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ABSTRACT

This study integrates outcrop and subsurface data from the Middle Permian, 

Brushy Canyon Formation of West Texas and New Mexico to evaluate the utility, 

limitations, and methods used in calibrating these data for reservoir characterization and 

flow-modeling studies.

Statistical outcrop characterization of an upper Brushy Canyon slump-scar- 

confined sandstone body was conducted at the facies, architectural element, architectural 

element set, and outcrop scales. When these various geometric scales were compared to 

the actual outcrop architecture, it is shown that architectural elements should be the 

smallest-scale sediment bodies that can be populated with rock properties that can be 

imported as reservoir simulation blocks for fluid flow modeling. Statistically, 

architectural elements are also the smallest sediment bodies that can be correlated in well- 

log data, therefore defining the fundamental building block for geologic model 

construction.

The subsurface study of the third-order Brushy Canyon Formation at Cabin Lake 

Field shows that it is approximately 1,500 ft (450 m) thick and consists of four fourth- 

order stratigraphie cycles. The fourth-order-cycle stacking patterns show basinward- 

stepping motif to the middle Brushy Canyon followed by a shelfward-stepping succession 

to the top of the formation. Each fourth-order cycle contains higher-frequency fifth-order 

stratigraphie cycles. Reservoir characterization shows that hydrocarbon predictability is 

directly related to the various architectural elements that make up the different classes of 

reservoirs. Architectural element analysis indicates that the lower Brushy Canyon and 

lower Cherry Canyon are composed entirely of lobeform architectural elements that allow 

for most economical accumulations of hydrocarbons at Cabin Lake Field. In both 

outcrop and subsurface, these architectural elements are sheet deposits that exhibit 

excellent horizontal and poor vertical connectivity properties.



TABLE OF CONTENTS

Page

ABSTRACT.........................................................................    ni

LIST OF FIGURES.................................................................................................... viii

LIST OF TABLES ...............................................................................................  xiii

LIST OF PLATES...................................................................................................... xiv

ACKNOWLEDGMENTS.........................................................................................  xv

Chapter 1. INTRODUCTION.................................................................................  1

1.1 Rationale and Objectives......................................................................  1

1.1.1 Rationale................................................................................  2
1.1.2 Objectives..............................................................................  3

1.2 Methods of Investigation......................................................................  3
1.2.1 Outcrop Study........................................................................  4
1.2.2 Subsurface Study  ...............................................................  7

1.3 Philosophy.............................................................................................  8

1.3.1 Outcrop Analogues and Subsurface Calibration...................  8
1.3.2 The Hierarchy of Geologic Building Blocks and 

Architectural Elements Used in Reservoir Characterization. 9

1.4 Geological Setting.........................................................   11
1.5 Previous Investigations .....       13

1.5.1 Sequence Stratigraphie Framework....................................... 16
1.5.2 Brushy Canyon Depositional Systems..................................  24

Chapter 2. STATISTICAL CHARACTERIZATION OF AN UPPER BRUSHY
CANYON FORMATION SUBMARINE CHANNEL COMPLEX, THE 
SALT FLAT BENCH OUTCROP, GUADALUPE MOUNTAINS 
NATIONAL PARK, WEST TEXAS.................................................... 26

2.1 Introduction.............................................................................................. 26

2.2 Geologic Setting......................................................................................  27



2.2.1 Hierarchy of Stratal Surfaces and Sediment Bodies.............  30

2.3 Statistical Outcrop Analysis....................................................................  39

2.3.1 Statistical Property Parameters.............................................. 45
2.3.2 Summary Statistics................................................................ 47
2.3.3 Bed Thickness Trends Related to

Depositional Processes.........................................................  49
2.3.4 Statistics on the Entire Salt Flat Bench Outcrop...................  51
2.3.5 Western and Eastern Strike Panels........................................  56
2.3.6 Southern Dip Panel................................................................  68
2.3.7 Bedding Geometry Related to

Depositional Orientation...................................................... 70

2.4 Sediment Body Up-Scaling for Reservoir Modeling............................  76

2.4.1 Facies Grouping Schemes.....................................................  77
2.4.2 Statistical Analysis of Architectural Elements

and Architectural Element Sets............................................ 86

2.5 Assessing Sediment Body Scale for Building
Reservoir Models  ...................    110

2.5.1 Facies Scale.................   110
2.5.2 Architectural Element and

Architectural Element Set Scales......................................... I l l

2.6 Two-Dimensional Synthetic Seismic Response
of the Salt Flat Bench Outcrop...........................................................  112

Chapter 3. RESERVOIR CHARACTERIZATION OF BRUSHY CANYON
FORMATION AT CABIN LAKE FIELD, EDDY COUNTY,
NEW MEXICO......................................................................................  118

3.1 Cabin Lake Field Production History...................................................  118
3.2 Brushy Canyon Formation Paleogeography at Cabin Lake Field  119
3.3 Facies and Architectural Element Analysis..........................................  120

3.3.1 Core Facies Analysis.............................................................. 125
3.3.2 Well-Log Analysis and Core-Calibrated Well-Log Facies.... 126
3.3.3 Core-Calibrated Well-Log Architectural Elements..............  129

3.4 Sequence Stratigraphie Framework.......................................................  132

3.4.1 Fourth- and Fifth-Order Stratigraphie Cycle

v



Stacking Patterns..................................................................  139

3.5 Using Outcrop Data to Better Interpret Subsurface Data..................  139

3.5.1 Outcrop Statistics Used to Constrain Core-Calibrated 
Well-Log Architectural Elements.......................................... 141

3.5.2 Outcrop Statistics Used to Spatially Constrain 
Core-Calibrated Well-Log Elements..................................... 141

3.6 Facies Architecture of Brushy Canyon Stratigraphie Cycles...............  144

3.6.1 Methodology..........................................................................  144
3.6.2 Facies Architecture of the Lower Brushy Canyon...............  145
3.6.3 Facies Architecture of the Lower Middle Brushy Canyon.... 157
3.6.4 Facies Architecture of the Upper Middle Brushy Canyon  161
3.6.5 Facies Architecture of the Upper Brushy Canyon...............  167
3.6.6 Facies Architecture of the Lower Cherry Canyon...............  172

3.7 Reservoir Characterization of Brushy Canyon and
Cherry Canyon Production at Cabin Lake Field...............................  176

3.7.1 Brushy Canyon Formation Net Reservoir.............................  177
3.7.2 Lower Brushy Canyon Basin-Floor Fan Production  177
3.7.3 Middle Brushy Canyon Channel-Complex Production  182
3.7.4 Lower Cherry Canyon Basin-Floor Fan

Channel Complex Production.............................................. 188

3.8 Reservoir Type Versus Production at Cabin Lake Field....................  189

3.8.1 Lower Brushy Canyon and Lower Cherry Canyon
Basin-Floor Fan Reservoirs................................................. 192

3.8.2 Middle Brushy Canyon Channel-Complex Reservoirs  193

Chapter 4. CONCLUSIONS....................................................................................  196

4.1 Up-Scaling of Sediment Bodies for
Reservoir Modeling and Characterization......................................... 196

4.2 Calibration and Comparison of Geological to Geophysical Data  197

4.3 Brushy Canyon Stratigraphie Framework at Cabin Lake Field............  198

4.3.1 Correlation of Outcrop to Subsurface.....................................  201

4.4 Brushy Canyon and Lower Cherry Canyon Production.......................  203

REFERENCES...........................................................................................................  206



APPENDIX A. Cabin Lake Field Well Information..............................................  211

APPENDIX B. Salt Flat Bench Statistical Data.....................................................  215

APPENDIX C. Cabin Lake Field Core Descriptions.............................................  239

vii



LIST OF FIGURES

Page

1.1 Location of outcrop and subsurface study areas............................................  5

1.2 Geologic building blocks...............................................    10

1.3 Delaware Basin base map...............................................................................  12

1A  Stratigraphie column of Permian-age strata in the Delaware Basin..............  14

1.5 Basinal Brushy Canyon surface evolution in outcrop....................................  18

1.6 Coupled versus decoupled depositional shelf-to-basin geometries...............  20

1.7 Sequence stratigraphie framework and Wheeler diagram of the 
San Andres and Brushy Canyon formations showing third-
order stratigraphie cycles................................................................................ 21

1.8 Fourth-order stratigraphie cycles in Brushy Canyon outcrop........................  22

1.9 Fifth-order stratigraphie cycles in Brushy Canyon outcrop...........................  23

2.1 Brushy Canyon sediment conduit geometries relative to outcrop trend  28

2.2 Depositional-dip stratigraphy of the Brushy Canyon Formation
physiographic slope showing fifth-order-cycle stacking pattern..................  29

2.3 Salt Flat Bench base map showing photomosaics corresponding to strike
and dip relationships....................................................................................... 31

2.4 Time slices of architectural element set deposition
within the Salt Flat Bench............................................................................... 32

2.5 Wheeler diagram of slump-scar-confined sediment bodies...........................  33

2.6 Salt Flat Bench hierarchy of sediment bodies................................................. 34

2.7 Three-dimensional representation of Salt Flat Bench slump-scar.................  36

2.8 Stratigraphie cross section of slump-scar-confined slope sandbody body
of the fifth-order Slat Flat Bench outcrop showing architectural elements... 37

2.9 Plan view architectural element map of the Salt Flat Bench.........................  38

2.10 Stratigraphie cross section of slump-scar-confined slope sandbody body

viii



of the fifth-order Salt Flat Bench outcrop showing architectural elements 
and facies architecture....................................................................................  44

2.11 Bed thickness trends related to depositional processes...................................  50

2.12 DEPSIM bedding diagram of the entire Salt Flat Bench outcrop...................  52

2.13 Net-to-gross and percent sand diagrams of the
entire Salt Flat Bench outcrop........................................................    57

2.14 Bed thickness histogram for the entire Salt Flat Bench outcrop.....................  58

2.15 DEPSIM bedding diagram of the proximal western Salt Flat Bench
strike-orientated exposure..............................................................................  60

2.16 Net-to-gross and percent sand diagram for the proximal western panel  61

2.17 Bed thickness histogram for the proximal strike western panel..................... 62

2.18 DEPSIM bedding diagram of the distal, eastern Salt Flat Bench
strike-orientated exposure..............................................................................  64

2.19 Net-to-gross and percent sand diagram for the distal, eastern strike panel.... 65

2.20 Bed thickness histogram for the distal, eastern strike panel...........................  66

2.21 DEPSIM bedding diagram of the southern Salt Flat Bench
dip-orientated exposure.....................    69

2.22 Net-to-gross and percent sand diagram of the southern dip panel.................. 71

2.23 Bed thickness histogram for the southern dip panel.......................................  72

2.24 Correlograms of the western, eastern, and southern panels of
the Salt Flat Bench........................................................................  74

2.25 Geometric connectivity diagrams of the western, eastern, and
southern exposures of the Salt Flat Bench.....................................................  75

2.26 Facies models of the Salt Flat Bench geometric connectivity
sensitivity study.............................................................................................. 78

2.27 Histograms and correlograms for the original versus first facies
grouping scheme............................................................................................. 79

2.28 Histograms and correlograms for the original versus second facies
grouping scheme............................................................................................. 81

2.29 Histograms and correlograms for the original versus third facies



grouping scheme.................................................... ........................................  82

2.30 Histograms and correlograms for the original versus fourth facies
grouping scheme............................................................................................. 84

2.31 Geometric connectivity plots of the facies grouping schemes........................ 85

2.32 Attributes of the architectural elements composing
the Salt Flat Bench outcrop................................................................. ........... 87

2.33 Bedding diagram of Architectural Element Set 0.5 (AE-0.5)......................... 102

2.34 Bedding diagram of Architectural Element Set 1 (AE-1).............................  103

2.35 Bedding diagram..of Architectural Element Set 2 (AE-2).............................  104

2.36 Bedding diagram of Architectural Element Set 3 (AE-3).............................  105

2.37 Bedding diagram of Architectural Element Set 4 (AE-4).............................  106

2.38 Bedding diagram of Architectural Element Set 5 (AE-5).............................  107

2.39 Bedding diagram of Architectural Element Set 6 (AE-6).............................  108

2.40 40-Hz to 50-Hz two-dimensional synthetic seismic models of
the Salt Flat Bench.......................................................................................... 115

2.41 100-Hz to 150- Hz two-dimensional synthetic seismic models of
the Salt Flat Bench.......................................................................................... 116

2.42 60-Hz to 80-Hz two-dimensional synthetic seismic models of
the Salt Flat Bench.......................................................................................... 117

3.1 Cabin Lake Field base map.............................................................................. 119

3.2 Core facies photographs................................................................................... 121

3.3 Raw versus normalized gamma-ray log curves at Cabin Lake Field  127

3.4 Gamma-ray API histograms and facies proportions for the three main 
Ethologies of the lower Cherry Canyon and lower Brushy Canyon
core at Cabin Lake Field................................................................................. 128

3.5 Core-calibrated well-log architectural elements at Cabin Lake Field  130

3.6 Cycle boundary recognition criteria for the Brushy Canyon Formation
at Cabin Lake Field........................................................................................ 135

3.7 Federal James “E” 13 type well-log at Cabin Lake Field............................... 136



3.8 Velocity measurements of Brushy Canyon Formation core showing
relative velocities according to facies............................................................ 137

3.9 Seismic impedance related to Brushy Canyon fourth-order cyclicity  138

3.10 Third, fourth, and fifth-order stratigraphie cycles in the Brushy
Canyon Formation at Cabin Lake Field on well-log data.............................. 140

3.11 Outcrop statistics to subsurface data calibration flow chart
using Brushy Canyon Formation attributes.................................................   142

3.12 Facies architecture of the lower Brushy Canyon Formation in outcrop
at Colleen Canyon and in subsurface at Cabin Lake Field............................ 146

3.13 Stratigraphie cross section H-H' (geologic).................................................... 148

3.14 Seismic cross section H-H'..............................................................................  149

3.15 Stratigraphie cross section J-J' (geologic)....................................................... 150

3.16 Seismic cross section J-J'.................................................................................  151

3.17 Maps of Brushy Canyon stratal continuity at Cabin Lake Field..................... 152

3.18 Seismic facies analysis of the Brushy Canyon for Cabin Lake Field data.... 153

3.19 Brushy Canyon Formation fourth-order cycle 1 (BC-1) isochore
maps at Cabin Lake Field..............................................................................  154

3.20 Paleotopographic reconstruction of BC-1 base...............................................  155

3.21 Bonespring paleotopography controlling Brushy Canyon deposition  156

3.22 Facies architecture of the middle Brushy Canyon in outcrop at
Popo channel and in subsurface at Cabin Lake Field.................................... 158

3.23 Brushy Canyon Formation fourth-order cycle 2 (BC-2) isochore
maps at Cabin Lake Field..............................................................................  162

3.24 Paleotopographic reconstruction of BC-2 base...............................................  163

3.25 Brushy Canyon Formation fourth-order cycle 3 (BC-3) isochore
maps at Cabin Lake Field..............................................................................  165

3.26 Channel-fill complexes in the middle Brushy Canyon Formation at
Cabin Lake Field............................................................................................. 166

3.27 Paleotopographic reconstruction of BC-3 base...............................................  168

3.28 Facies architecture of the upper Brushy Canyon Formation in outcrop

xi



at Plane Crash Canyon and in subsurface at Cabin Lake Field....................  169

3.29 Outcrop versus subsurface correlation scenarios............................................. 170

3.30 Brushy Canyon Formation fourth-order cycle 4 (BC-4) isochore
maps at Cabin Lake Field..............................................................................  173

3.31 Seismic coherency and RMS amplitude characteristics of the
upper Brushy Canyon Formation (BC-4) channel-fill complexes................  174

3.32 Paleotopographic reconstruction of BC-4 base...............................................  175

3.33 Cabin Lake Field production map.................................................................... 178

3.34 Lower Brushy Canyon well-log showing net reservoir at
Cabin Lake Field.............................................................................................  180

3.35 Cabin Lake Field lower Brushy Canyon and lower Cherry
Canyon net reservoir maps.............................................................................. 181

3.36 Initial potential (production) bubble map.......................................................  183

3.37 Seismic coherency and RMS amplitude characteristics of
lower Brushy Canyon basin-floor fan production.........................................  184

3.38 Water-saturated middle Brushy Canyon well-log at Cabin Lake Field  186

3.39 Seismic coherency and RMS amplitude characteristics of
middle Brushy Canyon (BC-3) channel-fill complex production.................  187

3.40 Lower Cherry Canyon well-log showing net reservoir at Cabin Lake Field. 190

3.41 Seismic coherency and RMS amplitude characteristics of
lower Cherry Canyon basin-floor fan production..........................................  191

3.42 Reservoir type versus production at Cabin Lake Field...................................  195

4.1 Brushy Canyon third-, fourth-, and fifth-order cycle stacking patterns  200

4.2 Middle Brushy Canyon channel complexes at Cabin Lake Field................... 202



LIST OF TABLES

Page

2.1 Salt Flat Bench facies descriptions.................................................................  40

2.2 Statistical summary of Salt Flat Bench strike and dip panels.........................  53

2.3 Statistical characteristics and description of
architectural element set 0.5 (AE-0.5)........................................................... 88

2.4 Statistical characteristics and description of
architectural element set 1 (AE-1).......................... ......................................  89

2.5 Statistical characteristics and description of
architectural element set 2 (AE-2).................................................................  91

2.6 Statistical characteristics and description of
architectural element set 3 (AE-3).................................................................  93

2.7 Statistical characteristics and description of
architectural element set 4 (AE-4).................................... ............................  95

2.8 Statistical characteristics and description of
architectural element set 5 (AE-5).................................................................  97

2.9 Statistical characteristics and description of
architectural element set 6 (AE-6).................................................................  99

2.10 Two-dimensional synthetic seismic rock properties....................................... 114

3.1 Cabin Lake Field facies descriptions..............................................................  122

3.2 Facies abundances in Cabin Lake Field core.................................................. 124

3.3 Well-log attributes of Brushy Canyon fourth-order cycles at
Cabin Lake Field............................................................................................. 159

xiii



LIST OF PLATES

3.1 Dip-orientated stratigraphie cross section (B-B1) through Cabin Lake Field.

3.2 Strike-orientated stratigraphie cross section (C-C) through Cabin Lake Field.

xiv



ACKNOWLEDGMENTS

I thank my advisor. Dr. Michael H. Gardner, for his support and his willingness to 

discuss matters scientific and otherwise with me during the course of this study. His 

patience and time are sincerely appreciated. My financial support was provided by Dr. 

Gardner through the CSM Slope and Basin Consortium and for this I owe him a debt of 

gratitude. Likewise, the insights of Dr. Michael Baztle, Dr. Roger M. Slatt, and Dr. Eric 

Nelson, my committee members, over the past two years proved beneficial to the 

outcome of this work. I sincerely thank Brad Sinex (master’s candidate in geophysics) 

for helping me collect field data and for providing me with the geophysical data 

necessary to complete this study. I also thank Dr. Mary Carr for her help, kindness, and 

jolly humor.

The assistance of Shell Oil Company was instrumental in producing the reservoir- 

modeling statistics. The programs utilized were developed by Gottfried M. Tiller and 

Hua Zhu. Dave T. McGee directly supervised this project and assisted in preparation of 

the outcrop sections. I would like to thank Hua Zhu for his insights on the outcrop 

geostatistics and for helping with the reservoir model construction. I would also like to 

extend a special thanks to Dave T. McGee and Dr. Fred Keller for the financial assistance 

during my visit to Shell’s Bellaire Research Center in Houston, Texas.

I would like to thank geoscientists Mary Tisdale and Wendy Stratman of Phillips 

Petroleum Company for providing the subsurface data set used in this study. Their help 

and insights are greatly appreciated.

I would like to sincerely thank my friends and family, especially my wife Tricia, 

for their endless moral support. Their unrelenting assurance kept me going when the 

chips were down. And finally, I would like to thank BP staff geophysicist Dean 

Chergotis for his enlightening insights and conversations concerning this work.

XV



 

 

 

 

The original material for this dissertation includes a significant 
number of oversized pages.  The full text can be viewed by 

accessing the supplement file. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


