processes. And the hummocky-cross
stratification indicates storm activity. In core 03WC2, a large presence of normally
graded mud-rip up clast dominated beds of Facies 1 on the order of in. to ft are
observed. This suggests that an erosive flow containing suspended sediment flowed
over a semi-lithified, cohesive mud bed at the sea floor. This may point to several
processes including strong, cyclic current activity, cyclic iterations of high-intensity
fluvial discharge or, increased wave-influence caused by storm activity. However, the
lack of oscillation ripples found in association with these beds and common normally

graded mud rip-up clast bedding suggests potential cyclic fluvial discharge events as
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the dominating process within these beds in core 03WC2. The sedimentary structures

mentioned in this section can be observed in Figure 3.19.
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:DOO &UHHN OHPEHU DW 6DOW &UHHN )LHOG

3.7 Facies Table
Table 3.1 illustrates the various characteristic of each facies in table form for
comparison. Descriptors listed in the table are grain size, sedimentary structures, Bl and

ichnofauna.
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Table 3.1 Facies Table.

Facies Grain Size Sedimentary Structures Bioturbation Index Ichnofauna

Medium- to lower coarse-grained T Faint, low- to high-angle crossbeds to structureless,

5% sigmoidal/bundled lamina sets Ophiomorpha

Planalites, Skolithos,

c Lower- to upper fine grained ey Planar laminations, parallel laminations, ripple laminations, low- to ) : :
5 calite comented 12 Very fine- to coarse igh-angle straification; massive 0-2 Ophiomorpha, Arenicolites,
Cross Asterosoma
. 5 e - Ripple laminations, mud drapes, wave and current ripples, Planolites Skolithos
6 ey e 1.1“ graintd rigple Very fine- to fine combined flow ripples, whispy laminations, hummocky cross 0-2 Ophiomorpha Arenicolites
laminated ss B e
stratification Asterosoma
Z Mud drapes, tube shaped burrowing colonies, burrow mottled
T Tier 1 bioturbated ss Very fine- to fine * : 2 s 34 Macaronichnus suite
=, bedding, cross-cutting relationships

/e, planar laminations
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3.8 Key Stratigraphic Surfaces
This section describes and gives examples of the KSS associated with the Wall

Creek Member interpreted at Salt Creek Field.

3.8.1.1 Regressive Surface of Erosion

The basal contact of the Wall Creek Member with the underlying mudstones vary
from sharp-based to gradational. A regressive surface of erosion is interpreted to lie at
the base of the Wall Creek Member where an abrupt juxtaposition of nonconformable
facies is observed. In core A518, this surface lies between medium- to coarse-grained
sediments of Facies 3 with underlying heterolithic beds, prodelta to marine beds (Figure
3.20). The regressive surface of erosion is distinguishable in gamma-ray log as an

abrupt decrease in values.

I racies 3

I:] Facies 9b

Figure 3.20 QWHUSUHWHG UHJUHVVLYH VXUIDFH RI HURVLRQ DW
OHPEHU LQ FRUH $ DW 6DOW &UHHN )LHOG
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3.8.1.2 Flooding Surfaces

Flooding surfaces are interpreted as being associated with an increase in water
depth within the subaqueous realm. Flooding surfaces can be identified in outcrop and
core by the abrupt juxtaposition of marine type mudstones or muddy siltstone/sandstone
above shallower, coarsening upward successions. Topset ravinement by transgression
may be demarcated by minor pebbles and/or scour marks preceding the deposition of
marine mud. However, preservation of such sharp contacts in the Wall Creek Member is
rare and only traceable locally, at or below field scale. This results in the amalgamation
of parasequences yielding stacked marginal marine sandstone sequences, and
therefore making them difficult to differentiate (Sadeque, 2006). The poor preservation
of parasequences in the Wall Creek Member was also noted by Martinsen (2003), who
referred to them as depositional remnants. In this study, flooding surfaces were
demarcated by thin (5 £20 cm) mud marker beds or by an abrupt change in grain size.
In the Wall Creek Member, these flooding surfaces may indicate the allocyclic or
autocyclic switching of a deltaic lobe into the subaqueous realm. The presence of
cementation is also observed in association with flooding surfaces. In outcrop,
cementation and calcite concretions in the Wall Creek Member have clear nucleation
sites that include carbonaceous muds, calcareous muds, marine shell material, and/or
organic matter (Nyman, 2014). In some cases, nodules of siderite are observed in
association with flooding surfaces in the Wall Creek Member. In wireline logs, the
flooding surfaces are expressed as an abrupt resistivity kick from high to low values
when preserved in the rock record and will typically exhibit a jump from low to high

values on a gamma ray (GR) log. When flooding surfaces are not preserved, a shift in
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GR from low to high may be observed, due to a change in grain size. Four to five
flooding surfaces were identified in the cores observed at Salt Creek Field, these
flooding surfaces were used to differentiate parasequences within the Wall Creek
Member at Salt Creek Field. Flooding surfaces were tied to GR log data to make field

scale correlations.

3.8.1.3 Transgressive Surface of Erosion

A regionally correlative erosional surface truncates the top of the Wall Creek
Member. This erosional surface is horizontal to slightly seaward dipping and is overlain
by genetically unrelated mudstones of the Cody Shale. The contact between the
uppermost Wall Creek Member and the Cody Shale is interpreted as a major
transgressive surface of erosion (TSE). This surface demarcates the transgression and
flooding of the sandstones of the Wall Creek Member and can be identified in wireline
logs by an abrupt increase GR and negative deflection in resistivity. At Salt Creek Field,

transgressive effects on sedimentation are observed across the field area (Figure 3.21).

3.9 Depositional Environment
In a broad sense, the Wall Creek Member at Salt Creek Field represents a
marginal marine sandstone influenced by deltaic and/or mixed energy deltaic
SURFHVVHY 'HOWDV DUH GHILQHG DV 3D SURWXEHUDQFH VRX
a standing body of water and supplies sediments at a rate faster than the reworking of
EDVLQDO SURFHVVHV" (OOLRW $OH[DQGHU 7KLV GI
are sourced from river channels located landward of the delta front in a shore normal
orientation and represent the only or primary source of sedimentation. Influences of

river, wave, and tidal processes recorded through core observation postulate that the
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sandstones of the Wall Creek Member cannot be characterized into one endmember of
the tripartite deltaic classification scheme (Figure 3.22), as it would underestimate the
internal facies complexity. Rather, the spatial and temporal variability of these
sandstones represent a complex interplay of wave-, tide-, and river-influence that can
be attributed to several factors: 1) low accommodation low relief setting, meaning that
subtle changes in sea level could result in abrupt shifts in depositional environment
(Sadeque, 2006); 2) the counter clockwise gyre systems that created a strong southerly
current along the western margin of the WIB (Slingerland & Keen, 1999); 3) large storm
systems that resulted in offshore directed rip-currents and enhanced southerly current
flows (Winn, 1991); and 4) progradation of fluvial systems, commonly associated with
relative sea-level fall, which resulted in coastline protrusions and protected areas that
would be more susceptible to tidal influence (Slingerland et. al., 1996; Longhitano &

Steel, 2016).

!
4
D Facies 10

Figure3.21 QWHUSUHWHG WUDQVJUHVVLYH VXUIDFH RI HURVLRQ

OHPEHU DQG WKH RYHUO\LQJ &RG\ 6KDOH ,Q FRUH
RYHUODLQ E\ )DFLHV
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Evidence of tide-, wave-, and river-influence in the deltaic deposits postulate that
the Wall Creek Member at Salt Creek Field represents an asymmetrical delta system.
This terminology implies mixed influences active during deposition. Delta asymmetry
typically forms in settings of strong wave influence and strong net longshore transport
(Li et al., 2011). Asymmetric deltas are characterized by morphology and facies

asymmetry between the updrift and downdrift sides. Abrupt along-strike facies
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transitions from wave-dominated beach and shoreface located on the updrift side to
river-dominated prodelta and delta front near the feeding river, and eventually to mixed
influence between river and wave on the downdrift side. This model suggests that
longshore currents play a vital role by transporting sediments along a shoreline to the
updrift side of a delta and serve as a secondary sediment source in conjunction with
basinal wave processes. The asymmetric delta model suggests rapid facies transition
along depositional strike where the updrift side is sandier and commonly consists of
wave-influenced and shoreface facies. Updrift deposits will contain a higher Bl with
robust and healthy ichnogenera attributable to the Cruziana and Skolithos ichnofacies.
At or close to the feeding river of an asymmetrical delta system, heterolithic river-
dominated facies are common along with lower amounts of burrowing associated with
common spikes in bioturbation attributed to river cyclicity (Li et al., 2011). Horizontal,
morphologically simple, facies-crossing ichnogenera characterize the ichnogenera in
this area of the delta. On the downdrift side of an asymmetric delta, muddier, more
heterolithic deposits are deposited. The downdrift side consists of mixed wave- and
river-influenced successions with variable bioturbation intensity (Li et al., 2011).

The asymmetrical delta model challenges the view of traditional delta systems
and associated depositional elements. For example, barriers, bars or lagoons have
been historically considered as transgressive system elements (Galloway, 1996) while
bays and bayhead deltas are considered diagnostic features of valleys (Zaitlin et al.,
1994; Boyd et al., 2006). However, the asymmetrical delta model suggests that each of

these elements can also be components of deltas. Furthermore, deposits characterizing
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the beach and shoreface can be found on the updrift side of an asymmetric delta (Li et
al., 2011).

The asymmetric delta model provides a framework of depositional processes that
accounts for the complexity observed in the Wall Creek Member. Furthermore, it
prevents the force-fitting of the Wall Creek into and end member of the tripartite
classification diagram, which may result in misrepresentation of the depositional system

and the depositional elements therein.

3.9.1 Variations Observed in Outcrop

The Wall Creek Member at Salt Creek Field consists of depositional elements
reflecting mixed influences of tides, waves and fluvial effects. It should be noted that
variability consistent with these observations at Salt Creek Field is also found in
outcrop. At a location along the Frontier outcrop belt, Raptor Ridge, the Wall Creek
Member contains complex seaward and landward dipping, tidally-reworked bar
deposits, interbedded with shallow fluvial-dominated subaqueous channel deposits
characteristic of a deltaic system (Bhattacharya & McMechan, 2007). In a location 24 mi
northeast of the Raptor Ridge outcrop, the Wall Creek Member represents a sharp-
based shoreface deposit where a classic coarsening upward transition from flat-
stratified to cross-stratified is interpreted to represent the change from lower- to upper-

shoreface (Bhattacharya, 2005).

3.10 Depositional Model
In order to illustrate the complex interplay depositional processes occurring in the

Wall Creek Member, a simplified depositional model was created. (Figure 3.23).
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GHOWD IURQW GHSRVLWLRQ WDQ FRORUV UHSUHYW®RW SUR C
GLVWDO VKHOI WR RIIVKRUH GHSRVLWLRQ 6LGH YLHIZ RI ILJX
WKH VDQGVWRQHV RI WKH :DOO &UHHN OHPEHU 7KLV ILIJXUH
VHGLPHQWDWLRQ EXW GRHVY QRW LOOXVWUDWH WKH WUDQVJ
WRS RI WKH :DOO &UHHN OHPEHU LQ FHUWDLQ ORFDOLWLHYV

3.11 Facies Associations

The ten facies observed in core at Salt Creek Field can be partitioned into three
different facies associations based on lithology, sedimentary structures, occurrence,
and ichnofauna. Facies associations are intended to represent their relative position
within the depositional setting, key influencing factors, and the constituent architectural

elements that comprise the overall depositional system.
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3.11.1 Facies Association 1: Prodelta to Offshore

Facies Association 1 (FA1) comprises Facies 9a and 9b and is characterized by
the overarching presence of mudstone and siltstone, and lesser amounts of sandstone
in association with thin wavy interbeds. The prodelta depositional environment
represents deposition seaward of the delta front. FA3 prodelta is interpreted to lie within
storm-wave wave base and partially within fair-weather wave base. The prodelta
depositional environment has historically been interpreted as the area where mud and
silt sediments settle out of suspension. Recently, it is becoming recognized that prodelta
sediments contain hyperpycnal fluid muds and sands that were deposited rapidly by
wave-assisted density currents, or by collapsing hypopycnal plumes (Bhattacharya,
2006). Highly variable levels of bioturbation may be observed in prodelta environments
depending on sedimentation rates and the influence of brackish water associated with
hyperpycnal flows (Bhattacharya & MacEachern, 2009), which is why the burrows are
sand-filled. Burrows likely come in with more oxygenated turbidity currents, survive for a
certain period of time while in the muds before dying off.

The increased presence of mudstones in FA1 indicates the most distal
depositional location from the paleo-shoreline and sandier facies. The presence of
multiple thin, sharp-based, low angle undulatory parallel laminated sandstone beds
separated by dark, fissile mudstone layers suggest a degree of wave-influence.
Sandstones are interpreted to reflect storm-induced oscillation ripple laminated
tempestites and micro hummocky-cross stratification. The dominating presence of wavy
and flaser bedding suggests oscillatory flow from wave activity. Convoluted bedding in

this facies association may be associated with storm-induced liquefaction and/or
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foundering in a soupy mud substrate in the prodeltaic setting along with rapid
sedimentation. It should be noted that the presence of load structures and soft-sediment
deformation indicate potential varying river influence of this prodelta system along with
storm activity. FAL is interpreted as a prodelta to offshore environment below fair-
weather wave base while being exposed to varying degrees of storm activity. The
reciprocal content of mud to sand and silt in this facies association coupled with varying
degrees of bioturbation suggests that sedimentation rates varied and times of high
sedimentation rates were punctuated by periods of quiescence. For example, Bl of
Facies 9a and Facies 9b varies, and bioturbation is found primarily in the mudstones
while interbedded ripple laminated sandstones in some cases appear uninhabited by

trace fossils. FAL is representative of the Cruziana ichnofacies.

3.11.2 Facies Association 2: Delta Front

The delta front is defined as the intertidal shoreline and adjacent gently dipping
subtidal platform. The width of this platform may stretch up to several tens of miles
depending on tidal range (Bhattacharya, 2011). The delta front represents an
environment of higher energy along the depositional profile and comprises the area
dominated by sand or gravel. However, mud may be present. The outer perimeter of the
subtidal platform is generally located at or just below fair-weather wave base and may
be subject to increased influence by wave activity. River dominated delta fronts will
generally consist of coalesced mouth bars separated by terminal distributary channels.
Wave dominated delta fronts may consist of shorefaces and associated subtidal
extensions. Bioturbation in a wave dominated delta front may be lesser than observed

in non-deltaic shorefaces. Tidally influenced delta front may comprise sandy mouth-
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bars, reworked by tidal influence that will exhibit lateral and downstream accretion
(Bhattacharya, 2006). Tidal bars tend to be elongate and parallel to flow, whereas wave
generated bars are perpendicular.

Facies Association 2 (FA2) comprises facies 1, 3, 4, 5, 6, 7 and 8 and is
interpreted to represent deposition along the shoreline and delta front profile of the
delta, the spatial extents of which extend to the realm of the prodelta. Tide-, wave-, and
river-influences have been identified within the aforementioned facies and are observed
across Salt Creek Field. FA2 is interpreted to consist of differing elements found in the
asymmetrical delta front setting including shoreface deposits, distributary complexes
including distributary mouth bars and distributary channels, levees and barrier bars, all
of which are subject to reworking by tidal, wave and storm processes. In the
depositional model, the updrift and downdrift side are labeled to illustrate the various
effects on sedimentation. The updrift side is most strongly affected by waves and
currents. As the model transitions downdrift, fluvial and tidal influences on
sedimentation increase due to the asymmetrical nature of the delta which allows for
sheltered areas to form within the asymmetrical delta front.

FA2 in the Wall Creek Member is the most preserved Facies Association at Wall
Creek. FA2 begins at the base of the Wall Creek Member as prodelta to distal front
facies transition into the delta front. This contact is erosional (RSE), and may be very
pronounced or appear to be a gradational coarsening upward transition (Figure 3.24).

Petroleum implications and mapping of FA2 is covered in chapter 5.
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3.11.3 Facies Association 3: Reworked Transgressive Deposits

A regionally correlative erosional surface (TSE) truncates the top of the Wall
Creek Member. This erosional surface is overlain by genetically unrelated mudstones of
the Cody Shale. The contact between the sandstones of the uppermost Wall Creek
Member and the Cody Shale is interpreted as a transgressive surface of marine erosion
(TSE). This surface represents ravinement caused by transgression and resultant
flooding of the sandstones over the Wall Creek Member and can be identified in wireline
logs as an abrupt upward increase in GR and decrease in resistivity.

Transgressions may be continuous or punctuated and associated sedimentation
may be observed near a transgressive surface. Transgressive deposits accumulate with
rising relative sea level during the landward migration of a coastline and are associated
with the TSE. Formation of these deposits are typically at short time scales (4™, 5" or 6t
order cycles) (Cattaneo & Steel, 2002).

Facies Association 3 (FA3) comprises Facies 2 and high angle cross-stratified
sandstones of Facies 3. FA3 is interpreted as a deposit formed in association with the
TSE at the top of the Wall Creek Member. Reworking of the sediment is attributed to the
transgressive event that eventually flooded the Wall Creek Member and resulted in a
sandstone concentrated in a thin zone on the underlying deltaic sandstones. FA3 is
present at the top of five cores observed at Salt Creek Field (03WC2, 20RWC2, A362,
A518 and C937) and underlies Cody Shale. The TSE demarcates the upper boundary
between FA3 unit and the Cody Shale. 03WC2 is the best example of transgressive
reworked sediments and contains the thickest interval of FA3. Eleven ft of convoluted,

medium- to coarse-grained sandstones make up FA3 in 03WC2 and eight more ft of
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mud rich convoluted beds are also present above minor ravinement surfaces indicated
by pebble lags (Figure 3.25). Continued discussion and mapping of this sand body is

covered in chapter 5.

3.12 Stratigraphic Correlations

In the seven cores observed at Salt Creek Field, a total of five flooding surfaces
including the TSE are interpreted based on the criteria mentioned in the KSS section of
this chapter. An along strike stratigraphic cross section, hung on the TSE at the top of
the Wall Creek Member reveals the correlation of each flooding surface on core
description logs. Packages between each flooding surface represent parasequences
within the Wall Creek Member at Salt Creek Field. In total, six parasequences are
correlated across the field using the seven cores (Figure 3.26). In cross section, the
spatial and temporal heterogeneity can be observed. The cross section shows an
overall thickening towards the south. All parasequences, other than Parasequence 3
(FS2-FS3) exhibit a similar trend of thickening to the south.

An erosional unconformity marker at the base of A518, C937, A881 and D757
shows the RSE interpreted from core and GR data between the sandstones of the Wall
Creek Member and the underlying mudstone. These cores are highlighted in blue from
the regressive contact upwards to the next flooding surface.

In the cross section, the reworked transgressive sandstones of (FA3) located in
the uppermost Wall Creek Member are shaded in turquoise. This unit varies from 11 ft
thick at its thickest point and pinches out in each direction. Discussion of the
aforementioned sandbodies and surfaces with respect to petroleum implications are

covered in chapter 5.
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CHAPTER 4

STRUCTURAL ANALYSIS

4.1 Previous Structural Interpretations

Salt Creek Field represents a large, doubly plunging asymmetrical anticline. To
this date, only two published cross sections exist in which the deeper structure of Salt
Creek Field is interpreted. Mallory (1949) published a sketch cross section of the
anticline and interpreted the structure as a concentric fold where deformation is uniform
from basement granite upwards through the cover sediment (Figure 4.1a). This model
does not include any faulting and suggests conformable folding in the basement with
the overlying sediment and was developed by means of subsurface borehole data and
surface data. Stone (1993) was the first to dispute this by presenting a west-east cross
section across Salt Creek Field by means of borehole controlled subsurface mapping
and the integration of similar foreland fault-related anticlines where interpretations are
based on subsurface data that includes seismic reflection data. Because Salt Creek
JLHOG zDV GHYHORSHG DJJUHVVLYHO\ LQ WKH TV ZLWK DS
general anticlinal structure of Salt Creek Field was well defined before the development
of the seismic reflection method in 1933, leaving little incentive to acquire seismic data
over the field. Stone (1993) interpreted the Salt CreOek structure as a basement-
involved, thrust-generated fold (Figure 4.1Db). In this interpretation, a single, westward
verging basement thrust developed at an angle of ~ 30° and propagates upward into the
cover sediment and folding develops and expands. The basement thrust steepens

upward in a listric nature and tips out in the shallow subsurface where expanded folding
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becomes the exclusive shortening mode. The term listric thrust fault is defined as a
concave upwards thrust fault such that the upper section is a steep high angle
contraction fault, the middle section is a medium angle contraction fault and the sole is a

bedding plane parallel fault (McClay, 1992).

4.2 Updated Seismic Interpretation

Interpretation of time migrated seismic data over Salt Creek Field reveals that the
Salt Creek anticline is a doubly plunging asymmetric anticline (Figure 4.2) in which two
major two major types of faulting are present: 1) basement originated listric thrust
faulting which results in folding of the cover sediment and 2) hinge-perpendicular normal
faulting located in the cover sediment. In this chapter, interpreted 2D inline and
crosslines are shown in conjunction with oblique view, 3D images to illustrate the
structural nature of faulting and folding that exists at Salt Creek Field. The seismic data
set used for interpretation represents a time migrated seismic data set and are not
shown in depth. It is important to understand that time sections are not balanced and
true representations of rock depth in the subsurface. The original purpose of the seismic
acquisition was to image the deep structure and deep horizons at Salt Creek Field in

order to aid field development.
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Figure 43 )LJXUH D DQG E
VHLVPLF OLQHYV

LOOXVWUDWH UDZ VHLVPLF OLQHV LQ WLPH ZKLOH ILIXUF
JLHOG

JLIXUH D VKRZV WLPHVOLFH ] LQ PDS WLBIEU RIVNK 6 B CBW \RKIRIZE
%ODFN GRWWHG OLQHV RQ HDFK SDQHO VKRZVEREDWWRQ RR QP DLIH GL L )XQUDH. g
DV\PPHWULFDO DQG GRXEO\ SOXQJLQJ QDWXUH RI WKHVDRE WIHFDARAH \$WUW WH DO H

PLGGOH RI WKH DQWLFOLQH DQG \RXQJHU &UHWDFHRXNVREWXH NRWGDWRUYWID LRYH L
LV VKRZQ DV D GDVKHG EOXH OLQH
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4.2.1 Basement-Involved Thrusting

The previous fault interpretation (Stone, 1993) places a single thrust beneath Salt
Creek Field. In this interpretation, the thrust originates in the Precambrian basement
rock andtips RXW LQ WKH FRYHU VHGLPHQW 7KLV LQWHUSUHWDW|
interpretation does not fully account for the structural complexity. 3D seismic data show
that thrusting beneath the Salt Creek anticline comprises multiple hinterland verging
backthrusts. In this study, 2D strike and dip cross sections are shown in conjunction
with oblique, 3D images to illustrate the structural complexity, emphasizing the nature of
faulting and folding at Salt Creek Field.

In the Cambrian through Cretaceous cover sediment, resolvable faults are
imaged and interpreted based on discontinuities across seismic reflectors. In the

Precambrian basement, faults are interpreted by the presence of fault plane reflections.
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Figure44 DZ ZHVW HDVW VHLVPLF OLQH LQ WLPH DFURVYV 6DOW ¢
IDXOW SODQH UHIOHFWRU LQ WKH VXEVXUIDFH
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Five major thrust planes are interpreted at Salt Creek Field and are hereby
named Thrust 1-5 based upon relative location in the subsurface. Thrust 1 represents
most westward thrust, whereas Thrust 5 is situated furthest to the east. Each thrust
strikes in a northwest-southeast direction. General vergence direction is to the west

(Figure 4.5).

4.2.2 Structural Interpretation

The thrusts and resultant anticline at Salt Creek Field represent a basement
involved fault-propagation fold. As thrust faults propagate, slip goes to zero at the fault
tip and is consumed in folding at each instant during propagation. This process known
as fault-propagation folding has been put forward as an explanation for the common
association of asymmetric folds with one steep or overturned limb adjacent to thrust
faults (Figure 4.6). In a fault-propagation fold model, the fold continues to grow at the
fault tip as the fault propagates (Suppe, 1990). At Salt Creek Field, folding is most
prominent where the fault tip has propagated to the shallowest location in the
subsurface. In this case, a basement thrust propagates upward at a steeper angle than
the original decollement surface. The fault does not propagate entirely to the surface
and folding is forced to accommodate the absence of fault displacement in front of the
tip. Similarly, multiple smaller associated thrusts develop and propagate in the
hinterland direction. In order to illustrate the formation of the anticline at Salt Creek
Field, a sketch reconstruction was created (Figure 4.7) based off of the model of the

progressive development of a simple-step fault-propagation fold (Suppe, 1990).
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Figue45 D G HYROXWLRQ RI LQWHUSUHWDWLRQV RQ D ZHVW MBVYW LW DPHH\ B LYHUWUB V¢
DQG DUH RQ WKH VDPH VFDOH DV D D 5DZ VHLVPLF OHQS$U W HCGVKROX HRGDIMK BB
%ODFN WH[W LOOXVWUDWHY JHQHUDO DJH RI VHLVPLF KRUL]JRQV E VHLVPLF OLQ
RULJLQDWLQJ LQ 3UHFDPEULDQ EDVHPHQW URFN F &RORWRDY HXOR\YL G DI IHYUG QW
&UHWDFHRXV VWUDWD DUH VKRZQ LQ EOXH -XUDVVLFQ@LIHEG D/AG RIVPEDUE Q/ K RAD \
LPDJHG LQ SXUSOH DQG XQGLIIHUHQWLDWHG 3UHRDFEAUH B Q/ HDWVRIPAH Q WQ b RIFONOLXW \
LQWHUSUHWHG WKUXVWYV DQG JLYHQ QXPEHUV DQG DVWWRKMD W K & UWKEX XMW | HDW X!

76



slip

Figure46 D F ORGHO RI WKH SURJUHVVLYH GHYHORSPHQW RI D \
IROG IURP 6XSSH DQG OHGZHGHII DIWHU 6 X88NHQWYV
HDUOLHVW SKDVH RI PRGHO ZLWK IRUPDWLRQ RI VKDOORZ OF
LOOXVWUDWH FRQWLQXHG SURSDJDWLRQ WKURXJK WLPH
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Figure 4.7 6NHWFK UHFRQVWUXFWLRQ RI WKH IRUPDWLRQ RI WKH
DV D IDXOW SURSDJDWLRQ IROG UHVXOWLQJ IURP /DUDPLGH
SURSDIJDWLRQ IROG PRGHO DIWHU 6XSSH $FWXDO VHLVE

4.2.3 Hinterland-Verging Backthrusts
Salt Creek Field has consistently been considered part of the PRB due to its

location, however this historical assumption is incorrect. In reality, Salt Creek Field is
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located west of the westernmost basin bounding fault. This basin bounding fault
juxtaposes Precambrian basement rock and nearly overturned Cretaceous and Tertiary
strata (Stone, 1987). Backthrusts are commonly hinterland-vergent (McClay, 1992).
Considering the location of Salt Creek Field relative to the PRB and the nature of thrust
vergence which is opposite to that of the main eastward-verging thrust system, it is
interpreted that the thrusts formed beneath Salt Creek Field represent multiple
hinterland-YHUJLQJ EDFNWKUXVWYV 7R WKH DXWKe&Uevtetd QRZOHGJ
recognition of the complexity of backthrusting beneath the Salt Creek Anticline. These
data should be held in consideration for the structural evolution of not only Salt Creek
Field, but other Laramide structures along the western margin of the PRB and all
intermountain basins of Laramide origin.
2D and 3D seismic data acquired at Teapot Dome are made available to the
SXEOLF GRPDLQ IURP WKH "2(fV 5RFN\ ORXQWDLQ 2LO )LHOG °
These data, while of much lesser quality than the seismic data used for this study,
suggest a fold nature and thrust of similar geometry observed in Salt Creek Field
(Stone, 1996). Considering these seismic data and updated characterization of the
thrust system beneath Salt Creek Field, it is hereby interpreted that the string of
anticlinal fields located to the south of Salt Creek Field (Teapot Dome, Sage Spring
Creek and Cole Creek Fields) along a similar northwest-southeast trend are a result of
basement involved hinterland-verging backthrusts that form in association with the PRB

(Figure 4.8).
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Figure 4.8 *HQHUDOL]HG PDS VKRZLQJ ORFDWLRQ RI 35% ERXQ/GILUIL @K B & ¥ NWKYX \GR R/
IRUPV 6DOW &UHHN )LHOG DQWLFOLQH DQG DVVRFLDWHG D @ WRIFOR Q OYAR UMHKOZGW W |
VRXWKHDVW WUHQG LQ D VLPLODU WUHQG WR WKH ZHVWHUQ PDUJLQ Rl WKH 3RZ(
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4.2.4 Dip Angle Mapping

Dip angle maps for each interpreted thrust at Salt Creek Field were created in
Petrel Software to illustrate fault geometry in the subsurface (Figure 4.9). Dip angle
maps reveal a similar geometry and thrust trajectory shared among each thrust. The
thrusts originate in Precambrian basement rock at low angles (0-30°) and become
increasingly listric in nature, steepening upward to near vertical before tipping out in the
overlying sediment. The thrusts share a sheet like relationship and appear to converge
towards each other in the basement. It is likely that the thrusts converge to a single
basement decollement surface, however the surface is not imaged on the given data
set. The dominant thrust at Salt Creek Field is Thrust 5. Thrust 5 begins in a near
parallel orientation in the Precambrian basement rock and propagates upward in a listric
nature into Cretaceous sediment. Maximum observable fault displacement occurs at the
top of the Precambrian basement. It is likely that separation continues into the
basement, however a lack of definable markers in the basement make it difficult to
measure separation.

Thrusts 2, 3, 4, and 5 penetrate through Precambrian basement into overlying
Cambrian and subsequent sediments. (Figure 4.10), a time structure map of the top of
basement at Salt Creek Field includes penetrating thrust faults, in black. Warmer colors
indicate higher structure (yellow-red) and cooler colors (green-blue) represent deeper
structure. Line thickness is intended to illustrate penetration into the overlying
sediments, thus Thrust 3 is represented by the thickest line. In map view, the general

parallel to sub-parallel nature of the thrusts are depicted along with the curvilinear
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nature. Similarly, the crescent like geometry of thrust 3 is indicated as the thrust tapers

to the north and south towards the plunges of the anticline.

Figure49 D )LJXUH LOOXVWUDWLQJ DQJOH XVHG IRU GLS DQJOH
KHDW PDSV VKRZQ DORQJ HDFK WKXVW SODQH &RROHU FROR
DQG ZzDUPHU FRORUV UHSUHVHQW KLJKHU DQJOHV (DFK WKU
FXUYHG JHRPHWU\ )DXOWV DUH SODQDU WRZDUGV WKH EDVD
DJJUHVVLYHO\ VWHHSHQ WRZDUGV WKH HYHQWXDO IDXOW WL
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Figure 410 D 7LPH VWUXFWXUH PDS RQ WRS RI EDVHPHQW &RRO
VWUXFWXUH DQG ZzDUP FRORUV UHSUHVHQW KLJKHU VWUXFW
WKURXJK 3UHFDPEULDQ EDVHPHQW LQWR RYHUOHRDOWIV&DPEUL
Line thickness is intended to illustrate penetration into the overlying sediments, thus

Thrust 3 is represented by the thickest line. In map view, the general parallel to sub-

parallel nature of the thrusts are depicted along with the curvilinear nature.
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4.2.5 Associated Thrust Features

A footwall thrust shortcut is defined as a low angle thrust fault developed in the
footwall of a steep thrust fault (McClay, 1992). Thrust shortcuts form at a lower angle
because the relative low angle trajectory is more kinematically and mechanically
feasible for large displacement than the high angle trajectory (Knipe, 1985; McClay &
Buchanan, 1991). At Salt Creek Field, footwall thrust shortcuts form in association with
Thrust 3 and 4. In each case, the footwall thrust shortcut forms near the tip point of the
earlier thrust propagates into the cover sediment at a lower angle than the earlier thrust.
Other minor thrust associated folding is observed in the Pennsylvanian and Cambrian

strata at Salt Creek Field in the form of fault tip folding.

4.2.6 Hinge-Perpendicular Extensional Faulting

Seismic data reveal extensive normal faulting present in the sediments found
above the Precambrian basement at Salt Creek Field (Figure 4.11). Normal faulting
occurs in Cambrian through Cretaceous sediment and are commonly thoroughgoing
from Cretaceous through the Jurassic. The normal faults strike generally in a west-east
direction and the number of faults increases towards the center and most uplifted areas
of the anticline. Hinge-perpendicular faulting is interpreted to be a result of extension

that occurs across the fold crest.
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Figure411 D 1RUWK VRXWK WLPH VHLVPLF OLQH DFURVV FUHVW R QHYWLFID LQH L KDV
E\ EOXH GDVKHG OLQHV +LQJH SHUSHQGLFXODU QRUPDQQDXEWWWNA G EY HEW DVAENA OFLU
GRZQWKURZQ EORFNV DUH LQGLFDWHG E\ EODFN DUURZV 6HLVPLF OLQH LV VKRZ
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CHAPTER 5

RESERVOIR CHARACTERIZATION

5.1 Reservoir Quality
Permeability and porosity comprise the two primary microscopic-scale rock
properties that control fluid storage and flow in a reservoir. Collectively, these two

properties may be referred to as reservoir quality (Slatt, 2006).

5.2 Porosity & Permeability

Routine Core Analysis (RCA) data were used to illustrate distribution and
relationships between permeability and porosity throughout the Wall Creek Member.
Furthermore, these relationships are evaluated with regard to facies, bioturbation index,

grain size, depth, fluid saturations and cementation.

5.2.1 Sampling and Data Presentation

RCA data for cores 03WC2, 20RWC2, D757 and A518 provided 388 samples of
permeability and porosity within the Wall Creek Member (Table 5.1). Core observations
and RCA on the aforementioned cores were conducted prior to this study and vary in
sample size and distribution (Figure 5.1a). Overall, data shows bias in sample amount
between facies. A chart of facies percentage within the cores containing RCA data is
presented for comparison of sampling and facies percentage (Figure 5.1b). A few things
should be understood when considering these data: 1) while Facies 4 and 6 contain an
abnormal number of samples, this is proportional to the overall percentage of these
Facies observed in core; 2) to dismiss any data bias in overall plots and effect on trend

lines, individual plots of each facies are offered alongside the original when necessary.
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Table5.1 'LVWULEXWLRQ RI 5&% GDWD SRLQWYV DYHUDJH DQG UL
SRURVLW\ ZLWKLQ HDFK IDFLHV

Furthermore, in regards to data presentation for the plots within this chapter, it
should be noted that facies colors are consistent with the rest of this paper. However,
because of the software application used, Facies 9a is labeled as 10, and Facies 10 is

labeled as 11.
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Figure 51 D 'LVWULEXWLRQ RI 5&% GDWD SRLQWV RI SHUPHDELO
IDELHV Rl WKH :DOO &UHHN OHPEHU DQG E WKH UHODWLYH II
FRUHV FRQWDLQLQJ 5&$ GDWD
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5.2.2 Overall Permeability and Porosity Distribution

Based on the entirety of permeability and porosity data, the average porosity of
the Wall Creek Member is 15.5% and the average permeability is 38.3 mD. Plotting of
all data on a permeability and porosity cross plot colored by facies (Figure 5.2)
illustrates a strong positive correlation between permeability and porosity with an r*2

value of 0.788 and a correlation coefficient of 0.89.

5.2.3 Distribution of Permeability and Porosity with Regard to Facies

The permeability and porosity cross plot in Figure 5.2 illustrates the variations in
permeability and porosity that occur with regard to facies in the Wall Creek Member.
There exists a wide range of permeability porosity from negligible almost 500 mD and
negligible to greater than 20%. Colored by facies, the plot illustrates that facies 1, 2, 3, 4
and 6 have the highest permeability values.

Data consisting of 52 samples of permeability and porosity within Facies 1
plotted on a permeability vs porosity plot show a correlation coefficient of 0.84. Facies 1
has an average permeability of 33.6 mD and an average porosity of 15.7%.

Data points from 21 samples within Facies 2 on a permeability vs porosity plot
show a correlation coefficient of 0.46. Facies 2 has the highest permeability average of
any facies at 200.2 mD and a porosity average of 17.4%.

Permeability and porosity of Facies 3 from eight samples show a correlation
coefficient of 0.82. Facies 3 has an average permeability of 150.1 mD and an average
porosity of 17.8%.

Facies 4 represents the facies with the most amount of data points. 153 points of

data within Facies 4 plotted on a permeability vs porosity plot show a correlation
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coefficient of 0.86. Facies 4 has an average permeability of 33.1 mD and an average
porosity of 16.0%.

Data consisting of 24 samples were collected over facies 5. Permeability vs
porosity plots of these data show a correlation coefficient of 0.94. Facies 5 has an
average permeability of 4.4 mD and an average porosity of 9.1%.

Permeability and porosity of Facies 6 from 72 samples show a correlation
coefficient of 0. Facies 6 has an average permeability of 18.1 mD and an average
porosity of 15.5%.

Permeability and porosity data collected from three points from Facies 7 show a
correlation coefficient of 0.97. Facies 7 has an average permeability of 6.2 mD and an
average porosity of 13.7%.

Permeability and porosity of Facies 8 from eight samples show a correlation
coefficient of 0.2. Facies 8 has an average permeability of 11.1 mD and an average
porosity of 15.8%

Permeability and porosity data from 31 samples from Facies 9a show a
correlation coefficient of 0.92. Facies 9a has an average permeability of 6.9 mD and an
average porosity of 15.8%.

Data from seven sample of permeability and porosity from Facies 9b show a
correlation coefficient of 0.74. Facies 9b has an average permeability of 3.1 mD and an

average porosity of 13.9% (Figure 5.3).
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Figure52 D &URVV SORW RI SHUPHDELOLW\ DQG SRURVLW\ | QGH FIUGRAM/OSGRWDVEREZY
SRVLWLYH FRUUHODWLRQ EHWZHHQ SHUPHDELOIHQWORIG SRURVYXWH EQG QOGLFRGWXIE
DUH SORWWHG DJDLQVW SHUPHDELOLW\ ,QGLYLGXDO GDhwIDYBRARUVNHODW IFRD EU W
IDFLHV QXPEHU DQG SHUPHDELOLW\ )DFLHV DUH UDMNKN& JYHDN WV WHLDSN FDWRHA B UH R €
HQYLURQPHQWY LQ WKH :DOO &UHHN OHPEHU FRUUHODWH ZLWK ORZHU SHUPHDEL
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Figure 53 &URVV SORW RI SHUPHDELOLW\ DQG SRURVLW\ IRU LQGLYLGXDO IDFLHV
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5.2.4 Bioturbation and Reservoir Quality

Bioturbation impacts the internal characteristics of a rock and will inevitably have
a negative or positive impact on permeability and porosity thus enhancing or diminishing
reservoir quality. Data suggests that bioturbation is synonymous with lower permeability
and porosity and may have an overall negative impact on reservoir quality in the Wall
Creek Member at Salt Creek Field. (FIGURE 5.4). A permeability and porosity cross plot
in which individual data points are sized by bioturbation index over that interval show
that areas of higher bioturbation index fall in a cluster with slightly lower permeability
and porosity than other facies. While it cannot be concluded that bioturbation is the
primary factor affecting permeability and porosity, it is obvious that increased
bioturbation is synonymous with lower values.

When comparing the effects of bioturbation on permeability and porosity
individually, data suggests that bioturbation has a greater impact on permeability than
porosity (Figure 5.5). A clear correlation can be observed between Bl and permeability.
Porosity ranges primarily fall between 10 and 20% while the range between

permeability values is much greater and synonymous with bioturbation index.

5.2.5 Grain Size effect and Reservoir Quality

Grain size in the sandstone facies of the Wall Creek Member at Salt Creek Field
range from very fine- to coarse-grained. These sandstones illustrate a subtle positive
relationship between grain size and porosity and grain size and permeability (Figure 5.6.
The primary effect of grain size on porosity is observed between 10 and 20% between

fine and coarse-grained sandstones. Interpretation of facies relative energy is
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synonymous with grain size, thus a positive correlation between facies energy and

reservoir quality exists.

5.2.6 Measured Depth and Reservoir Quality
Plots of permeability and porosity vs measured depth for each core suggest no
relationship between the variables (Figure 5.7). In the plot, measured depth is referring

to current depth in the subsurface and does not consider burial history data.

5.2.7 Fluid Saturations and Reservoir Quality

Fluid saturation data taken at net confining stress of 800 psi from cores 03WC2
and 20RWC2 reveal a range of oil saturation values from 0 to 52% and water saturation
values from 18 to 91%. Fluid saturations plotted against porosity suggest a subtle
positve ratio between oil saturations and porosity (Figure 5.8). A similar trend is
observed when comparing permeability data with fluid saturations. When plotting fluid
saturations against permeability and porosity with regard to facies, several trends
appear. Facies 1, 2 and 4 have the highest oil saturations. This is especially noticeable
when plotting oil saturations of only core 03WC2, where there is a clear bimodal
distribution of oil saturations between Facies 2 and all other facies with regard to
permeability and porosity. This is also the core in which Facies 2 is the thickest and is
most permeable and porous.

When adding RCA data to saturation plots for a well closer to the top of structure
(12DSD3), it is observed that higher oil saturation values are found updip above the
original oil location of the original oil-water contact (Figure 5.9). Permeability and

porosity data for core 12SD3 is not included in other analysis of facies and reservoir
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quality relationships because the lack of tangible core data meant that interpretations of

facies could not be made

5.2.8 Calcite Cementation effect on Reservoir Quality

Cementation in the Wall Creek Sandstone, Facies 5 has an overall negative
impact on reservoir quality. Porosity within Facies 5 is the lowest of all facies (9.1%).
Permeability (4.4 mD) is also inhibited and is the second lowest permeability next to
mudstone rich Facies 9a (Figure 5.2) noted by Nyman et al., (2014) calcite concretions

do impede flow in the Wall Creek Member.

Figure 5.4 & URVV SORW RI SHUPHDELOLW\ DQG SRURVLW\ ,QGLYL
IDFLHV DQG VL]HG E\ ELRWXUEDWLRQ LQGH[ 6PDOOHU FLUFO
LQGH[ DQG ODUJHU FLUFOHV UHSUHVHQW KLJKHU ELRWXUED\
SRVLWLYH FRUUHODWLRQ EHWZHHQ SHUPHDELOLW\ DQG SRUI|
EHWZHHQ ELRWXUEDWLRQ LQGH[ DQG SHUPHDELOLW\ DQG SR
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Figure55 D ,QGLYLGXDO IDFLHVY SORWWHG DJDLQVW SRURVLW\QGQWGLHIGGEDO GDWD S
ELRWXUEDWLRQ LQGH[ 6PDOOHU FLUFOHVY UHSUHVHQW ORWHKIL EKRW EURWWUREQ WL
LQGH[ 30RW LOOXVWUDWHY OLWWOH WR QR FRUUHODMNMQL VX HE HIWZIHMILRWR M L\ O |
OHPEHU )LJXUH E ,QGLYLGXDO IDFLHVY SORWWHG DJD LWV MY I8 HRRJHUHEOLIDW WR Q7 EH W
ELRWXUEDWLRQ LQGH[] DQG SHUPHDELOLW\
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Figure 5.6 ) Permeability and b) porosity vs grain size plots illustrate a subtle positive relationship between grain size and
porosity and grain size and permeability. The primary effect of grain size on porosity is observed between 10 and 20%
between upper fine- and coarse-grained sandstones.
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Figure 57 D 'HSWK YV SHUPHDELOLW\ SORW DQG E GHSWK YV SF
SHUPHDELOLW\ DQG SRURVLW\ GDWD 30RWYV VXBRYRW QW\UH
DQG GHSWK
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Figure58 2LO VDWXUDWLRQ SORWWHG DIJDLQVW SHUPHDELOLW\ DQB ERCGRURGLENV\ IR
IDFLHVY 30RWV D DQG E VXJJHVW D VXEWOH SRVLWLYH FRURHDBDMVOLRQ BRW ZSRHIF
JLIXUHV F DQG G DUH WKH VDPH SORWYV DV DERYH ZLW&XKRROWGH QIKRIWWKHD AHRHUH L
PRVW SURPLQHQW $ SRVLWLYH FRUUHODWLRQ EHWZRWIQVR LY \DEDDW R URDBNVLIHRXY 1D Q@ GD:!
GLITHUHQFH LQ SURSHUWLHYVY EHWZHHQ )DFLHVY DQG RWKHU IDFLHV
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Figure 59 &URVV SORW RI EHWZHHQ RLO VDWXUDWLRQ DQW MHMH KR ERB UGHS BAKFRQ E L YI
LOOXVWUDWHY WKH KLIKHU VDWXUDWLRQ YDOXHV SUGN HQW X RWX OR FPIEW LY RIQWKKD
RLO ZDWHU FRQWDFW
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5.3 Differentiation between Reservoir Flow Units

Hartmann and Beaumont (1999) illustrated the ability to divide permeability and
porosity cross plots into areas of similar flow types by plotting constant ratio lines
between permeability and porosity. Using this method, divisions between flow quality of
different units can be observed and pore throat sizes may also be distinguished.

This method is applied to the facies of the Wall Creek Member (Figure 5.10 and
5.11). Three differentiations are observed between facies. Facies 5 and 9b fall primarily
in the submicropores to micropore range. Facies 1, 3 and Facies 4-9a fall primarily in
the mesopores to macropore range. Facies 2 falls primarily between macropore and
megapore range. These data suggest that the aforementioned groups of facies will
exhibit slightly different flow qualities from one another, with Facies 2 being the most

optimal, and Facies 4 and 5-9a next optimal, and Facies 5 and 9b the least optimal.

5.4 Petroleum Potential of Facies Associations

Permeability and porosity data suggest that there are distinguishable differences
in reservoir quality between Facies Associations. The transgressive reworked
sandstone (FA3) has a higher permeability and porosity than the delta front sandstones

(FA2) and different aspects to the petroleum system.

5.4.1 Transgressive Reworked Sandstone

The transgressive reworked sandstones of FA3 located in the uppermost Wall
Creek Member in the northern and central portion of Salt Creek Field represent an area
of high potential for petroleum production.

Mapping of the thickness of this genetic unit at Salt Creek Field results in a

narrow, linear sandbody (Figure 5.12). This sandstone has a distinctively higher grain
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size and permeability than any other facies observed within the Wall Creek Member at
Salt Creek Field. Because the transgressive reworked sandstone has a distinctively
higher permeability than other facies within the Wall Creek Member, they are a more
prospective target for petroleum production if they can be targeted in areas of high oil
saturation. At Salt Creek Field, the nature of the oil accumulation is structural. However,
high oil saturation values in the transgressive reworked sandstone off structure suggest
that there is a stratigraphic element to the oil accumulation in the transgressive

reworked sandstone.

5.4.1.1 Transgressive Reworked Sandstone Analogue

At Spearhead Ranch Field, similar coarse-grained sandstones are found at the
top of the First Frontier Sandstone which represents the Wall Creek Member equivalent
in the Powder River Basin (Figure 5.13). Spearhead Ranch Field is located
approximately 20 mi. east of Salt Creek Field in the PRB. At Spearhead Ranch, the
coarse-grained sandstone is interpreted as a deposit related to a transgressive event
over the Cretaceous shelf and varies from 2 mi. in width to 10 mi. in length. In the
reworked sandstone at Spearhead Ranch Field, higher chert and quartz content and
less plagioclase content are present while the opposite is present in the non-reworked
facies. Furthermore, nearly twice as much chlorite is present in the reworked facies. It is
interpreted that resulting differences in diagenesis between reworked and non-
reworked facies is attributed to the differences in mineralogical suites. Chlorite grain
coatings have impeded the formation of quartz overgrowths and thus maintained

primary permeability and porosity in the reworked facies (Tillman & Almon, 1976).
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Because of the depth of burial of these sandstones in the basin, the mineralogical

differences between the two facies is critical for preservation of reservoir quality.

Figure 5.10 Permeability and porosity cross plot. Individual data points are colored by facies.
Lines represent constant ratio between permeability and porosity and divide the plot into areas
of similar pore types from submicropores to megapores. Facies 1, 3 and Facies 4-9a fall
primarily in the mesopores to macropore range. Facies 2 falls primarily between macropore and
megapore range. These data suggest that the aforementioned groups of facies will exhibit
slightly different flow qualities from one another. With Facies 2 being the most optimal, and
Facies 4 and 5-9a next optimal, and Facies 5 and 9b the least optimal.
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Figure 5.11 Permeability and porosity cross plot. Individual data points are colored by facies. Lines represent constant ratio between
permeability and porosity and divide the plot into areas of similar pore types from submicropores to megapores. Facies 1, 3 and
Facies 4-9a fall primarily in the mesopores to macropore range. Facies 2 falls primarily between macropore and megapore range.
These data suggest that the aforementioned groups of facies will exhibit slightly different flow qualities from one another. With Facies
2 being the most optimal, and Facies 4 and 5-9a next optimal, and Facies 5 and 9b the least optimal.
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Figure5.12 7TUDQVJUHVVLYH UHZRUNHG VDQGVWRQH )$ LVRFKRL
VDQGVWRQH LV WKLFNHVW LQ WKH FHQWHU DQG WKLQV RXW:

105



Figure 513 6WUXFWXUH FRQWRXU DQG QHW SRURVLW\ LVRFKRUH
JLHOG &RQYHUVH &RXQW\ :\RPLQJ IURP /DQJH 1DUURZ
UHZRUNHG IDFLHV IRXQG DW WKH WRS RI WKH J)URQWLHU )RU
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5.4.2 Delta Front Sandstones

Delta front sandstones of FA3 comprise the primary Facies Association present
in the Wall Creek Member. These sandstones are a viable reservoir with adequate
permeability and porosity, made up primarily of Facies 4, 6, and 8 which have average
permeability values of 33.1, 18.1, and 11.1 mD respectively. Facies 4, 6 and 8 fall
primarily in the mesopore to macropore range (Table 5.1). Apart from these three
aforementioned facies, the remaining facies can be separated into different groups on
opposite ends of the reservoir quality spectrum. Facies 3 is present in low quantity (2%)
but has great reservoir quality, with permeability values averaging 200.2 mD. Facies 3
falls between the mesopores and megapore range and has a higher relative grain size.
Facies 5, 7, 9, and 9a have lower permeability values averaging 4.4, 6.2, 6.9 and 3.1
mD respectively. Facies 7, 9, and 9a fall primarily within the micropore to mesopores
range. Facies 5 falls primarily in the submicropores to micropore range. Data from
Facies 5 that fall in the higher range represent an area of splotchy cementation in which
the samples were pulled from non-cemented rock although the depth range fell into the
cemented, Facies 5. These may represent areas of lower reservoir quality and may
impede flow to a degree, but overall do not represent an entirely different unit of flow.
When pervasive cementation of Facies 5, however, has reduced permeability and
porosity in the rock, reservoir quality and flow will most be impeded.

The average thickness of these sandstones of the Wall Creek Member is
approximately 100 ft. Thickness mapping of these sandstones of the Wall Creek

Member show that the total thickness of the unit ranges from 80 ft to 160+ ft. Data
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points of abnormally thin Wall Creek Member deposits at Salt Creek Field are a result of

normal faulting along the crest of the anticline which results in the faulting out of section.

5.4.3 Observations of Basal Wall Creek Member and Petroleum Implications

Two isochore maps reveal an interesting trend across Salt Creek Field (Figure
5.14). In Figure 5.14a, an isochore map from the top of the Wall Creek Member to a
correlative bentonite between above the Wall Creek 2 shows a slightly eastward-
thinning trend. The curvilinear band of thicker deposits along the western margin of the
field boundary that mimics the shape of the anticline represents artificial thickening due
to folding of the anticline. This is because the well logs are stretched due to structural
dip and do not represent true stratigraphic thickness. Figure 5.14b, an isochore map of
the sandstones of the Wall Creek Member illustrates a significantly different trend in
thickness values. A large accumulation of thick sediments trend west-east just south of
center at Salt Creek Field. When emplacing a basement lineament map (Figure 5.15)
over the PRB and associated oil and gas fields, the trend of the thick accumulation or
fairway at Salt Creek Field lies parallel and slightly off center to the southwest-northeast
trending Gose Butte (GB) lineament. Lineaments have been related to basement faults
and commonly align with boundaries of depositional remnants throughout the PRB
(Martinesen, 2003). It is interpreted that this sediment accumulation represents an area
of increased accommodation related to basement lineaments in which sandstones were
preferentially deposited. In the cross section, thickness relationships between the top of
the Wall Creek Member and the bentonite beds and the Wall Creek 2 remain consistent.
However, the Wall Creek Member appears to thicken in the center and the 6" Bentonite

bed is truncated. Furthermore, in the Salt Creek Field, a medium- to coarse-grained,
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sandstone of Facies 3 is present at the base of this thick accumulation above the
regressive surface of erosion (Figure 3.25). A northwest-southeast cross section B- %df
the Wall Creek Member and correlated underlying bentonite beds illustrate the
geometry and incision-like nature found at the base of the Wall Creek Member. (Figure
5.16). Outside of this thick accumulation, base of the Wall Creek is more gradational in
nature. Cross Section A-$Y )LJIJXUH s aniid detailed view of the thickening
trend and the sandstones at the base of the Wall Creek above the RSE and the general
thickening of the overlying parasequences. Considering the incision-like nature at the
base of the Wall Creek observed in cross section and the erosional nature of the
contact found within the fairway, the basal unit of the Wall Creek and erosional surface
may represent an incised valley fill, or an incised shoreface or delta. Sandstones of
similar nature are observed in Cretaceous deposits throughout the PRB in close
association with paleostructural accommodation. The Muddy Sandstone, for example, is
associated with a significant drop in eustatic-sea level and consists of fluvial to
estuarine deposits that fill valleys incised into shallow marine sandstones and shales
(Weimer, 1983; Gustason et al.,1983). At Lazy B Field of the PRB, a lower member
known as the Lazy B is only present locally, in the vicinity of the field. The Lazy B was
LOQWHUSUHWHG *XVWDVRQ H Wal,progradationaltvaridp@inH URV LR
remnant, bounded by unconformities, and preferentially preserved within a
SDOHRVWUXFWXUDO JUDEHQ™ RU ZKDW ODUWLQVHQ ZR X
remnant. African Swallow, Kitty, and Hilight field represent other Muddy Sandstone
fields in the PRB where sandstones were preferentially deposited and preserved in

areas of increased accommodation. At African Swallow Field, a remnant shoreface
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sandstone of the Ute Member is preserved in a synsedimentary low that is related to an
underlying, mud-filled incised valley. Another PRB analogue in which similar sandstones
are observed but differ in interpretation are Amos Draw and Bell Creek Fields. These
sandstones have been interpreted as partially coalesced northeast-trending linear sand
ridges (Von Drehle, 1985). The sandstones at this field exhibit a similar southwest-
northeast trend as the thick accumulation at Salt Creek Field. As noted by Martinsen,
(2003) this interpretation is a significant distinction with respect to exploration, as it
would require a different technique than searching for depositional remnants related to

paleostructure.

5.4.3.1 Petroleum Implications

The sandstones at the base of the Wall Creek Member above the regressive
surface of erosion consist of two significant aspects: 1) deposition likely occurred in an
area of increased accommodation and or incision, thus the depositional remnant may
be confined to the geometrical bounds of the paleo accommodation or incision present
(Figure 3.26); 2) they are primarily composed of medium-grained sandstones of Facies
3. Because of this, the geometry of this sandbody is different than observed in overlying
sandbodies and may be bound laterally by unconformable mudstone or heterolithic
beds, creating the potential for stratigraphic entrapment of oil and gas. Furthermore, the
predominant presence of Facies 3 suggests that different reservoir quality and flow
tendencies exist. Therefore, the geological implications of this sandbody at the base of
the Wall Creek Member should be considered in the process of field development and

future exploration.

110



Figure 514 D ,VRFKRUH PDS Rl WKH :DOO &UHHN OHPEHU DW 6DOW K UBIGIG IUHHN DQG
OHPEHU WR %HQWRQLWH%BRWRMLWPDPHCGH FXUYLOLQHDU EDQG RI WKLFN VHGLPH
WKH ILHOG ERXQGDU\ WKDW PLPLFV WKH VKDS8 RUWKH APLOWLWELGNHQMHQDQ VGEKWSW
DQWLFOLQH
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Figure5.15 2LO DQG JDV PDS RI WKH 35% VKRZLQJ WKH PDMRU HO
EDVLQ WKH ORFDWLRQ RI ILHOGY DQG GLVWULEXWLRQ RI OL
65 6SULQJHQ 5DQFK 5= 5R]JHW 6&& 6RXWK &R\RWH &UHHN *%
)& )LGGOHU &UHHN &7 &ODUHWRQ 7UHQG 3% 3DUNPDQ %DNH
%' %XIIDOR 'RXJODV %% %YODFN %XWWH /& /[LIKWHQLQJ &UHI
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Figure 5.16 B-% Y 1RUWKZHVW VRXWKHDVW FURVV VHFWLRQ WKURXHKN WHRENUH&RVLW!
:DOO &UHHN OHPEHU VKDGHG OLJKW EOXH WKLFNHQWMRIDRIGIMVWWKH FHQWHU DQ
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Figure 5.17 Core description logs and associated data overlain with lines pointing to location on isochore map. Cores
A881, C937, and D757 appear to have fining upward sandbody with sharp basal contact. GR signature of C937, which is
along the margin of the thick fairway suggests a slightly thinner sandbody but of similar characteristics and slightly less
sharp basal contact but more sharp than observed in cores A362 and 20RWC2 outside of the fairway. Cores A 362 and
20RWC2 show a gradational base and similar GR and log characteristics
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1)

2)

3)

4)

CHAPTER 6

CONCLUSION

Multiple (five) basement originating thrusts occur beneath Salt Creek Field and
represent multiple hinterland-verging backthrusts. The hinterland-verging back
thrusts formed the asymmetrical anticline at Salt Creek Field. These data should be
held in consideration for the structural evolution of not only Salt Creek Field, but
other Laramide structures along the western margin of the PRB and all

intermountain basins of Laramide origin.

The string of anticlinal fields located to the south of Salt Creek Field (Teapot Dome,
Sage Spring Creek and Cole Creek Fields) along a similar northwest-southeast
trend are a result of basement involved hinterland-verging backthrusts that form in

association with the PRB.

Extensive hinge-perpendicular normal faulting is present in the sediments found
above the Precambrian basement at Salt Creek Field. The normal faults strike in a
primarily west-east direction along the crest of the structure and the number of

faults increase towards the center and most uplifted areas of the anticline.

The base of the Wall Creek Member at Salt Creek Field varies from gradational to
erosive. The erosional contact at the base is interpreted as a regressive surface of

erosion.
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5)

6)

7

8)

9)

The Wall Creek Member at Salt Creek Field represents deposition in an
asymmetrical delta system that was susceptible to tide-, wave-, and river-influence.
Parasequences are controlled by eustatic and tectonic controls resulting in

allocyclic or autocyclic lobe switching.

Thickness mapping and core observations suggest that sydepositional tectonic
influence associated with basement lineaments played a controlling role during Wall

Creek Member deposition.

At a large scale, deposition and reservoir quality of the Wall Creek Member is
influenced by local tectonic controls and eustatic controls. Smaller scale controls
that effect reservoir quality include including relative energy, grain-size, sedimentary

structures, bioturbation and diagenetic cementation.

Three different Facies Associations interpreted in the Wall Creek Member at Salt
Creek Field each have differing reservoir quality and thus will exhibit different

tendencies in regard to flow characteristics.

An interval of medium- to coarse-grained, reworked transgressive sandstones are
situated at the top of the Wall Creek Member in the north and central part of Salt
Creek Field. These sandstones can be mapped out and result in a north-south

trending wedge that resembles a bar-like feature.

10) The transgressive reworked sandstones at Salt Creek Field contain the highest

reservoir and flow quality and contain an element of structural and stratigraphic

trapping.

116



11) There is a positive correlation between grain size/interpreted energy and reservoir

quality in the Wall Creek Member.

12) There is a negative correlation between cementation/bioturbation index and

reservoir quality in the Wall Creek Member.
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APPENDIX A

CORE DESCRIPTION LOGS AND ASSOCIATED DATA AND STRUCTURAL IMAGES

Table A.1 Table of core data used in study.
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Figure A.1 Core Description Log and Associated Data: A362. Core = log £1.
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Figure A.2 Core Description Log and Associated Data: 03WC2
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Figure A.3 Core Description Log and Associated Data: 20RWC2.
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Figure A.4 Core Description Log and Associated Data: A518. Core =log + 1.
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Figure A.5 Core Description Log and Associated Data: A881.
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Figure A.6 Core Description Log and Associated Data: C937. Core =log + 1
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Figure A.7 Core Description Log and Associated data: D757.
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Figure A.8 Oblique view of thrust fault planes at Salt Creek Field.
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