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ABSTRACT

Reservoir information gathered at normal well spacing 
of 300 to 600 feet is often inadequate to determine details 
of heterogeneity that are critical to economic oil and gas 
production. Alcova anticline is cut by Alcova Canyon, 
exposing a dip-oriented cross section of Pennsylvanian 
Tensleep Sandstone. The site was studied to discern the 
scale of heterogeneities that affect production at normal 
well spacing. Alcova anticline was correlated to the South 
Casper Creek heavy-oil field.

Two main stratigraphic facies were described from the 
3 00-foot interval of reservoir strata on the west canyon 
wall. The lower facies is composed of near-shore and 
coastal-marine sediments containing three lithofacies named 
wavy laminated, wrinkle laminated, and marine fossil. The 
upper facies is composed of coastal eolian sand dune and 
tidal flat sediments, and has six lithofacies named large- 
scale crossbed, undulated bed, contorted bed, boxwork 
fracture, symmetrically rippled, and azimuthal crossbed. 
These lithofacies are the building blocks of ten genetic 
lithostratigraphic units that are separated by regional 
bounding surfaces. Units 1 to 6 (numbered upwards from the 
outcrop base) are packages of the three marine lithofacies
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and large scale crossbed lithofacies. Units 7 to 10 are of 
the eolian sand dune lithofacies. The bounding surfaces 
resulted from regional erosional events that were heavily 
influenced by sea-level changes. In the marine sediments, 
the bounding surfaces were formed by abrupt sea-level 
deepening and transgression. Bounding surfaces in the 
seaward eolian sediments were formed when dropping water 
table and changing climatic conditions, related to sea-level 
fluctuations, caused major erosion.

The lithostratigraphic units are organized into flow 
units based on measurements of permeability and porosity. 
Correlation to South Casper Creek field flow units indicates 
that reservoir-rock properties can be estimated from outcrop 
examination. Lithofacies and diagenesis are important 
predictors of reservoir quality.

Dominant tectonic fractures trend east to west and are 
formed from either regional Laramide stress, or local stress 
during the creation of the anticline. Open fractures are 
conduits for reservoir fluids, while closed fractures are 
fluid barriers. Fracture densities are highest at the 
anticline axis, which is a tectonic stress point. They are 
also high in relatively brittle rocks, such as the dolomitic 
marine units.

iv
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Characterization of the Tensleep at Alcova anticline 
shows that lateral changes of bounding surfaces and facies 
pinch outs may not be well described using typical 
characterization methods. Fracture density can be 
miscalculated as well. The effect of heterogeneities may be 
underestimated in fields characterized at traditional well- 
spacing scales.

v



T-3863

TABLE OF CONTENTS

Page
ABSTRACT....................................................iii
LIST OF FIGURES............................................. ix
LIST OF TABLES............................................. xii
LIST OF PLATES............................................ xiii
ACKNOWLEDGEMENTS........................................... xiv

INTRODUCTION............................................ 1
Purpose............................................ 1
Ob j ectives......................................... 1
Location........................................... 2
Geological Background............................. 6

Central Wyoming.............................. 6
Alcova Anticline............................. 8

METHODS.................................................19
PREVIOUS WORK 2 2

Alcova Anticline..................................22
Reservoir Characterization....................... 24

LITHOFACIES DESCRIPTION............................... 27
Introdcution 2 7
Stratigraphic Measurements 2 7
Wavy-Laminated Facies............................ 28
Wrinkle-Laminated Facies 3 3
Marine-Fossil Facies............................. 37
Large-Scale Crossbed Facies...................... 39
Undulatory-bed facies............................ 45
Contorted-Bed Facies 4 5
Boxwork-Fracture Facies.......................... 48
Symmetrically-Rippled Facies.....................49
Azimuthal-Crossbed Facies........................ 52

vi



T —3863

Page
LITHOFACIES INTERPRETATION............................ 55

Introduction...................................... 55
Wavy-Laminated Facies............................ 56
Wrinkle-Laminated Facies......................... 57
Marine-Fossil Facies............................. 58
Large-Scale Crossbed Facies...................... 60
Undulatory-bed facies............................ 62
Contorted-Bed Facies............................. 64
Boxwork-Fracture Facies.......................... 66
Symmetrically-Rippled Facies.....................68
Azimuthal-Crossbed Facies........................ 69

PALEOENVIRONMENTS......................................71
Introduction......................................71

Physical Description........................ 71
Paleocurrents............................... 72
Bounding Surfaces........................... 7 2
Sea Level....................................74

Lower Non-Reservoir Units........................ 74
Unit 1.......................................76
Unit 2 ...................................... 78
Unit 3.......................................79
Units 4 and 5............................... 82
Unit 6....................................... 83

Upper Reservoir Units............................ 84
Unit 7 ...................................... 85
Unit 8.......................................89
Unit 9.......................................91
Unit 10..................................... 93
Tensleep-Goose Egg Contact...................95
Interpretation Summary.....................101

FLOW UNITS............................................ 104
Introduction..................................... 104
Flow Units 1 to 3................................106
Flow Units 4 and 5.............................. 107
Flow Unit 6......................................108
Flow Unit 7..................................... 109
Flow Unit 8......................................110
Flow Unit 9......................................Ill
Flow Unit 10.................................... 113
Summary of Reservoir Quality....................114

vii



T —3863

Page
Flow Unit Correlation with South Casper Creek

Field....................................... 116
UNOCAL Model............................... 116
RCP Model...................................118
Correlation................................ 119

FRACTURES............................................. 122
Fracture Orientation and Classification........ 122
Fracture Density.................................12 9
Open Versus Closed Fractures....................135
Influence of Overburden Stress Relief on

Fractures...................................139
Comparison to South Casper Creek............... 14 3
Engineering Considerations and Conclusions.....14 6

RESERVOIR CHARACTERIZATION........................... 149
Introduction.....................................14 9
Synthesis........................................ 149
Comparison to South Casper Creek Field......... 154

SUMMARY AND CONCLUSIONS.............................. 158
Conclusions...................................... 159
Future Work...................................... 160

REFERENCES..................................................163
APPENDIX A: METHODS OF SURFACE GEOPHYSICAL LOGGING.......169
APPENDIX B: PETROPHYSICAL AND GEOPHYSICAL LOG DATA....... 174

viii



T —3863

LIST OF FIGURES
Page

Figure 1. Location of Alcova anticline study.............. 3
Figure 2. Alcova reservoir and vicinity................... 4
Figure 3. Detail location map of study area............... 5
Figure 4. Upper Paleozoic stratigraphy.................... 7
Figure 5. Surface exposure of Precambrian in Wyoming..... 9
Figure 6. Development of Sweetwater arch graben..........10
Figure 7. Cross section of Alcova anticline.............. 12
Figure 8. Geologic map of Alcova anticline............... 13
Figure 9. Alcova Canyon, view from dam................... 16
Figure 10. Tensleep-Goose Egg section..................... 17
Figure 11. View of west wall of Alcova Canyon.............18
Figure 12. Location of facies in Tensleep strata..........31
Figure 13. White stratification is wavy-bed facies....... 32
Figure 14. Wrinkle-laminated facies with burrows..........34
Figure 15. Wrinkle-laminated facies shows laminations.... 35
Figure 16. Wrinkle-laminated facies vertical burrows..... 3 6
Figure 17. Vertical burrows in marine-fossil facies...... 38
Figure 18. White crystalline carbonate druse.............. 40
Figure 19. Marine fossil facies............................41
Figure 20. Large-scale crossbed facies.................... 43
Figure 21. Horizontal burrow on bedding surface...........44
Figure 22. Undulatory-bed facies subparallel bedding..... 46

ix



T—3863

Page
Figure 23. Contorted-bed facies............................ 47
Figure 24. Boxwork-fracture facies.........................50
Figure 25. Symmetrically rippled facies................... 51
Figure 26. Azimuthal-crossbed facies...................... 54
Figure 27. Vertical burrows at irregular intervals....... 59
Figure 28. Undulated-bed facies example .................. 63
Figure 29. Massive character of contorted-bed facies 65
Figure 30. Northern limb of anticline..................... 70
Figure 31. The PAC hypothesis 7 5
Figure 32. View of west wall of Alcova anticline..........77
Figure 33. Undulated-bed facies in unit 3................. 80
Figure 34. Lower benches in unit 7.........................86
Figure 35. Large crossbeds in upper unit 7................ 87
Figure 36. Contact between unit 7 and unit 8.............. 90
Figure 37. Unit 9 is a group of dune sets................. 92
Figure 38. Quarry along west dam access road.............. 9 6
Figure 39. Tepee structures on top of unit 10.............97
Figure 40. Symmetric ripples in top of unit 10............98
Figure 41. Flute casts in top of unit 10.................. 99
Figure 42. Symmetric ripples in Goose Egg ............... 100
Figure 43. Flow units of the Tensleep.................... 117
Figure 44. Stereonet plot of poles of fracture planes...123
Figure 45a. Fractures of regional stress regime...........125

x



T —3863

Page
Figure 4 5b. Fractures of local stress regime.............. 12 5
Figure 46. The major stress axis of the Laramide.........127
Figure 47. Density of fractures is comparatively low....132
Figure 48. Major through-going fracture zone.............134
Figure 49. Siliceous fracture fill........................137
Figure 50. Chips of wall rock............................ 138
Figure 51. Gouge fill on fracture face................... 140
Figure 52. Spherical projection of intermediate stress..144
Figure 53. Block diagram of Alcova anticline............ 150
Figure 54. Cross section of South Casper Creek field....155
Figure 55. Surface gamma-log measurement 17 0

xi



T —3863

LIST OF TABLES

Page
Table 1. Grain-scale features of lithofacies.............. 29
Table 2. Bedding-scale features of lithofacies............30
Table 3. Primary and secondary Tensleep lithofacies...... 56
Table 4 Flow-unit classification.........................106
Table 5. Comparison of type A and type B fractures...... 12 9
Table 6. Fracture density at Alcova anticline............131

xii



T —3863

PLATE 1 
PLATE 2 
PLATE 3 
PLATE 4

PLATE 5

PLATE 6

LIST OF PLATES
(IN POCKET)

South Traverse, West Wall, Alcova Anticline.
Middle Traverse, West Wall, Alcova Anticline.
North Traverse, West Wall, Alcova Anticline.
Facies and Fracture Distribution, West Wall,
Alcova Anticline.
Lithology and Lithofacies Distribution, West Wall, 
Alcova Anticline.
Stratigraphic Reconstruction.



T —3863

ACKNOWLEDGEMENTS

I wish to express gratitude to my thesis committee for 
the direction and guidance they provided: my advisor Dr.
John Warme; Dr. Tom Davis, Reservoir Characterization 
Project supervisor; and Drs. James Crafton and John Horne. 
This thesis was partially funded by the Reservoir 
Characterization Project, Phase III.

Derek Wilson provided me with employment at the CSM 
Computing Center for the tenure of my studies, and is 
responsible for a profound broadening of my professional 
interests and opportunities. Thanks to my friends at the 
Computing Center for their encouragement and support.

Bruce Birge, Carl Dietz, David List and Kata McCarville 
helped me through many geological and personal difficulties. 
I am particularly grateful for Kata's editing skills. It 
was my privilege to have worked with the members of 
Reservoir Characterization Project Phase III: Bob Benson,
Hondiro Tanean, M. Kurshid Akhtar, Hugo Vieytes, Farrokh 
Jalinoos, Darrell Kramer, Jurandyr Schmidt and Phil Anno. 
UNOCAL was generous in allowing me to discuss my field work 
with Bill Ruddiman, Chris Mullen and Veronica Stevens in 
Casper, Wyoming, and to view cores with Ross Clark and Rex 
Cole in Brea, California.

xiv



T —3863

For myself and all of my RCP III colleagues, I wish to 
acknowledge our many sponsors: AGIP, AMOCO, Associated
Geophysical Analysts, Canadian Hunter, Chinese Petroleum 
Corporation, CGG American Services Inc., CNG Development 
CONOCO, EXSSEL, Gas Research Institute, Golden Geophysical,
H & H Star Energy, Halliburton Geophysical Services, INTEVEP 
S.S., Japan National Oil Corporation, Japan Petroleum 
Exploration Co. LTD., Meridian Oil Co., Mesa Limited 
Operating Partnership, Mobil Research and Development Corp., 
Northern Geophysical of America, ORYX Energy Co., PETROBRAS, 
Santa Fe Minerals Inc., Schlumberger Well Services, Shell, 
TEXACO Inc., UNOCAL, and Union Texas Petroleum.

Pat Madison of Golden Software generously donated 
TM TMcopies of Surfer and Grapher software. David Mayer and 

George Vassilellas of the CSM Petroleum Engineering 
Department made available the minipermeameter and the 
benefit of their experiences with it. Dr. Charles Aldrich 
taught me to operate the hygrometers.

Finally, I wish to dedicate this thesis to my mother, 
Frances Marie Vealey. May this small effort acknowledge her 
lifelong effort.

xv



T—3863 1

INTRODUCTION

Purpose
The purpose of this study is to observe in outcrop the 

sedimentary, stratigraphic, lithologic and tectonic 
components of a petroleum reservoir that are expected to 
cause flow heterogeneities, and to interpret the effects of 
such components on production. Enhanced oil recovery 
schemes must include plans for reservoir heterogeneity 
characterization and evaluation, otherwise the economics can 
be severely crippled, or even fail. Characterizations of 
producing fields are limited by the scale of well spacing. 
Many important heterogeneity data are unknown because they 
cannot be adequately sampled in wells. Comparison of 
subsurface rocks to surface outcrops will increase the 
detailed knowledge of heterogeneity necessary for successful 
hydrocarbon production.

Objectives
The objectives and goals of this study were to:
1) Describe the exposure of the Tensleep Sandstone at 

Alcova anticline, and record lithologic, sedimentologic, 
stratigraphic, tectonic, petrophysical and geophysical 
details.
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2) Analyze the outcrop as though it were a producing, 
structural hydrocarbon trap, and determine the types of 
heterogeneities that exist in the outcrop. Use integrated 
geological, geophysical and production engineering criteria 
to characterize and categorize the heterogeneities.

3) Interpret how the heterogeneities could modify 
potential reservoir fluid flow of steamflood and other 
enhanced production techniques.

4) Correlate the outcrop to South Casper Creek field, 
and evaluate the results of reservoir seismic 
characterization studies in active Tensleep production.

Location
Alcova anticline is located in section 24, T30N, R83W, 

Natrona County, Wyoming. It is 3 0 miles southwest of Casper 
on Wyoming State Highway 220. The South Casper Creek field 
seismic study area, also in Natrona County, is in sections 2 
and 3, T33N, R83W. The field is located 25 miles west of 
Casper. Both locations are shown in Figure 1. Detailed 
views of Alcova are shown in Figures 2 and 3.
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WYOMING
MLES

SCALE CASPERT35N
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Figure 1. Location of Alcova anticline study. Alcova
anticline is analogous to the producing structures of 
the eastern Wind River Basin. The structure, 
orientation, dimension and stratigraphy are common to 
all. The Alcova structure is the eastern limit of the 
Sweetwater Arch. The Granite Mountains are the surface 
expression of the Sweetwater Arch. After Keefer 
(1970) .
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Figure 2. Alcova reservoir and vicinity. Alcova fault is
traced in white and runs under the lake. The anticline 
axis is traced in blue and the canyon is at the line 
break. Alcova dam is the white structure at the 
northeast end of the canyon. The North Platte River 
meanders northeast towards Casper, paralleled by 
Wyoming State Highway 220. The town site of Alcova is 
between the bend of the road and the dam. Photo 223-46 
Geology Department Library, University of Wyoming.
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WYO. HWY. 220

ALCOVA 
(TOWN SITE)

WEST

WEST/
WALL

1/4 MILE

Figure 3. Detailed location map of study area. West wall, 
as shown in Plates 4 and 5, is stippled. Base map, 
USGS, 7.5-minute Alcova Quadrangle.
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Geological Background

Central Wyoming 
The abundantly oil-prone Tensleep Sandstone of the Wind 

River Basin is the principal formation exposed in the Alcova 
anticline. The Tensleep is middle Pennsylvanian in age and 
conformably overlies the lower to middle Pennsylvanian 
Amsden Formation (Figure 4). On the eastern side of the 
basin it is unconformably overlain by the Permian Goose Egg 
Formation (Wyoming Geological Association, 1984). Tensleep 
Sandstone is generally assigned to the Desmoinesian, but 
some faunal evidence suggests it may extend into the Permian 
(Opdyke and Runcorn, 19 60; Tenney, 1965; Andrews and 
Higgins, 1984).

Central Wyoming, during Desmoinesian time, was a broad 
shelf covered by a shallow, regressive sea (Tenney, 1965).
It was part of a stable foreland complex that had persisted 
since the Precambrian and had accumulated shallow marine 
sediments in most of the previous Paleozoic systems (Keefer, 
1970). Also during the Desmoinesian, the Ancestral Rockies 
were uplifted along a lineament coincident with the present 
day Front Range. Pathfinder uplift, immediately south of 
Alcova, was the northernmost expression of this structure 
(Kelly, 1982). The Ancestral Rockies were an important
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WIND RIVER 
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Figure 4. Upper Paleozoic stratigraphy of the of the Wind 
River Basin, Wyoming. Stippled bar indicates portion 
exposed in Alcova Canyon. The name Tensleep is applied 
throughout the Wind River, Big Horn and western Powder 
River Basins. The Casper Formation name is restricted 
to the Laramie-Hanna Basins and the Laramie Mountains. 
It has been applied to the strata at Alcova in early 
literature. The Goose Egg Formation name is used in 
the eastern Wind River Basin and Phosphoria Formation 
is applied in the west. A complete exposure of this 
column can be seen in Fremont Canyon. After Wyoming 
Geological Association, 1984.
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source of sediment for the Wyoming shelf region and for 
Tensleep deposition (Tenney, 1965). Sands derived from this 
region were reworked along an arid, equatorial coastline by 
northeasterly winds (Andrews and Higgins, 1984). The 
shoreline changed from an environment of algal-evaporite 
sabkhas and tidal flats in the Amsden to continental, 
migrating, eolian sand dunes of the Tensleep (Andrews and 
Higgins, 1984).

Formation of the Wind River Basin began in the Laramide 
orogeny (Figure 5) with downwarping of the central trough 
and attendant doming of the marginal regions. Along the 
southern flank of the basin, the Sweetwater Arch rose 
several thousand feet above the basin floor (Keefer, 1965; 
197 0). This region, including the Alcova area on the 
eastern terminus, was later downdropped into a graben and 
buried by Tertiary sediments (Mitchell, 1957; Keefer, 1965) 
(Figure 6).

Alcova Anticline
Alcova anticline was chosen as the study area because 

it closely resembles South Casper Creek anticline, the site 
of the Colorado School of Mines Reservoir Characterization 
Project, Phase III. Notably, the structure, scale and 
orientation are comparable, the Permo-Pennsylvanian units
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LATE CRETACEOUS

DEBRIS FROM UPLIFT

TERTIARY

NORTH SWEETWATER /  FERRIS MOUNTAINS SOUTH
HILLS

MIOCENE * 'V o  
SEDIMENTS

10 MILES

TODAY

Figure 6. Development of Sweetwater Arch Graben. 1)
Mountain core is thrust upward. 2) Erosion planes 
mountains, and debris is shed. 3) Collapse along 
normal fault and fill by Miocene sediments. From 
Lageson and Spearing, 1988.
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are lithostratigraphically correlative, and the environments 
of deposition are similar. The structure and stratigraphy 
are exposed in a cut where the North Platte River bisects 
the anticline axis, making this an ideal location to study 
internal details in cross section.

The anticline is an asymmetric drag fold that is 
faulted and steepest on the southwest flank. The core of 
the anticline, however, exhibits concentric folding. It was 
formed by a Laramide reverse fault that thrust the Tensleep 
Sandstone over lower Cretaceous and Jurassic strata 
(Beckwith, 1933; Sheffer, 1951; Mitchell, 1957) (Figure 7). 
Bradley (1935) characterized the fault as normal, but field 
relations do not substantiate this interpretation. Sheffer 
(1951) reported the amount of displacement to be between 
1700 and 1900 feet. Dips on the northeast flank are up to 
16 degrees, and on the steeper southwest flank up to 31 
degrees. The anticline axis trends N60W, and can be traced 
over two miles southeast from Wyoming State Highway 22 0 to 
the Alcova dam where it plunges at 10 degrees into the 
subsurface (Figure 8). The exposed core of the anticline is 
in the Pennsylvanian Tensleep Sandstone. The unconformable 
contact with the overlying Nowood Member of the Permian 
Goose Egg Formation can be traced along the length of the
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WEST

WEST
WALL

1/4 MILE

QUART. EOLIUM

Figure 8. Geologic map of Alcova anticline. Tensleep
Sandstone is exposed in anticline core and is overlain 
by Goose Egg Formation on either side. Steep dips are 
on south limb of anticline which is up-thrown side of 
thrust fault. Gentler dips are on elongated north 
limb. Anticline axis plunges into subsurface at 
southeast end. Base map USGS, 7.5-minute Alcova 
Quadrangle.
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anticline on the northeastern flank. The basal contact with 
the Pennsylvanian Amsden is not exposed.

Alcova anticline is cut, almost perpendicular to the 
axis, by the channel of the North Platte River. This is 
Alcova Canyon of Bradley (1935) (Figure 9). The North 
Platte River is dammed at the northern, downstream end of 
the canyon and Alcova reservoir is formed behind. The 
reservoir elevation is maintained at Highest Water Level 
(HWL) in the summer (5498.00 feet above sea level, Bureau of 
Reclamation). At HWL as much as 160 vertical feet of the 
anticline is inundated. Still, over 300 feet of the 
stratigraphic section is exposed from the HWL to the crest 
of the anticline. (All photos in this study show HWL.)

The Tensleep is exposed in both canyon walls. The west 
wall of the canyon was stratigraphically measured along 
three traverse lines, which are located in Figure 8. The 
measured sections (named south, middle and north) are 
displayed in Plates 1 through 3. The traverses are spaced 
4 00 to 500 feet apart to approximate the spacing of wells in 
a producing oil and gas field. All three sections have been 
combined to create a single representative Tensleep section, 
shown in Figure 10. The exposed lithostratigraphic facies 
are similar to those producing at South Casper Creek field.
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There are two principal facies. The stratigraphically 
lower facies is composed of interlayered dolomitic 
sandstones and sandy dolomites (units 1 through 6) (Figure 
11). The dolomites are vertically burrowed and contain 
marine fossils. These beds are exposed up to 55 feet above 
HWL. The upper facies is primarily sandstone, either well 
sorted and thickly crossbedded or poorly sorted with thin, 
wavy beds (units 7 through 10). The sandstone beds are over 
2 00 feet in total thickness, and correlate with the 
productive interval of South Casper Creek field, as will be 
discussed later. A fourth traverse was made outside of the 
canyon to record the lower Goose Egg Formation. It is 
primarily red-bed shales and mudstones punctuated by 
anhydrite and limestone beds. This measured section is 
included in Figure 10.
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Figure 9. Alcova Canyon, view from dam looking upstream,
(south). West wall (study location) is on the right. 
Dipping strata are upper Tensleep rocks. These 
correlate with the reservoir facies of Wind River Basin 
fields. It is approximately 300 feet from HWL to the 
top of the west wall. The difference in the profiles 
of the east and west walls is due to the strata dipping 
to the southeast (left). Rocks on the west wall may 
slide down the dip slope, away from the wall, into the 
canyon. The same dip on the other side of the canyon 
points into the east wall. Fremont Canyon, which also 
exposes Tensleep rocks, is seen at the south end of the 
reservoir, 3.5 miles distant.
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Figure 10. Tensleep-Goose Egg stratigraphic section at 
Alcova anticline as constructed from four measured 
sections. Geophysical log is constructed from surface- 
log data and displayed using subsurface log scales 
(1:480 or 2.5" = 100'). CPS = counts per second, gamma 
ray background radiation. G\CC = grams per cubic 
centimeter. Right column shows generalized lithology. 
Lower Goose Egg section is included for regional 
stratigraphic correlation.
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Alcova Reservoir-Tensleep Fm Outcrop

Figure 11. View of west wall of Alcova anticline, looking 
south from Alcova dam. Major lithostratigraphic units 
are outlined and numbered in white. Units 1 through 6 
are thinly-bedded, horizontally stratified, mixed 
dolomite and sandstone beds. Units 7 through 10 are 
thickly-bedded, crossbedded, sandstone strata. The 
lower units are dense and well cemented, and show low 
porosity and permeability. These correlate to the non
producing strata in nearby subsurface oil fields. The 
upper units have porosities up to 23% and
permeabilities as high as 1.3 darcies. These correlate 
to producing strata elsewhere, but there is no oil 
staining in the outcrop.
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METHODS

Field studies were conducted at Alcova anticline and 
the eastern Wind River Basin region in May to October, of 
both 1989 and 1990. Eight weeks were spent in the field.

A geologic map of Alcova anticline at the North Platte 
River cut was made at a scale of 1:24,000. It covers the 
exposures of the Tensleep Sandstone and the immediately 
overlying and underlying formations in the portion of the 
anticline that is mapped in the USGS 7.5-minute Alcova 
Quadrangle. The map was developed from field observations 
and previous interpretations (Sheffer, 1951; Mitchell, 1957; 
Crist and Lowry, 197 2).

Measured stratigraphic sections were made at a scale of 
1:48. Four traverses were made to record the stratigraphic, 
lithologic, geophysical and petrophysical character of the 
outcrop. Three vertical traverses labeled south, middle, 
and north (Plates 1, 2 and 3) were made on the west wall of 
Alcova Canyon, in the Tensleep Sandstone. The fourth 
traverse was made outside of the canyon, from the Tensleep 
upper contact through the lower Goose Egg Formation. 
Geophysical and petrophysical outcrop data are displayed in 
subsurface log form. These data were used in interpreting 
the outcrop by means other than usual surface geological
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methods. Plotting the data in log form simplified 
comparison with the subsurface data of South Casper Creek 
field. Integrated representations of the outcrop data are 
presented in Plates 4 through 6. The details of data 
collection and processing are reviewed in Appendix A.

Stratigraphy, fracturing, and lateral relationships 
were also derived from mosaics of 3 5-mm photographs taken 
from atop the east wall and from boats in the river channel. 
Sketches were made through binocular examination. Regional 
details and fracture trends were mapped from an aerial, 
stereophotograph pair.

Fracture orientation was measured along the top of the 
west wall and in selected portions of the cliff face with a 
Brunton compass. Large fractures and broad fracture zones 
were mapped from 35-mm photos and aerialphotographs.

Data plotting for the geophysical logs was done on the 
CSM VAX 8600 running a Nicolet Zeta 8A plotter and using 
several in-house plotting programs. Other data were plotted

TM TMwith Grapher and Lotus 1-2-3 1 on PC computers. Many maps
T*Mand data figures were drafted or modified using Canvas111 

running on an Apple Macintosh SE .
Thin sections were made from 2 6 samples taken from the 

north and south traverses and other locations on the west 
wall. All were impregnated with blue dyed epoxy to show
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porosity. Half of each slide was stained with alizarin- 
red S to distinguish calcite from dolomite. The other half 
was stained with sodium cobaltinitrite to distinguish 
potassium feldspar from plagioclase.



T-3863 22

PREVIOUS WORK

Alcova Anticline
The Alcova area was first mentioned in a review of 

artesian basins of Wyoming published by Knight (1900). The 
canyon was the site of numerous hot springs, until they were 
flooded by the reservoir. In a later volume, Knight (19 01) 
named the major fault as the Fremont fault and described it 
as a thrust. Darton (19 08) included the Alcova area in a 
general survey of central and southeastern Wyoming surface 
geology and stratigraphy. The paper contains one of the 
best available pre-dam photos of the canyon, but only 
general comments on the Tensleep outcrops. Hares (1916) 
gave a brief but specific description of the anticline and 
fault. He also evaluated central Wyoming's oil potential 
and judged the Alcova anticline to be too deeply eroded to 
be productive.

Lee (1927) provided the first detailed stratigraphy of 
the area. A comprehensive stratigraphic correlation through 
central Wyoming and central Colorado established the 
relation of the Tensleep and Amsden to the other Permo- 
Pennsylvanian formations of the Rockies. Beckwith (1933) 
prepared an abstract that reviewed the relationship of the 
anticline to several faults. It gives a generally accurate
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view of the topography and thrust fault style, but indicates 
the Embar (Goose Egg) contact is conformable with the 
Tensleep. The unconformity between the two had been 
previously documented by Darton (1908) and Lee (1927).

Bradley (1935) presented a detailed examination of the 
stratigraphy of the canyon walls with an insightful analysis 
of the regional hydrology and the bearing of such on the 
selection of the dam site. The dam was constructed, and 
flooded the canyon in 1938. Contrary to previous authors 
(Knight, 1901; Hares, 1916; and Beckwith, 1933), Bradley 
showed the Alcova fault as a normal fault. He has been the 
only author to do so. Also published in 1935 was a geologic 
map (1" = 5 miles) of Natrona County by J.D. Love for the
Wyoming Geological Survey. The outcrops around the 
reservoir are listed in the First Annual Field Conference 
Guidebook of the Wyoming Geological Association (1946).

The most recent works available are two unpublished 
Masters theses from the University of Wyoming: Sheffer 
(1951) and Mitchell (1957). Sheffer mapped portions of 
several townships to the west of Alcova reservoir and 
Mitchell did likewise on the east side. They offered no new 
interpretations, but together they account for the most 
thorough and complete collection of maps and cross sections 
available for the area. Wiese (1954) published a road log
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and included a stop at the dam site. This article refers to 
the sandstone outcrop as Casper Formation rather than 
Tensleep. Crist and Lowry (197 2) included a geologic map of 
Natrona County with their water-supply paper #1897.

Two works from the popular press are worth mentioning. 
Van Burgh and Strube (1974) produced a field guide as a 
high-school-class project that contains the most detailed 
road log to be found of the area. Lageson and Spearing
(1988) published an excellent cross-sectional diagram of the 
Alcova canyon-Fremont canyon vicinity.

Reservoir Characterization
The Tensleep and other eolian reservoirs are the 

subjects of several important studies of reservoir 
characterization. Morgan et al. (1978) examined the Oregon 
Basin field, a Wyoming Tensleep reservoir, to determine the 
locations of productive zones, and to find the methods 
needed to explain and map the zones. By studying cores, 
logs, thin sections, and production data, they were able to 
describe the field so that a five-spot water injection was 
more efficiently used. Kelly (1982) described from outcrop 
features the compartmentalization of the Casper Formation at 
Flat Top anticline, Wyoming. In the 1984 paper by Andrews 
and Higgins, the environment of deposition and primary
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depositional features were shown to greatly influence 
reservoir heterogeneity. The integration of data from logs 
and cores was pivotal to this study.

The value of outcrop analogs was demonstrated by Weber 
in his 1987 study of the de Chelly Sandstone in Arizona. 
Weber made measurements on outcrops of the de Chelly and 
integrated permeability and porosity data from the North Sea 
Leman field with the geological description of the outcrop. 
From this, interpretations of water coning in the Leman 
field were made.

In a formative study of the Jurassic Nugget Sandstone 
in Utah and Wyoming, Lindquist (1988) used diverse 
quantitative measures to describe heterogeneity. Among them 
were core analysis, mercury injection, nuclear magnetic 
resonance, production data and conventional log and dipmeter 
data. A fundamental relationship was established between 
reservoir anisotropy and primary depositional patterns.

Recently, workers have used quantitative and integrated 
methods to define reservoir properties. Chandler et al.
(1989) directly tied geological description to flow data in 
the Page Sandstone of northern Arizona. Permeability 
measurements were made at the outcrop with a field 
permeameter and related directly to the stratigraphic unit. 
Thus, directional flow for individual strata sets could be
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ascertained and relative permeability between stratigraphic 
units could be calculated.

Tillman (1989) used a variety of quantitative 
techniques to measure and characterize heterogeneity in the 
Nugget Sandstone at Painter Reservoir. She reviewed grain- 
size analyses, directional permeability, core descriptions, 
and facies relations and concluded, as did Lindquist (1988), 
that primary depositional environment greatly influences 
directional anisotropy.
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LITHOFACIES DESCRIPTION 

Introduction
Stratigraphy and sedimentation strongly influence 

reservoir quality and production. The packages of strata 
that influence the reservoir are called flow units. The 
geologic background necessary for definition and discussion 
of flow units is reviewed in this and the next two sections. 
Lithofacies will be described and categorized in this 
section. The following section, Lithofacies Interpretation, 
outlines and identifies the depositional processes that 
produced each facies. The Paleoenvironments section defines 
and analyzes the stratigraphy of the lithostratigraphic 
units found in the anticline.

Stratigraphic Measurements
Three stratigraphic sections were measured in the 

Tensleep Formation on the west wall of Alcova anticline.
They are named the south, middle and north traverses, and 
are shown in Plates 1, 2, and 3 respectively. The measured 
section in Plate 1 was made along the anticline axis, from 
HWL to 13 0 feet above HWL. Above this the outcrop is too 
dangerous to pass. The only exposure of the dolomitic, 
bioturbated lithofacies is at the base of this traverse. 
Lithofacies in upper part of the south traverse and all of
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the middle and north traverses are predominantly carbonate- 
cemented sandstones. The north traverse stratigraphically 
overlaps the middle and upper portions of the middle 
traverse. The three measured sections are included on 
Plates 4, 5 and 6, and are used to define the boundaries of 
the lithofacies and lithostratigraphic units. In all, nine 
lithofacies are identified, and details of each are 
summarized in Tables 1 and 2. The relationships of each 
lithofacies within the stratigraphic column are shown in 
Figure 12. Following is a physical description of each of 
the nine lithofacies in the order they are encountered in 
the outcrop.

Wavy Laminated Facies
Wavy laminated facies is sandstones that are very fine 

grained, well sorted and well rounded. The strata are 1 to 
5 centimeters thick, flat to wavy, with some internal cross 
lamination in thicker laminae (Figure 13). Some small 
horizontal burrows occur on the bedding planes.

This is the lowest stratum in the outcrop. It is 
estimated to begin 2 feet below HWL and can be seen up to 
2.5 feet above on the south traverse (Plate 1, stations 0 to 
3). It may also be present on the north traverse, 23 feet 
above HWL (Plate 3, station 11).
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Figure 12. Location of individual facies in Tensleep strata 
(see Tables 1 and 2). Plates 4 and 5 show the 
distribution across the outcrop. The "Units" column 
marks the position of the lithostratigraphic units 
shown in Figure 10 and defined in the Paleoenvironments 
section. Scale 1:480.
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Figure 13. White stratification is wavy-bed facies. Low- 
relief wavy beds show no crossbedding. The lower 
bounding surface is under water and is not visible. 
Small tan crossbed just under brown unit is truncated 
large-scale crossbed facies. Brown unit at very top is 
lower portion of wrinkle laminated facies. Scale ruler 
in photograph shows centimeters on left, inches on 
right.
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Wrinkle-Laminated Facies
The lithology varies between a sandstone that is 

dolomite cemented to a dolomite that is fine to coarse 
grained and very sandy. The sand grains are fine grained, 
subrounded to angular, and moderately sorted to poorly 
sorted. In thin section, occasional sand grains float in 
the dolomite matrix. The bedding character may be massive 
or horizontally laminated (Figure 14). The "wrinkle" 
qualities of the bedding (Figure 15) are subparallel 
laminations, and are 1 to 3 centimeters thick. In both 
cases the lower boundary is sharp and scoured, showing 
moderate relief. The upper bounding surface is sharp with 
no relief. The wrinkle-laminated facies is found in the 
core of the anticline, from 5 to 10 feet above HWL on the 
south traverse (Plate 1, stations 3 to 5), and from 40 to 54 
feet above HWL (Plate 1, stations 17 to 22), just below the 
base of the first of the sandstone units.

The dominant biogenic structures are vertical sand- 
filled burrows. In the stratigraphically lower occurrence, 
they are branched, Thaiassiniodes-like tubes (Figure 16) 5 
to 10 centimeters long. In the upper horizon they are 
vertical sand-filled tubes with rare branches, 1 to 2 
centimeters in diameter and 10 to 60 centimeters long
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DNAC-
PHOTO SCALE

Figure 14. Wrinkle-laminated facies with vertical burrows. 
Some branching is apparent. Notice limbs of strata 
bent downwards along burrow. Lithology is sandy 
dolomite. Scale is in centimeters.
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Figure 15. Wrinkle-laminated facies shows subparallel 
laminations in dolomite-cemented sandstone. This 
lithofacies is burrowed as seen Figure 16, 50 
centimeters below this view.
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Figure 16. Wrinkle-laminated facies is dominated by-
vertical sand-filled burrows. Sometimes the burrows 
are branched. Typically they are 1 to 2 centimeters in 
diameter and 10 to 60 centimeters long. Roosevelt dime 
(18 millimeters) for scale.
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(Figure 14). The burrows are not present in the laterally 
correlative units of Fremont Canyon.

Mineral casts and marine fossils are found in this 
facies as well. A few gastropod and bivalve fossils are 
preserved by coarsely crystalline calcite rhombs. Burrows 
and fractures may contain dogtooth spar.

Marine-Fossil Facies
This facies is a dolomite, coarsely crystalline, 

containing marine fossils that are preserved as calcite.
The fossils are predominantly, bivalves, gastropods, and 
crinoid stems, though preservation is too poor to identify 
species. Paired holes maybe biogenic structures. This 
facies occurs only in the lower stratigraphic regions of the 
anticline, from 18 to 40 feet above HWL on the south 
traverse (Plate 1, between stations 8 and 17).

Bounding planes at the top and base are low-relief 
erosional surfaces. The bedding is massive and indistinct, 
though apparent bedding surfaces maybe anywhere from 0.5 to 
3 meters apart. Sedimentary structures include stylolites 
and vertical burrows (Figure 17). The burrows are 3 
centimeters in diameter and 2 0 centimeters long. These are 
seen in most of the facies. Brecciated, chickenwire 
fracturing is common. Some vugs are associated with the



T —38 63 38

Figure 17. Vertical burrows are found in marine-fossil 
facies. Circular cross section of one is seen in 
center of photograph. Elongated cross-section is seen 
below and directly right of boot. Both may be of same 
cast, meaning size may be at least 30 to 40 
centimeters. Size 12 boot for scale.
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fossils and burrows and may be 0.5 to 5.0 millimeters in 
diameter.

The exposed top surface of this facies is covered with 
a coarsely crystalline carbonate druse containing dogtooth 
spar up to 10 centimeters thick (Figure 18). This surface 
may be related to open fractures within the facies (Figure 
19). Those fractures, seen on the east wall, are 2 0 to 50 
centimeters wide, up to 1 meter long and filled with the 
same carbonate druse. Coarse carbonate crystals also fill 
some of the vertical burrows.

Large-Scale Crossbed Facies
This is a sandstone, fine grained, rounded, well sorted 

and usually calcite cemented. It is thickly bedded with 
clearly defined cross strata. Crossbeds are composed of 
inversely graded pinstripe laminations, mostly thin (1 to 3 
millimeters), with a few up to 8 millimeters. The beds are 
typically 1 to 2 meters thick, with dips at the base of the 
bed near 15 degrees and steepening towards the top to about 
2 5 degrees. Some of these strata are truncated. Truncated 
beds do not develop fully steepened crossbed angles, and may 
be at most up to 50 centimeters thick. Large-scale crossbed 
facies is commonly mixed with undulatory-bed facies as in 
Plate 1, stations 23 to 30.
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Figure 18. White coarsely crystalline carbonate druse
covers surface and fills vugs along surface of marine 
fossil facies. It is also found coating fractures 
surfaces in the lithofacies.
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Figure 19. Marine-fossil facies, lowest stratigraphic unit 
at HWL, on canyon east wall across from study area. 
Open fractures are covered with same white druse seen 
on surface on west wall (Figure 18).
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Bedding planes are frequently well defined and exposed, 
allowing accurate measurement of dip directions. The lower 
bed boundaries are always sharp and scoured (Figure 20).
They crosscut either other crossbeds or other facies. Lower 
bounding surfaces of the facies are also scoured (Figure 
21). Small (5 to 10 centimeter) horizontal burrows are 
present on some bedding surfaces.

Although it is often punctuated by several other 
facies, this facies is the most common in all three 
traverses. In the south traverse it is found between 54 
feet and 96 feet above HWL (Plate 1, stations 23 to 39), and 
is visible in the rocks above the measured traverse. In the 
middle traverse it runs from HWL to 12 feet above, and from 
80 to 138 feet above HWL (Plate 2, stations 0 to 6 and 33 to 
56). In the north traverse it exists as numerous truncated 
beds from 0.5 feet to two feet thick. These are present 
between 24 and 68 feet above HWL (Plate 3, stations 10 to
28). This horizon of the large-scale crossbed facies is 
laterally continuous with the upper horizon in the middle 
traverse. Several of the beds from the north traverse pinch 
out at the south end of the outcrop. The spatial and 
lateral relationships are detailed in Plates 4 to 6.
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Figure 20. Large-scale crossbed facies. Bedding planes are 
strongly inclined and distinct. Beds are composed of 
inversely graded ripple laminations and often show 
small burrows. Bed sets can be seen to truncate other 
sets as in this series from unit 7. Bushes at water 
level are approximately 1 meter tall.
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Figure 21. Horizontal burrow on bedding surface of large- 
scale crossbed facies. These may be seen in cross 
section as small ovals filled with slightly coarser 
sand than surrounding sediment. Burrows of this sort 
may also be found in base of large-scale crossbed 
facies. Scale is in centimeters.
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Undulatory-Bed Facies
Undulatory-bed facies is a sandstone, fine to medium 

grained, poorly sorted, that may be cemented by several 
different materials including clay, dolomite, calcite and 
silica. Bedding may be undulatory or wavy, as well as 
disturbed or massive. Bed thickness is usually 1 to 2 
meters. The lower bounding surfaces may be scoured or 
gradational. Stratified "vugs” (Figure 22) or horizontal 
burrows are common on bedding surfaces.

This facies usually punctuates thicker bedded facies 
such as the large-scale crossbed facies (Plate 1, stations 
24 and 28) or the contorted-bed facies (Plate 1, stations 41 
to 44; Plate 2, station 12). Within the outcrop this facies 
is laterally continuous, though one such member is seen to 
pinch out just above HWL, 1520 feet south of the dam (Plate 
4) .

Contorted-Bed Facies
The lithology of the contorted bed facies is a 

sandstone, fine grained, rounded and well sorted. The 
bedding shows thin pinstripe laminations upon close 
examination, but appears massive from a distance (Figure 
23). Where contorted bedding is seen in the west wall, it 
is comparatively gentle. The deformation has made the
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Figure 22. Undulatory-bed facies has subparallel bedding 
that is defined by stratified "vugs" or small pits 
along bedding boundaries. Note top scoured by 
overlying large-scale crossbed facies. Scale is 
centimeters on left, inches on right.
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Figure 23. Contorted-bed facies commonly has massive
appearance and vertical profile. Mildly contorted beds 
are found where primary depositional surfaces have been 
lost. Major bedding contacts survive, but show broadly 
curved and wavy character. Slabby wedge in lower left 
corner is portion of large-scale cross bed facies. 
Scale: average bush is 0.5 meters tall.
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strata appear massive and the bedding surfaces indistinct. 
Dip measurements are unreliable. In a correlative unit in 
Fremont Canyon the bedding is contorted, overturned and has 
widely varying dips, many over 3 5 degrees, the natural angle 
of repose for sand.

There is a slight lateral variation in the facies 
across the outcrop. The best expression of contorted 
bedding in the west wall is at the top of the south traverse 
between 115 and 128 feet above HWL (Plate 1, stations 48 to 
52). The contortion is not as evident in the other two 
traverses. In the middle traverse the facies runs from 22 
to 78 feet above HWL (Plate 2, stations 10 to 32), but does 
not show classically contorted bedding. Rather the bedding 
surfaces are obscured, and the cliff face has a flat, 
vertical, unbroken or "homogenized" appearance. Similarly 
in the north traverse from 0 to 5 feet above HWL (Plate 3, 
stations 0 to 2) there is no apparent internal structure. 
Diagenetic cements are mostly calcite and some dolomite in 
the northern end of the outcrop and become more dolomitic 
laterally, toward the middle.

Boxwork-Fracture Facies
The lithology is sandstone, very fine to fine grained, 

well sorted. Stratification is generally absent, fractures
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occur in boxwork patterns. Calcite and quartz cements have 
been deposited in fractures, and layers of pea-sized, 
calcite cemented sandstone nodules are present (Figure 24). 
When stratification is present, it appears as calcite- 
enhanced pinstripe lamination.

At Alcova, this facies is found in only one horizon, 
which is traceable throughout the outcrop. In the middle 
traverse it occurs at 140 feet above HWL (Plate 2, stations 
5 6 to 58) and in the north traverse at 60 feet above HWL 
(Plate 3, stations 24 to 27). It is laterally persistent in 
a broad region surrounding the outside edge of the eastern 
Wind River Basin. It may be a significant marker facies.

Symmetrically-Rippled Facies
This sandstone is very fine grained to silty and 

moderately sorted. It comprises thin (<50 centimeters) beds 
of symmetrical ripple marks (Figure 25). These may be 
laterally wide spread where exposed at the surface and are 
associated with other sedimentary and biogenic structures. 
These include oscillation ripples, flute casts, trough 
crossbeds, coarse-grained lag, algal lamination, and tepee 
structures.

The best exposure of this lithofacies is within the 
north traverse 68 feet above HWL (Plate 3, stations 28 to
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Figure 24. Boxwork-fracture facies. Stratification is
generally absent, fractures occur in boxwork patterns, 
and are reinforced. This facies is found in only one 
horizon, and is found in other outcrops near the Alcova 
area. It may be a significant marker facies.
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Figure 25. Symmetric-ripple facies. Symmetric ripples (as 
distinct from asymmetric ripples of the large-scale 
crossbed facies) and oscillation ripples are present on 
vertically adjacent beds.
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29). Symmetrical ripples can be traced to the south through 
the middle traverse (Plate 2, station 59) and along the base 
of the azimuthal-bed facies over the anticline crest. This 
facies is traced to the north to where the contact plunges 
under HWL (Plate 4). A coarse-grained sand and chert-pebble 
lag, 3 0 centimeters thick lies along part of the exposed 
base of this facies. The lag extends from north of the 
middle traverse all the way to where the facies is lost 
underwater. Another excellent exposure of the facies is at 
the base of the Goose Egg Formation, across the unconformity 
from the Tensleep Sandstone (not included in plates).

Azimutha1-Crossbed Facies
Azimuthal-crossbed facies is a sandstone, fine grained, 

angular, and heavily dolomite cemented. The cement stands 
out in contrast to the calcite cement and sutured quartz 
grains of the large-scale crossbed facies. In thin section, 
the sand grains typically have point contacts and the 
dolomite fills much of the interstitial space, making the 
porosity very poor. The bedding character is also different 
from the large-scale crossbedding. The strata are thin (2 0- 
7 0 centimeters) truncated crossbeds with dip azimuths that 
vary in all compass directions abruptly and repeatedly.
This gives the outcrop a herring-bone appearance (Figure
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26). The strata also separate into loose slabs that enhance 
the angular appearance. Unlike any other facies within the 
outcrop, the azimuthal-crossbed facies is typically stained 
red or brown. This varies vertically from bed to bed and 
laterally.

This lithofacies is found only in the upper few meters 
of the Tensleep, below the Goose Egg unconformity. It is 
recorded in the middle traverse from 144 to 185 feet above 
HWL (Plate 2, stations 60 to 74) and in the north traverse 
from 67 to 112 feet above HWL (Plate 3, stations 30 to 47). 
The facies is laterally continuous across the entire 
outcrop, though it is out of the recorded interval of the 
south traverse. Beds along the base of the facies pinch out 
to the south as seen in Plates 4 to 6. This facies is also 
laterally continuous to outcrops in Fremont Canyon and 
Casper Mountain, where it is usually seen just below the 
Tensleep-Goose Egg contact.
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Figure 26. Azimuthal-crossbed facies. Herring bone pattern 
of crossbedding looks like imbricated slabs. This 
appearance is caused by many small cross sets that were 
truncated and overlain by other small cross sets of 
different dip azimuths. Individual beds are easily 
split into tabular slabs of sandstone in azimuthal- 
crossbed facies. This facies is found only at the top 
of the formation. It is seen in Fremont Canyon and on 
Casper Mountain. Dog is 90 centimeters tall.
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LITHOFACIES INTERPRETATION 

Introduction
In this section, the lithofacies described previously 

were interpreted to determine the corresponding depositional 
processes. Interpretations take into account only data 
collected at Alcova anticline. Reconnaissance of the 
surrounding area shows these facies exist in other outcrops, 
but these interpretations may not include all Tensleep 
lithofacies, and they may not contain the entire range of 
characteristics that exist regionally in each lithofacies.

The primary lithofacies are representative of 
depositional conditions. They are 1) wavy laminated, 2) 
large-scale crossbed, 3), undulatory-bed, 4) symmetrically 
rippled and 5) azimuthal-crossbed. The secondary 
lithofacies have been altered in some way from other 
lithofacies since the time of deposition. Several 
lithofacies, especially large-scale crossbed, have been 
mechanically altered into contorted-bed facies by soft 
sediment deformation and diagenetically altered to boxwork 
fracture facies. Marine-fossil facies is a secondary facies 
diagenetically altered from a marine shoreface environment 
that is not represented in its primary form. The 
lithofacies are categorized in Table 3.



T-3863 56

Table 3. Primary and secondary Tensleep lithofacies. 
Facies Name_________ Status____ Alteration_____ Altered From
Wavy Laminated 
Wrinkle Laminated 
Marine-fossil

Large-Scale
Crossbed
Undulatory-Bed
Contorted-Bed
Boxwork-Fracture
Symmetrically-
Rippled

Primary N/A
Secondary Biologic
Secondary Biologic

Diagenetic
Primary N/A

Primary N/A 
Secondary Mechanical 
Secondary Diagenetic 
Primary N/A

N/A
Not Present 
Not Present

N/A

N/A
Large-Scale CB 
Large-Scale CB 
N/A

Azimuthal-Crossbed Primary N/A N/A

Wavy-Laminated Facies
This facies is similar to the foreshore extradune of 

Lupe and Ahlbrandt (1979). "Foreshore” refers to the marine 
intertidal zone abutting a coastal dune field. 
Characteristically, the strata are wavy to parallel, low 
angle laminations, with rare burrows and scour-and-fill 
structures. The wavy-laminated facies also appears to show 
the wavy form of supercritical ripple lamination, though the 
measurement of the climb angle is uncertain. Supercritical 
climbing translatent strata are associated with high
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sediment accretion rates, and can be associated with 
subaqueous flow as well as subaerial flow (Hunter, 1977a) . 
This may be further indication of a subaqueous environment.

An alternative interpretation is that these are sheet 
sands. Fryberger et al. (1990) show examples of flat to 
wavy strata similar to those Figure 13. However, they 
report sheet sands however, are poorly sorted and may be 
associated with coarse down-wind deposits, neither of which 
are found in the outcrop.

Wrinkle Laminated Facies
This facies resembles the "shoreface extradune," of 

Lupe and Ahlbrandt (1979), which has wavy, non-parallel to 
parallel, low-angle relict laminae and extensive burrowing 
(Plate 1, stations 3 to 5 and 18 to 20). The term extradune 
is used to indicate a wide margin of varied environments 
surrounding all sides of a major eolian facies. A shoreface 
extradune would be that marine environment beyond the 
intertidal zone hosting burrowing organisms and receiving 
windblown sands. Within the wrinkled laminae facies are 
horizons of extensive vertical burrowing, bioturbated or 
"wrinkle" laminations, and massive bedding. The latter two 
are possibly due to bioturbation other than from the 
vertical burrowing. Petrographic examination shows the
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lithology to be dolomite cemented sandstone to dolomite with 
sand grains, likely included as windblown sands from nearby, 
active eolian environments. Strongly laminated portions 
(Figure 14; Plate 1, stations 20 to 23) may be due to algal 
mats.

For the vertically burrowed horizons, the question is 
whether the vertical structures were in fact created by 
organisms in a flooded substratum. It seems unlikely they 
are root casts as few plants of the Pennsylvanian had a 
tolerance for salt water (J. Horne, Pers. Comm.). None of 
the penetrations show carbon material lining the walls, as 
is often the case in root casts. There is no common surface 
along which the penetrations are truncated, rather they 
start and stop at different levels (Figure 27). These 
characteristics are expected for the dwelling/feeding traces 
of organisms within lagoonal or sabkha sediments, where 
organisms might travel for some distance and their traces 
might be buried at random times by storm events or during 
periods of increased sedimentation.

Marine-fossil Facies
This is the only facies to contain large amounts of 

recognizable fossils, which are the chief evidence for
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Figure 27. Vertical burrows start and stop at irregular
intervals. There is no common truncating surface which 
may indicate these are burrow traces rather than root 
casts. Other indications that these are burrows 
include: rare branching and no carbon residue.
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calling this lithofacies marine. The fossil crinoids, 
bivalves, and gastropods are likely to represent either 
lower shoreface or coastal lagoon environments. The shell 
fragments are composed of calcite, and are surrounded by 
coarse-grained dolomite. The coarse crystallization 
resulted from secondary dolomitization which has destroyed 
stratification and fossil detail.

Vertical structures 2 to 3 centimeters in diameter and 
10 to 2 0 centimeters long are interpreted to be burrow 
traces. These are indistinct because of coarse-grained 
recrystallization. The burrows may be an indication that 
the facies was deposited under relatively shallow water 
conditions. (See the interpretation of the wrinkle- 
laminated facies for a discussion of vertical burrowing in 
general.) Vertical burrows suggest the substrate was 
influenced by the wave base to some extent, was not 
exceptionally deep, and probably represents shoreface or 
lagoon environments.

Large-Scale Crossbed Facies
This facies represents complete or nearly complete 

eolian sand dunes. The large-scale crossbedding is typical 
of eolian deposition in open ergs, where dunes and draa 
actively migrate. Two types of strata are found in this
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facies that are important to eolian interpretation: 1) 
climbing wind ripples (translatent strata) and 2) sandflow 
(Hunter, 1977a). The climbing wind ripples are the most 
common (80% to 90%) of the two strata at Alcova. Grain fall 
and several other strata are may be found in dunes but are 
unimportant to this outcrop.

The thin (1 to 3 millimeters) pinstripe strata 
described previously are deposited by climbing wind ripples. 
These are formed as winds cross the dune surfaces and 
saltate sand grains. The grains are piled onto small (2 
millimeters to 2 centimeters) ridges (ripples). During the 
process of saltation, the sand grains will climb the stoss 
side of each ripple and avalanche down the lee side. Each 
ripple migrates over and scours the top of the preceding 
ripple. Avalanching separates the finer and coarser grains, 
with the coarser grains being pushed to the top, so the 
strata become inversely graded.

Most of the large-scale crossbed facies strata reflect 
slightly different depositional conditions. When the 
migrating ripple climbs at an angle shallower than the angle 
of the ripple stoss slope (subcritical), a ripple will 
truncate the ripple beneath it. The laminae deposited by 
this migration are thinner than the ripple height, and hence
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the pinstripe laminae are only 1 to 3 millimeters thick 
(Hunter, 1977a).

The thicker (4 to 8 millimeters) inversely graded 
strata found in the large-scale crossbed facies are formed 
by sandflow avalanching along slip faces of dunes. The 
angle of dip of the dune face increases from the dune toe to 
the dune top as sand is continually piled higher. Loosely 
piled sand can normally support surfaces that dip 
approximately 31 degrees. Steeper dune faces become 
unstable and layers of sand cascade down the slope when 
triggered by some external force. These strata are often 
poorly preserved, because the sandflow may later be reworked 
into climbing wind-ripple strata.

Undulatory-Bed Facies
Undulatory-bed facies represents interdune areas in the 

interior of the erg. This facies might best be compared to 
what Andrews and Higgins (1984) called the "eolian sabkha 
subfacies." It has wavy beds, sometimes with stratified 
layers of vug-like holes (best seen in Plate 3, station 9; 
Figure 28). The vugs may be the remnant molds of evaporite 
mineralization. The bedding is massive and has calcite- 
cemented sandstone nodules dispersed throughout.
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Figure 28. Undulatory-bed facies example of the kind often 
observed punctuating large-scale crossbed facies. This 
one is at station 10, Plate 3. Vug-like holes may form 
from dissolution of soluble minerals. (Scale: field of 
view is approximately 4 0 centimeters from top to bottom 
of picture.)
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Fryberger et ai. (198 3) and Andrews and Higgins (1984) 
interpret sediments of this character to represent a stable 
interdune depositional environment. Interdunes are low 
areas between the topographically positive dunes. Within an 
interdune, the water table is often exposed, and as it rises 
and falls the conditions of the interdune may fluctuate as 
the area is alternately flooded and desiccated. Salts rise 
in capillary waters during dry seasons, and form crusts that 
buckle, then collapse, when the interdune is flooded. This 
process imparts a wavy character to the original bedding 
or, if extreme, may destroy the bedding altogether. The 
interdune is catchment area for sediments that do not 
collect in the dunes. It will typically contain poorly 
sorted sediments, because grains adhere to the damp or wet 
surface and are not winnowed by the winds. The bedding is 
commonly disturbed or undulatory by many mechanisms 
including adhesion, burrowing, mineral crystallization, and 
algal growth.

Contorted-Bed Facies
This facies appears to be large-scale crossbed facies 

that has undergone plastic deformation and lost its bedding 
definition (Figure 29). Outcrops near Alcova show large- 
scale contortion in correlative units, though in the west



T —38 63 65

Figure 29. Massive character of contorted-bed facies
indicates loss of all but major bedding surfaces to 
bedding contortion. Compare to distinct crossbeds in 
large-scale bed facies near shoreline that people are 
standing on. Highly convoluted beds are seen in 
Fremont Canyon at a stratigraphically correlative 
horizon.
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wall this deformation is less pronounced, and is best noted 
at a distance. Contortion can range from slight warping to 
overturned and recumbent folding (Fryberger, 19 7 9a).
Thorough inspection of the strata, such as along the middle 
traverse (Plate 2, stations 10 to 32) does not clearly show 
the larger scale aspects of the contortion. Close up, the 
strata appear to retain the primary character of deposition, 
that is, the ripple lamination of the large-scale crossbed 
facies seems relatively undisturbed.

Conditions for contortion require excess pore pressures 
and a mechanism for liquefaction of porous, water saturated 
sands (Doe and Dott, 198 0). Describing the Weber Sandstone 
of Dinosaur National Monument, Fryberger (1979a) writes:
"The highly plastic nature of much of the contortion 
indicates that the sand was saturated by water at the time 
of deformation." Contortion may be triggered by rapid water 
table fluctuation, seismicity (Doe and Dott, 1980) or storm 
events in flooded interdunes (Eschner and Kocurek, 198 5).

Boxwork-Fracture Facies
The boxwork-fracture facies is a secondary lithofacies 

altered from the large-scale crossbed facies. This 
represents the bioturbated zone of the symmetrical-ripple 
facies tidal flats. Bioturbation appears to have almost
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completely destroyed the original bedding. Where there is 
bedding, it looks ripple laminated as in most of the dune 
strata. Cementation is primarily guartz overgrowths, and 
there is abundant intergranular porosity, which appears to 
be secondary. Fractures look to have shattered the facies 
in a brittle manner, and are now filled and reinforced with 
sutured quartz.

It is surmised that this facies was initially deposited 
as eolian crossbedded sands and later transgressed by a 
tidal flat during local sea-level rise. The original 
sedimentary structures were destroyed by bioturbation 
leaving the bedding massive. Cementation, fracture filling 
and mineral dissolution as outlined below may have made the 
facies brittle enough to shatter during a tectonic event 
(Laramide?), and been replaced at a later time by quartz 
overgrowths and secondary porosity.

Diagenetic alteration is known to have occurred to some 
extent in all of the lithofacies. The Tensleep of South 
Casper Creek field is characterized as having passed through 
a complex history of dissolution, compaction and cementation 
from the Pennsylvanian to the recent. In general outline, 
the first stage was near-surface cementation by dolomite, 
pyrite, calcite and silica. The second stage was a burial 
period that produced compaction fractures, and continued
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dolomite and calcite cementing with silica dissolution. The 
third stage occurred at the time of Laramide uplift and 
included authigenic clay emplacement, carbonate dissolution 
and cementation by calcite, silica and pyrite. These 
details of Tensleep diagenesis have been researched for a 
thesis in progress (M.K. Akhtar, Pers. Comm.)

Symmetrical Ripple Facies
The symmetrical ripples this facies is named for 

suggest this facies was deposited in broad pools of shallow 
water that covered the interval commonly if not 
continuously. Further evidence for subaqueous deposition 
include sediment sorting, scoured contacts, flute casts, a 
thin sandstone lag, tepee structures, and possible algal 
lamination. In all examples of this facies it is associated 
with lithostratigraphic units that show evidence of rising 
sea level (see next section). Where it is described in the 
north traverse (Plate 3, station 29), it covers truncated 
large-scale crossbeds, which were likely flooded by in a 
local transgressive event. It is present at the Goose Egg 
contact as well which is known to be a regional 
transgressive boundary.
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Azimuthal-Crossbed Facies
The origin of this facies appears to be that of an 

eolian dune complex that was strongly influenced by erratic 
winds and sea water. The crossbeds are thin and commonly 
truncated; the dip azimuths vary greatly. This imparts a 
herring-bone nature to the crossbedding (Figure 30) , and 
suggests the climate may have been very windy. The sands, 
while moderately sorted, are angular, similar those of an 
interdune. This is suggestive of wet substrate, and thus, a 
high water table. In thin section, sand grains have point 
contacts and are loosely packed. Interstitial space is 
filled with dolomite.

The main source of calcium carbonate and magnesium for 
dolomite is from sea water. This facies possibly formed 
near a marine shore where sea water entered the water table. 
Dune sets are thin and commonly truncated. This could 
indicate windy conditions were prevalent, which may have 
desiccated the sands and soils and caused sea water to be 
"pumped" through at a fast rate in a near sabkha condition. 
This would concentrate the ions in solution and increase the 
dolomite cementation.
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Figure 30. Northern limb of anticline. North traverse 
(Plate 3) begins at HWL next to left "cave" in the 
massive lower white unit. Herring-bone character of 
azimuthal-crossbed facies can best be seen between 
arrows. Winds changed direction abruptly and commonly 
truncating the underlying sets giving a herring-bone 
appearance to the crossbedding. As with the truncated 
large-scale crossbed facies, bed sets are thin. 
Fractured blocks can be seen at ridge crest, sloughing 
into canyon.
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PALEOENVIRONMENTS

Introduction
The morphology and fabric of the primary depositional 

environment of a flow facies is an important control on its 
heterogeneity (Andrews and Higgins, 1984; Lindquist, 1983, 
1988; Chandler et al., 1989; Tillman, 1989). Reservoir flow
characteristics are generally predictable from the paleo- 
environments of the lithofacies. For these reasons, brief 
interpretations of the paleoenvironments of the lithostrati- 
graphic units are made in this section. The interpretation 
format will be to review the physical description, 
paleocurrent directions, and bounding surfaces of each 
lithofacies, then synthesize a paleoenvironmental 
interpretation that includes effects of sea level.

Physical Description 
Ten lithostratigraphic units comprised of packages of 

the previously interpreted lithofacies were defined in the 
west wall. The units were numbered consecutively 1 to 10 
beginning at the HWL and ending at the Tensleep-Goose Egg 
contact (Figure 11; Plates 1 to 6). They are divided into 
two groups, the lower non-reservoir units (1 to 6) and the 
upper reservoir units (7 to 10). The two groups correspond 
respectively to the marine and eolian lithofacies discussed
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earlier. The lithostratigraphic units are mappable in the 
outcrop and comparable to subsurface units at South Casper 
Creek field.

Paleocurrents
The orientation of paleocurrents (dip and dip-azimuth 

of eolian crossbeds) are a controlling factor of reservoir 
flow (Chandler et al., 1989). These are generally 
consistent within lithostratigraphic units. Where there is 
a change of crossbed azimuth between units or an 
inconsistency within a unit, it may indicate that the 
paleoclimate changed or fluctuated. This inference is 
considered when evaluating the rank and importance of 
related bounding surfaces.

Bounding Surfaces 
Bounding surfaces contribute to heterogeneity of the 

reservoir as well as being a natural division between the 
flow facies. Each bounding surface represents strata 
missing from the sedimentary section and a corresponding 
loss of continuity from one horizon to the next. They form 
as a result of many events, which may be as simple as a 
truncated crossbed or complicated enough to involve millions 
of years of erosion and complex sea-level and climatic 
changes.
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At Alcova anticline the bounding surfaces are ranked by 
hierarchy established by Fryberger et al. (1990) (Plates 1 
to 6). These surfaces range in scale from miniscule to 
regional: fourth-order to first-order, and Super Bounding 
Surfaces. Fourth-order or primary bounding surfaces 
separate genetically primary strata such as individual 
climbing ripples or sand flow laminae. Third-order or 
growth surfaces separate individual episodes of deposition 
or growth. These might also be reactivation surfaces. 
Stacking surfaces are second-order, and divide dunes or 
lithofacies. Stabilization surfaces are first-order 
surfaces, and represent a time of depositional slowdown. A 
Stokes surface is an example of a first-order surface. 
First-order surfaces are laterally extensive, and may be 
traced throughout the outcrop and beyond. First-order 
surfaces encompass the region of the erg, and are formed 
from erg depositional processes.

The largest bounding surface recognized in this system 
is the Super Bounding Surface, which results from effects of 
regional conditions such as climate or sea-level changes. A 
Super Bounding Surface has the scale of regional 
unconformities, and may affect other environments beyond the 
realm of the eolian sand-sea.



T —38 63 74

Sea Level
Sea level is important because of the indirect effect 

it has on the accumulation and preservation of the eolian 
reservoir units. Sea-level change directly affects coastal 
water tables. Eolian sediment accumulation and preservation 
are controlled by the water table. Rise of the water table 
means more volume is available for accumulation. Fall of 
the water table reduces the volume in which sediments can be 
preserved (Havholm and Kocurek, 1990).

Sea-level rise and fall is interpreted in the context 
of punctuated aggradational cycles (PAC). Figure 31 shows 
the schematic model of PAC proposed by Goodwin and Anderson 
(1985) and a postulated relationship with the Alcova 
outcrop. PAC intervals are described in the sea level data 
column on Plates 1 through 3. PAC will be applied to the 
general interpretation of this stratigraphy at the end of 
this section.

Lower Non-Reservoir Units
The first six lithostratigraphic units are dolomites, 

sandy dolomites and dolomitic sandstones, thin, thinly 
bedded, and flat-bedded. They are present only in the core 
of the anticline and make up less than 3 0% of the Tensleep 
stratigraphic column (Plate 1) and approximately 10% of the
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Figure 31. The PAC hypothesis proposes that stratigraphic 
packages of 1 to 5 meters thick document abrupt 
deepening events (punctuation). Boundaries between 
PACs are isochronous transgressions. Each PAC shallows 
up to the next transgression. PACs are superimposed on 
the larger cycles of sea-level rise and fall. A series 
of PACs are postulated for the Alcova stratigraphy and 
shown in the context of sea-level rise. The series 
ends at the top of unit 10 which is the Pennsylvanian- 
Permian boundary. From Goodwin and Anderson (1985).
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area of the outcrop surface (Figure 32; Plates 4, 5 and 6). 
All units have minimal permeability and poor porosity.
There is no oil staining in the outcrop. South Casper Creek 
wells have correlative sandy zones that may be oil stained, 
though they are not produced. Brecciated dolomites and 
dolomitic sands of these wells are only minimally oil 
stained.

The lower units can be generally characterized as 
intertonguing marine and eolian facies. Units 1 and 3 are 
both predominantly marine sediments capped by large-scale 
crossbed facies. Unit 3 is overlain by the lower shoreface 
facies of units 4 and 5. Marzolf (1990) notes that in upper 
Paleozoic eolian sandstones of western North America:

The stratigraphic interval of relative sea-level 
rise is marked by extensive intertonguing of 
eolian facies with underlying fluvial-deltaic or 
sabkha facies, and, within eolian facies extensive 
zero order surfaces, low amplitude cross-strata,
(small dunes), and wet interdune deposits.

These paleoenvironments are alternately marine shoreface
zones and eolian dune facies. Because of this mixing of
environments, sea-level trend for these units is interpreted
as a relative rise.

Unit 1
Description: Unit 1 is partially covered by the HWL 

and extends only 4 to 5 feet above it. It is composed of
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Figure 32. View of west wall, anticline axis is on left
side of photo through radius of bending strata. Units 
1 to 4 are the alternating white-brown stripes, 
beginning at HWL. Unit 5 is the massive white bench 
and 6 is the brown, fractured bench above. These first 
six units are the non-reservoir marine cycle. Unit 7 
and a portion of unit 8 (eolian) are seen above.
(Scale: largest bushes approximately 1.5 m tall.)
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two lithofacies, primarily of the wavy-laminated facies 
(Figure 13) in the lower portion. The upper portion is made 
of truncated beds of the large-scale crossbedding facies.

Paleocurrents: Dip directions of paleocurrent
indicators in both lithofacies are typically SSW to SW.

Bounding Surfaces: The two lithofacies are separated
by a second-order surface, and are internally divided by 
second- and third-order surfaces. The lower bounding surface 
of the unit is not exposed.

Interpretation: This unit represents an extradunal
foreshore. Active eolian processes on the shore are 
expected to have supplied the sand to the wavy laminated 
zone in which the sediments were reworked by coastal 
currents. The crossbedding on top appears to be eolian, and 
suggests there may have been shoreline interplay between 
tidal processes and prograding dunes from the shore. This 
is interpreted to be the accreting upward leg of the first 
PAC (Figure 31) which is punctuated at the boundary with 
unit 2.

Unit 2
Description: This is the first completely exposed

unit. It is 4 to 5 feet thick and is comprised wholly of 
the wrinkle laminated facies. It is strongly burrowed in
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the lower 70 centimeters by branched, vertical tubes 2 to 5 
centimeters long. Some fossil casts are evident. A vague 
network of short vertical and subvertical lines is seen at 
the top surface.

Paleocurrents: No current directions were measured.
Bounding Surfaces: The lower bounding surface

truncates large-scale crossbed facies on a sharp, low to 
moderate relief erosional surface. There are no internal 
bounding surfaces noted.

Interpretation: Unit 2 represents a shoreface zone.
The sediments are very fine grained to muddy. Laminations 
are largely undisturbed by currents, but are churned by 
bioturbation. Burrowing and marine fossil casts in the 
sediments are indications the unit was inhabited by an 
active fauna and/or closely associated with a marine facies 
that washed in the fossils. Relative sea level was higher 
than in the previous unit. Sediments were accumulating at a 
depth deeper than unit 1, so it is likely the punctuation 
event raised sea level to a position above the old level.

Unit 3
Description: Several truncated large-scale crossbeds

are interfingered with the undulatory-bed facies (Figure 
33). Crossbedding is strongest near the top, and bedding
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Figure 33. Undulatory-bed facies in unit 3. This is only 
mildly disturbed, and relict primary stratification is 
still apparent. Even so, the bioturbation in this unit 
is considerable.



T —3863 81

becomes massive in the middle of the unit. A few horizontal 
burrows and some bioturbation exist in a 2 to 5 centimeters 
horizon at the base.

Paleocurrents: A few measurements in the upper
crossbeds show dip azimuths to the east and SE.

Bounding Surfaces: The lower boundary is a low relief
first-order surface. Mud cracks in the top of unit 2 
suggest the surface was exposed above sea level. Internal 
surfaces are second-order types that primarily separate the 
crossbed sets.

Interpretation: This unit was deposited in an
environment of mixed dunes and interdunes. The undulatory- 
bed facies at the base and in the center of the unit were 
likely wet interdunes that formed atop the mud cracked 
bounding surface. Burrowing and bioturbation causing 
organisms were active in the damp zone, obliterating much of 
the stratification. Cross-stratified dunes buried 
bioturbated interdunes, or were themselves bioturbated by 
organisms when sands did not completely cover the 
interdunes, causing the mix of good and poor bedding. The 
wet-interdune sediments reveal the water table was close to 
the surface, and consequently the depositional surface was 
just above sea level. In this unit the relative sea level 
is the lowest encountered in this study.
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Units 4 and 5
Description: Units 4 is 3 feet thick and unit 5 is 18

feet thick. These adjacent units are comprised entirely of 
the marine-fossil facies, and are the only exposures of this 
facies at Alcova anticline. Bedding is massive and 
occasionally vertically burrowed. All sedimentary and 
biogenic features are recrystallized by dolomitization and 
poorly preserved. Fractures in unit 5 are open nearly 50 
centimeters, and druse and dogtooth-spar coats the fracture 
walls.

Paleocurrents: No current directions were measured.
Bounding Surfaces: The base of unit 4 is a first-order

erosional surface. It is sharp, of low to moderate relief, 
and truncates large-scale crossbeds. It is similar to the 
base of unit 2. Units 4 and 5 are separated by a boundary 
(Plates 1, 4 to 6), which is thought to represent a first- 
order local unconformity atop unit 4. Small portions of the 
upper contact of unit 5 are exposed, revealing an irregular 
surface, incised 2 to 3 meters and covered with druse. The 
incisement seems unlikely to be from the modern erosion of 
the river. Modern erosion several meters deep should be 
apparent in other units too, but it is only seen at the top 
surface of unit 5.
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Interpretation: The fossil fauna from both units
indicate they were deposited in marine environments 
somewhere between shoreface and shelf. They were most 
likely closer to the shoreface because the vertical burrows 
indicate there may have been some influence by waves.

The irregular upper surface of unit 5 may represent a 
paleotopography of the Pennsylvanian, and a regional 
erosional surface. The association with open, druse- 
encrusted fractures, and brecciated fracturing of the 
dolomite allows the possibility that this was once an 
incipient karst area, though no distinct speloforms are 
unquestionably present. If these are karst features, the 
openings were never exposed to the surface, because no soils 
or surface sediments are found in them.

Unit 6
Description: The measured section thickness of unit 6

is 14 feet. As with unit 2, unit 6 is entirely wrinkle- 
laminated facies with a strong vertically burrowed horizon. 
The sandy, laminated carbonates do not contain marine 
fossils, but do show extensive burrowing, bioturbation and 
some evaporite mineral casts near the base.

Paleocurrents: No current directions were measured.
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Bounding surfaces: The lower bounding surface is atop
unit 5, and is irregular and druse covered as previously 
described. This surface is correlative to the top of a 
carbonate unit in South Casper Creek field, and is 
considered to be a Super Bounding Surface.

Interpretation: The unit likely represents a sabkha,
either open to the shore or very near to it. The sandstone 
grains floating in a dolomite matrix indicate a close 
association of continental and marine processes. The long, 
narrow burrows and bioturbation of the wrinkle laminae also 
indicate a marine influence. A lagoon may have received 
windblown sands from nearby dunes, and cemented them with 
marine dolomites. If unit 6 were a wet interdune, the 
dolomite might have entered the sandy substrate in sea water 
and precipitated as the water evaporated. This is not 
likely the case because no indications of eolian bedforms, 
adhesion ripples, or subaerial processes are seen.

Upper Reservoir Units
Units 7 to 10 are sandstones, thick, thickly bedded, 

and crossbedded, which comprise the remaining 7 0% of the 
stratigraphic column (Plates 1 to 3) and 90% of the Alcova 
outcrop surface (Plates 4 to 6). These correlate to the 
reservoir units of South Casper Creek field, but there is no
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oil staining in the outcrop. Porosity and permeability are 
good to excellent.

Collectively these units represent active eolian 
processes, primarily migrating dunes and wet interdunes.
They are from a period when the water-table was alternately 
buried and exposed, indicating water table rise and sand 
progradation. The wet interdunes of the undulatory-bed 
facies show the water table was at or near the land surface. 
The Tensleep Sandstone was truncated by a transgression 
(Tenney, 1966; Curry, 1984; Moore, 1984; Trotter, 1984; 
Andrews and Higgins, 1984).

Unit 7
Description: The base of unit 7 is a series of four

sandstone benches, alternately of truncated large-scale 
crossbed facies and undulatory-bed facies (Figure 34). The 
large-scale crossbed horizons are fine grained, well sorted 
sands and only 2 to 3 feet thick. Horizontal burrows 3 to 4 
centimeters long are common along bedding planes of some of 
the crossbeds. The undulatory beds are poorly sorted sands, 
and are 1.5 to 2 feet thick. These may have burrows and 
show thorough bioturbation. Above the benches is the bulk 
of unit 7, comprised of at least four sets of large-scale 
crossbed facies (Figure 35). Thicknesses of each set are
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Figure 34. Lower benches in unit 7 are large-scale crossbed 
and undulatory-bed facies. Massive brown unit at base 
with juniper at top is top of unit 6 (vertically 
burrowed horizon). Covered slope below first white 
bench is first large-scale crossbed bench. White layer 
is first wet interdune bench (undulatory-bed) followed 
by second brown crossbed bench and second white 
interdune bench. Scale: Junipers 7 0 to 100 
centimeters.
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Figure 35. Large-scale crossbeds in upper unit 7. Large- 
scale crossbedding and fewer truncated surfaces are in 
contrast to thin-bedded small-scale features of lower 
unit 7 seen in Figure 34. A nearly complete dune set 
can be seen beginning just above the geologist's head.
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typically 4 to 8 feet, thicker than the sandstone benches 
below. The crossbed laminations are primarily climbing 
ripples with traces of inversely graded sandflow.

Paleocurrents: Dip azimuths of the crossbeds in the
sand benches range from SW to SE. The upper crossbeds trend 
dominantly SE, with three stray measurements at the base 
trending NW.

Bounding Surfaces: The bounding surfaces within the
unit are sharp and scoured, and they truncate underlying 
facies. These are traceable only within the outcrop, and 
are likely no more than second- or third-order surfaces.
The lower bounding surface, in contact with unit 6, is also 
sharp, scoured and shows low relief.

Interpretation: The large crossbed forms of this
facies, with the attendant ripple lamination and inverse 
grading, are common elements in active dune migration. This 
suggests the environment of deposition was an erg with 
migrating, entrained dunes. The horizontal nature of the 
burrows suggests they were made by insects in the damp, 
capillary water zone of dune toes. Wet interdunes formed 
where the water table was exposed between active dunes. 
Undulatory beds formed in these spots due to the activity of 
burrowing organisms and buckling due to repeated drying and 
wetting.
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Unit 8
Description: The upper 60 feet of unit 8 is contorted-

bed facies frequently punctuated by undulatory-bed facies. 
Some horizons contain calcite-cemented sandstone nodules.
The lower 25 feet are either large-scale crossbed facies, or 
very mildly deformed contorted-bed facies, also punctuated 
by undulatory-bed facies.

Paleocurrents: Several measurements at the base of the
unit show bed dips trending SE. Not many of the bedding 
surfaces can be reliably measured because much of the strata 
are contorted.

Bounding Surfaces: The contact with underlying unit 7
is a complex scour (Figure 36). It is primarily overlain by 
undulatory-bed facies, but that may be cut and filled by 
large-scale crossbeds. Internally, bounding surfaces are 
obscured.

Interpretation: Unit 8 represents a dune-interdune
complex similar to unit 7 that became contorted due to a 
high water table and saturating groundwater flow. Wet- 
interdune strata indicate the water table was at the 
surface. The thickness of the unit also suggests there was 
ample space to accommodate preservation. Preservation 
accommodation space, as noted, is increased by a rising 
water table and rising sea level.
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Figure 36. Contact between unit 7 and unit 8 at clipboard 
base. Unit 7 dune topset truncated by interdune which 
in turn is cut out by scour and returns to interdune 
above. This may be a diastem related to contorted 
bedding in unit 8. Scale: clipboard is 30 centimeters 
long.
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If the primary facies of contorted-bed facies is large- 
scale crossbed facies, how can it be certain that there is a 
genetic difference between unit 8 and unit 7? Fryberger 
(1979a) indicates that contorted stratigraphic units often 
have extensive erosional diastems at the base. As noted, 
there is a complex scour mapped at the base of unit 8.
Still, it may be possible that unit 7 and unit 8 are of the 
same genetic cycle, and the lower boundary of unit 8 
represents only the depth to which the beds were contorted.

Unit 9
Description: Unit 9 is constructed of many truncated

large-scale crossbedded facies, some of which thin towards 
the crest of the anticline (Figure 37). This causes the 
thickness to vary between 4 6 to 60 feet. A boxwork-fracture 
facies 12 feet thick is at the top of unit 9. The facies is 
easily correlated throughout the Alcova reservoir area and 
may be present in the Tensleep-Casper Formation outcrops on 
the south side of Casper Mountain, 2 0 miles to the north.

Paleocurrents: The dip azimuths of the crossbeds in
the lower part of the unit trend to the SE. Some crossbeds 
in the upper unit dip to the NE and NW. No paleocurrent 
indicators are present in the boxwork facies.
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Figure 37. Unit 9 is a group of dune sets with alternating 
transport directions. The white stripe near the top is 
the boxwork facies. Unit 10 is reddish brown 
lithology. Scale: junipers near water are 2 to 2.5 
meters tall.
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Bounding Surfaces: The lower bounding surface is a
first-order scour, sharp and low relief, filled by large- 
scale crossbed facies. Internal bounding surfaces generally 
separate dune sets and are no more than second- to third- 
order .

Interpretation: This unit is thought to represent a
dune-interdune complex with an important climatic overprint. 
To cause the abundant truncation of crossbeds, preservation 
accommodation space may have fluctuated in response to 
fluctuating water table. The dip azimuths vary, which may 
be a sign that wind directions varied sporadically. Both of 
these phenomena may be indicators of a changeable climate 
and/or sea level. Lateral thinning of the dune sets are 
caused from truncation and filling by overriding dunes and 
draas. This may be further evidence of climatic controls 
adjusting set boundaries.

The boxwork facies has been interpreted to be a zone of 
bioturbation, and if so, it may be related to a trans- 
gressive event, as described below.

Unit 10
Description: A package of several sets of azimuthal-

crossbed facies overlies an horizon of symmetrically rippled 
facies. The rippled facies is thin (1.5 to 2 feet thick)
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and is present throughout the base of the unit. The 
crossbed portion is thick on the north (3 3 feet), and thins 
considerably toward the crest (12 feet), as several 
crossbeds have pinched out. The lithology is sandstone 
cemented by dolomite. Many of the grains are floating, or 
have only point contacts. Porosity is low.

Paleocurrents: Two current directions point to the
east and NE. The azimuthal crossbeds show no preferred 
orientation. Dip directions point around the compass.

Bounding Surfaces: The base of unit 10 is a scoured
surface overlain by a chert-pebble lag and symmetrically- 
rippled facies. This contact is traceable through the 
Alcova area, and perhaps to the eastern Wind River Basin.
It is thought to be a regional unconformity. Internally, 
the azimuthal crossbeds are separated by second- and third- 
order boundaries.

Interpretation: This unit was deposited in a region of
dunes and wet-interdunes, near a marine shore where the 
ground-water table was mixed with sea water. The dolomite 
was deposited when sea water was ''pumped" through the 
sediments, encouraged by evaporation due to windy 
conditions. The wind is inferred from the amount of 
truncation, lithofacies thinning, and the wide variation in 
crossbed-dip directions, as in unit 9.
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Tensleep-Goose Egg Contact
The top surface of this unit is the regional uncon- 

formable contact of the Tensleep Sandstone with the Permian 
Goose Egg Formation (Figure 38). It is known that 
throughout much of Wyoming a Permian transgression inundated 
the Pennsylvanian sediments, eroded them, and reworked much 
of the material into the overlying Permian Goose Egg 
Formation (Tenney, 1965; Curry, 1984; Moore, 1984; Trotter, 
1984; Andrews and Higgins, 1984).

The history of that pulse is clearly in evidence at 
Alcova anticline. Sedimentary structures suggestive of a 
tidal flat are found at the contact. The Tensleep surface 
is molded by linear and mounded tepee structures (Figure 
39), as part of the symmetrical ripple facies. This is seen 
at the quarry site by the western dam-access road (Figure 
3). Symmetrical-ripple marks (Figure 40) and flute casts 
(Figure 41) are also found in this horizon to the NW, near 
the anticline axis. The flute casts are oriented to N65E.

Similar tidal-flat structures are also apparent across 
the contact in the lower Goose Egg strata. Shallow, 
symmetric ripple marks are commonly found in the first 50 
centimeters of basal Goose Egg strata along the northern 
limb of the anticline (Figure 42). These strata are very 
sandy, with grain sizes and roundness similar to the
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Figure 38. Quarry along west access road to dam (mine 
symbol on location map, Figure 3). Regional, 
unconformable, transgressive contact between Tensleep 
and Goose Egg Formation was measured here. Base of 
Goose Egg is yellow from reworked Tensleep sands. 
Typical red-bed color is seen toward top of cliff.
Note angular relation of Tensleep beds to Goose Egg and 
unconformity surface. Scale: Cliff is 4 meters high.
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Figure 39. Tepee structures on top of unit 10 (Tensleep 
unconformity) at quarry exposure. Notice polygonal 
arrangement and fracturing along center of each ridge. 
Possibly controlled by mineralization of desiccation 
cracks or salt ridges.
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Figure 40. Symmetrical ripples in top of unit 10. These 
are stratigraphically only a few feet below similar 
ripples found in the basal Goose Egg Formation across 
the unconformity. Compare with Figure 42.
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Figure 41. Flute casts in top of unit 10 (Tensleep
unconformity). Asymmetric shape indicates current 
direction of N65E. Brunton compass points to north.
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Figure 42. Symmetric ripple marks in lower bedding surface 
of Goose Egg Formation. Note bifurcations, finer 
texture and more delicate preservation than in the 
coarser Tensleep sediments (Figure 40). Goose Egg 
lithology here contains reworked Tensleep sand.
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Tensleep, indicating a turbulent reworking of the sands into 
the Goose Egg sediments. Indications of a deepening 
transgressive cycle starting at the unconformity continue 
into the Goose Egg column, but no transgressive lag could be 
located at the contact.

Interpretation Summary
The outcrop is a sequence of regressive marine 

foreshore and sabkha dolomites changing to eolian dune and 
interdune sandstones. Lithostratigraphic units are bound 
between regional erosional surfaces. The surfaces are the 
results of environmental responses to sea-level change, even 
in the eolian units that are not deposited by marine 
processes. The eolian units are preserved by rising water 
tables that are closely influenced by sea level.

Lithostratigraphic units 1 through 5 are packages of 
foreshore and shoreface environments from the middle 
Pennsylvanian regressive sea of Tenney (1966). The coastal 
sabkha of unit 6 and the eolian facies in units 7 through 10 
represent similar packages of shoreward sediments. The 
lithostratigraphic units are the punctuated aggradational 
cycles (PAC) of Goodwin and Anderson (1985). A PAC is a 
depositional sequence that shallows upwards, and is abruptly 
deepened (punctuated) by swift sea-level rise. Individual
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cycles are truncated by each punctuation, and bear no 
genetic relation to neighboring cycles. The truncations are 
the bounding surfaces between the lithostratigraphic units, 
and are important markers in the outcrop, and, in some 
cases, throughout the region.

In the eolian sediments, accumulation and preservation 
are controlled by the local water tables (Havholm and 
Kocurek, 1990). The water table in a coastal environment is 
controlled by sea level. Because of this, the eolian 
sediments are influenced by sea level as well, and will form 
unconformity bounded PACs.

From examination of South Casper Creek field cores and 
outcrops near the study area, the bases of units 4, 5, 6, 7 
and 10 are judged to be regional unconformities or Super 
Bounding Surfaces. The bases of units 6 and 10 may be 
important regional markers. The base of unit 6 is the top 
of the first marine carbonate encountered below the eolian 
sequence. In South Casper Creek and other fields of the 
eastern Wind River Basin, a marker called the "first 
carbonate" is identified below the eolian reservoir section. 
The base of unit 10 sits atop the boxwork-fracture facies of 
unit 9. The outcrops of the region typically have a contact 
near the top of the Tensleep between an upper azimuthal- 
crossbed facies and a lower boxwork-fracture facies. This
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can be traced to the NW end of Alcova anticline, Fremont 
Canyon and the Big Red Creek area of southern Casper 
Mountain.
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FLOW UNITS 

Introduction
Definition of flow units is critical to reservoir 

characterization. Directional permeability differences and 
permeability barrier or conduit zones will control the 
direction of fluid movement within the reservoir (Stevenson 
and Mullen, 1991). Directional permeability, controlled by 
bed dip and bounding surfaces, is one of two dominant fluid 
flow heterogeneities identified at Alcova anticline. The 
other heterogeneity, fractures, will be examined in the 
following section.

A flow unit is a continuous volume of the reservoir 
with a regularity of rock properties that controls fluid 
flow, and also possesses homogeneous bedding characteristics 
(Hearn et al., 1986). Distinction between flow units is 
made where these quantities change. Flow units are chosen 
at South Casper Creek field as packages of lithofacies 
bounded by first-order or regional bounding surfaces 
(Tanean, 1991). In the following text the
lithostratigraphic units of Alcova anticline will be treated 
as flow units, based on bounding surfaces and measured rock 
properties.
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Permeability and porosity are the measurements most 
commonly used to characterize flow units. In this study, 
permeability was measured in rock samples from each traverse 
station using a minipermeameter. Three to five permeability 
measurements were made in each rock, spaced 1 centimeter 
apart. All permeabilities are parallel to bedding unless 
otherwise noted. Porosity values were calculated from 
volume measurements of rock samples and are true porosity 
values. Permeability and porosity values are plotted on 
Plates 1 and 3.

Regional surfaces are the flow unit boundaries, while 
quantifiable rock property values determine the reservoir 
quality. The reservoir quality of the flow units were 
judged as excellent, moderate, poor, or non-reservoir. The 
categories and criteria for quality judgement are somewhat 
subjective, but offer a standard for general quantitative 
comparison. The quality standards are outlined in Table 4. 
Porosity ranges overlap between quality categories because 
they overlap between lithofacies. Gamma-ray and density 
measurements are descriptive but not definitive of quality 
and were not used in the quality assignments. The 
designation FU, for "flow unit," is used in this section to 
emphasize that the reservoir characteristics are the
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important aspect of these units instead of the simple 
geological character.

Table 4. Flow-unit classification at Alcova anticline.

Reservoir
Quality Permeability Porosity FU
 __________________________md_________________ %____________£
Excellent <1000 12-25 7,9
Moderate 1000-101 7-20 8
Poor 100-TLTM 5-15 10
Non-reservoir TLTM 0-10 1/2,

3,4,5
TLTM = To Low To Measure (less than 2 0 millidarcies).

Flow Units 1 to 3
Reservoir properties: The bioturbated upper shoreface

and foreshore lithostratigraphic units (1 to 3) are the 
first flow units (FU-1 to FU-3). These units are divided by 
first-order bounding surfaces, but the three units have an 
overall similarity of rock properties, and will be discussed 
together. The rock fabric is made up of floating and point- 
contact sand grains that are highly dolomite cemented. 
Permeability is too low to measure (less than 20 
millidarcies). Porosity is largely isolated pin point vugs. 
Gamma-ray range is 3 0 to 4 0 CPS and the density range is
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2.30 to 2.45 grams per cubic centimeter (g/cc). Porosity 
ranges between 8% and 12%.

Reservoir quality: These flow units are non-reservoir.
The mixed sands and dolomites give these flow units 
properties of density and porosity that are midway between 
the highly dolomitic non-reservoir flow units (FU-4 and FU- 
5) and the sandy reservoir flow units (FU-7 to FU-10). 
Pinpoint vugs are not interconnected, hence the units have 
poor permeability in spite of moderately good porosity. 
Sandy, less cemented horizons might be oil.stained in the 
subsurface, but the bioturbation common to the units would 
destroy any favorable flow character.

Flow Units 4 and 5
Reservoir properties: The two lower-foreshore units,

units 4 and 5, are separated by a first-order bounding 
surface. These two units are discussed together because 
they share similar rock character. The upper contact of FU- 
5 and the lower contact of FU-4 are Super Bounding 
Surfaces. The permeability is too low to measure. Porosity 
runs from 10% to 14%. These clastic-free dolomites are of 
high density and low gamma-ray character. These are among 
the lithologically cleanest of the flow units by gamma-ray
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measurement (28 to 3 5 CPS). They are also the most dense 
(2.45 to 2.60 g/cc).

Reservoir quality: These properties of density make
FU-4 and FU-5 non-reservoir. Cementation by
recrystallization has destroyed permeability in the units by 
removing stratification, and isolating the porosity to 
pinpoint vugs. Remnant burrows indicate stratification was 
likely degraded before diagenesis. Some larger vugs are 
present in the burrows, though these too are isolated.

Flow Unit 6
Reservoir properties: FU-6 corresponds with Unit 6

which is the sabkha facies. It is highly dolomitic with 
floating sand grains, and is thoroughly burrowed to 
bioturbated strata. Where quartz grains are in contact with 
each other, the grain boundaries are sutured and slightly 
overgrown. Permeability is too low to measure and the 
porosity is the lowest of any flow unit (2% to 5%). The 
gamma-ray range is 3 0 to 40 CPS. FU-6 is nearly as dense 
as FU-4 and FU-5 (average density 2.55 g/cc).

Reservoir quality: This is a non-reservoir unit,
primarily because of the abundance of dolomite in the 
lithology, as in FU-4 and FU-5. More elastics are present 
than in FU-4 and FU-5, increasing the gamma-ray readings,
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but elastics are not abundant enough to increase porosity by 
introduction of interstitial space. The fine texture of the 
dolomite has both plugged porosity, and failed to allow 
pinpoint vugs to develop. Permeability has not developed 
for these diagenetic reasons, and because the internal 
primary sedimentary structures have been destroyed by 
burrowing and bioturbation.

Flow Unit 7
Reservoir properties: FU-7 has a sandstone lithology

comprised of large-scale crossbed facies and undulatory-bed 
facies. Crossbedded facies show paleowind directions to the 
SE in the upper half of the unit. The directions vary from 
SW to SE in those strata of the lower portion that are not 
massively bedded.

In thin section, the sand grains are loosely packed, 
mostly with point contacts and concavo-convex contacts from 
the flow unit base to the middle. In some thin sections as 
much as 30% of the slide is interstitial space. This is 
filled primarily with calcite, but some clays are visible as 
well. Pore connections are generally wide and unchoked, 
though some compaction is evident near the top of the unit.

Permeabilities vary between 100 and 1000 millidarcies. 
Porosity is typically between 10% and 15%, and density from
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2.30 to 2.35 g/cc. Gamma-ray range is a moderately clean 
and narrow (35 to 4 0 CPS).

Reservoir quality: FU-7 is judged to be an excellent
reservoir. It has good primary flow characteristics. It is 
mostly undisturbed dune and interdune sediment: rounded, 
well sorted, loosely packed sand. Interstitial cements have 
occluded some of the pore space, but considering the lack of 
compaction, they may have kept the grains from suturing.
Some of this porosity may be secondary. The open, unchoked 
pore throats promote good permeability in the crossbed 
facies.

Flow Unit 8
Reservoir properties: FU-8 is primarily contorted-bed

facies, but has many of the grain texture characteristics of 
the large-scale crossbed facies and undulatory-bed facies. 
Most sand grains are fine size, well rounded, and well 
sorted. Thin sections reveal the grains are loosely packed 
to slightly compressed. Floating grains, point contacts and 
sutured grains with overgrowths are evident. Interstitial 
space is filled with calcite and some dolomite in the 
northern end of the outcrop. The cement becomes more 
dolomitic laterally, toward the middle of the outcrop.
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The bedding is contorted by soft sediment deformation, 
which has collapsed the primary dune and interdune layering 
into a massive sand with no easily discernible interior 
stratification. Permeability is good in general but also 
seems to be capriciously absent in places, possibly related 
to the bed contortion. Values are inconsistent, and span 
the scale from too low to measure to 1200 millidarcies. 
Porosity runs from 12% to 18%. Gamma-ray values are the 
least of all the flow units, mostly 28 to 33 CPS. Density 
averages 2.20 g/cc.

Reservoir quality: Reservoir quality of FU-8 is judged
to be moderate. This is the thickest of the flow units at 
85 feet thick on the middle traverse (Plates 2 and 6). The 
thickness and plentiful porosity will make this a good 
storage unit, but the inconsistency of permeability and of 
flow direction degrade the reservoir potential from being 
excellent. Crossbedding directions are not measurable and 
bounding surfaces are variable as well.

Flow Unit 9
Reservoir properties: Large-scale crossbed facies and

undulatory-bed facies dominate FU-9, much the same as they 
do in FU-7. Rounded and well sorted sands are typical of 
the grain texture. In thin section, grains are slightly
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compacted, with long to concavo-convex, and occasionally 
sutured contacts. Dolomite is the primary cement, and fills 
some interstitial porosity, though calcite becomes more 
prominent as a cement towards the center of the outcrop. In 
the north traverse (Plate 3) beds are frequently truncated, 
and many different dune sets are represented. The beds are 
divided by second- and third-order surfaces at intervals of 
0.5 to 2 feet. The unit changes bedding character to the 
south. Beds near the base pinch out between the north and 
middle traverses, and the unit thickens slightly toward the 
anticline axis (Plate 6) Fewer truncations are noted in the 
middle traverse (Plate 2). Paleowind directions are to the 
SE in the lower portion of the unit, and change to the NE 
and NW near the top. Permeability is mostly between 7 00 and 
1300 millidarcies. Porosity is 16% to 28%. The highest 
porosity measurements are found in the zone of boxwork- 
fracture facies at the top of the unit. Gamma-ray readings 
stay within 40 and 50 CPS. Density averages 2.20 g/cc.

Reservoir quality: Reservoir quality of FU-9 is
excellent due to the clean, uncompacted and only slightly 
cemented dune sands that comprise this flow unit. 
Interstitial space is abundant and possibly enhanced by 
secondary pores and pore widening. Pore throats are open 
and directly connected. These qualities are responsible for
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the good porosity and permeability, particularly in the high 
porosity zone in the boxwork fracture facies.

Lateral variations of bed thickness and diagenetic 
cements will have important effects on directional flow. 
Truncation of the beds and lateral pinch outs will direct 
flow very specifically along boundary surfaces, particularly 
along the major unit boundaries.

Flow Unit 10
Reservoir properties: This flow unit is primarily

composed of azimuthal-crossbed facies. The sandstone is 
moderately sorted, angular and heavily dolomite cemented.
The sand grains are floating or have point contacts, and 
much interstitial space exists between them. However, most 
of the interstitial space is filled with dolomite of fine to 
medium crystal size. Porosity is poor, and interpore 
connections are tortuous and restricted. Some pore spaces
are isolated. Crossbeds are typically thin, 1 to 2 feet
thick, truncated by second- and third-order boundaries, and 
do not show a preferential paleowind direction. Bed dips 
are distinct, and may have any orientation on the compass. 
The unit thins severely, due to stratigraphic bed
truncation, from 48 feet on the north traverse to less than
2 0 feet over the anticline axis. Several beds pinch out
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along the base of the unit, leaving only the top bed to 
stretch across the whole of the outcrop.

Permeability and porosity are low except for a streak 
within 10 feet of the top of the unit. Permeability is 
commonly 100 millidarcies or less, and porosity is mostly 
12% to 15%. In the upper streak however, permeability rises 
to 1200 millidarcies and porosity to 23%. In FU-10 the 
gamma-ray readings (50 to 60 CPS) and the density values 
(approximately 2.40 g/cc) are the highest of the upper 
sandstone units (FU-7 to FU-10).

Reservoir quality: The reservoir quality of FU-10 is
poor. Nearby marine conditions likely caused significant 
dolomite cementation, which plugged porosity and closed pore 
throats. Any later secondary porosity was inadequate to 
improve the reservoir quality. The lateral discontinuity of 
the beds and bounding surfaces, and the inconsistent 
crossbed dip orientation further detract from the reservoir 
quality.

Summary of Reservoir Quality
All of the non-reservoir flow units (FU-1 to FU-6) are 

associated with shallow-marine or marine-shore depositional 
environments. The lithologies are primarily dolomites or 
dolomitic sandstones, with varying degrees of diagenetic
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overprint. Overprints most often are due to 
recrystallization and dolomitization of marine carbonates, 
and has the effect of making the rocks dense and 
impermeable. Millimeter- and centimeter-scale vugs exist as 
the dominant porosity but are limited in distribution and 
often are filled with carbonate and quartz druse. 
Furthermore, burrowing and bioturbation probably had 
destroyed much of the bedding and disturbed the flow quality 
significantly, even before diagenesis occurred.

The reservoir units (FU-7 to FU-10) are characterized 
mainly by sandstone lithologies, average densities of 2.30 
g/cc or less, porosity of 10% and 20% and permeabilities 
between 100 to 1000 millidarcies. Control of porosity and 
permeability in these units are generally diagenetic.

FU-7 and FU-9 are judged excellent reservoirs because 
they have consistently adequate permeability and porosity 
that show relatively little variation throughout the 
thickness of the units. Also, the crossbed sets in these 
units are consistently oriented, and allow prediction of 
preferred flow directions.

FU-8 is judged to be of moderate reservoir quality, 
though it has permeability and porosity similar to (and in 
some cases better than) FU-7 and FU-9. However, these 
properties are inconsistent, and the bedding directions are
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not as predictable. These qualities make FU-8 less reliable 
in responding to reservoir characterization and production 
strategies.

FU-10 is a poor quality reservoir because the 
permeability is inferior and inadequate for any production 
development. Although overall porosity averages 12%, and 
there is a thin zone of 1200 millidarcies and 23% porosity, 
the permeability is typically tortuous and restricted. The 
only possibility of production from this unit would be from 
fractures.

Flow Unit Correlation with South Casper Creek Field
Two studies have defined flow units at South Casper 

Creek field. Stevenson and Mullen (1991) presented the flow 
units used by UNOCAL to plan the steamflood currently under 
development. Tanean (1991) outlined an independent flow 
unit model used to verify seismic studies made by the 
Colorado School of Mines Reservoir Characterization Project, 
Phase III (RCP). Both of these models were correlated to 
the Alcova anticline flow units and are presented in Figure 
43 .

UNOCAL Model
Based on the type log from Well 14-6-3 (1732' fnl, 531'

fel, Sec. 3, T33N, R83W), 11 flow units are defined from the
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top of the Tensleep, and are named A through K. Units A 
through E comprise the production zone. These are eolian 
sandstones, except for units C and E. Unit C is a sandstone 
that is dolomitic and bioturbated. It is an interdune 
deposit that restricts vertical fluid flow. Unit E is a 
marine dolomite. At the top of unit B is a 5 to 17 foot 
thick streak of high permeability named the B1 zone. The 
remaining units are non-productive and are mostly marine 
dolomites, starting with unit G, the so-called "first 
carbonate." Those that are not marine carbonates are eolian 
sandstone units F, H, and J.

RCP Model
Five flow units are defined from the log of the 10-6-3 

well (1764' fnl, 2127' fel, Sec. 3, T33N, R83W). These are 
labeled A through E, with E as the top unit, in contrast to 
the order of the UNOCAL designation. These units include 
only the productive reservoir, and do not describe the non
productive zone. The base of unit A is in contact with the 
top of the "first carbonate". Each unit is distinguished 
from the others by genetic differences, primarily by 
depositional style and paleocurrent direction. Unit A is 
called a "mixed eolian and marginal marine system." Unit B 
is "moderately truncated eolian depositional" packages with
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SSW paleowinds. Unit C has SSE paleowind directions, and is 
made of "less intensively truncated eolian" packages 
compared to unit D. "Intensively truncated eolian" packages 
and SSW paleowinds predominate in unit D. Unit E has 
"unidirectional eolian" packages, and paleowind directions 
trending SW.

Correlation
FU-7 and FU-9 are predicted to be the best reservoir 

units in Alcova anticline. Both are primarily dune- 
stratified sandstones with distinct paleowind directions 
between SW and SE. FU-7 is atop a sabkha dolomite (FU-6), 
and is separated from FU-9 by the contorted and massively 
bedded dune sands of FU-8. FU-8 was predicted to be of 
moderate reservoir quality, but has a stratum of interdunal 
sands at its base that may impede vertical flow.

The UNOCAL units B and D (Figure 43) are the best 
reservoir zones, and are separated by unit C, the limited- 
permeability interdune horizon. Unit C and the interdune at 
the base of FU-8 are comparable in character and 
stratigraphic position. In the same way, FU-7 correlates 
with unit D and FU-8 and FU-9 collectively correlate with 
unit B. The reservoir interval at South Casper Creek field 
is thinner than the comparable interval at Alcova anticline
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by as much as 65 feet. This difference is largely due to 
the thickness difference between the reservoir intervals FU- 
8 and FU-9 at Alcova and unit D at South Casper Creek 
(Figure 43).

The B1 zone of UNOCAL nomenclature is a high 
permeability zone that has been problematic to the 
development of the field because of its potential to siphon 
away production fluids. B1 is at the top of unit B and 
stratigraphically correlative to the top of FU-9. The top 
of FU-9 is the boxwork-fracture facies, a relatively high 
permeability zone.

The RCP units have almost a one-to-one correspondence 
with the Alcova flow units, but there are significant 
differences. Units B and D are the best reservoirs, and are 
primarily dune-stratified sandstones with distinct paleowind 
directions between SW and SE. FU-7 and FU-9, share these 
characteristics, and correlate closely with units B and D.
An important genetic parallel between unit D and FU-9 is 
that both are described as being significantly truncated.

The intervening unit C has relatively diminished 
reservoir quality due to contorted bedding. Unit C also has 
an interdune stratum of low permeability at the base. These 
characteristics match the stratigraphically equivalent FU-8.
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Some differences are that the trends of paleowind 
directions of FU-9 and Unit D, though generally toward the 
south, are not the same. In addition, the mixed marine and 
eolian environments of unit A, though mostly correlative 
with FU-6, could be correlated with the lower portions of 
FU-7.

The uppermost stratum of the Tensleep reservoir zone is 
identified in all three schemes by virtually the same 
criteria, and is certainly correlative. FU-10, UNOCAL unit 
A, and RCP unit E are the stratigraphically highest 
sandstones, are in contact with the Goose Egg Formation 
above, and all three have very poor reservoir 
characteristics. The lithologies and mineralogies of the 
three units are also similar, they being mainly eolian 
sandstones with high dolomite contents.

The most important aspect of correlation in the non
reservoir units between Alcova and South Casper Creek is 
that at South Casper Creek field, the non-reservoir zone is 
up to 3 0 feet thicker. The main point of correlation for 
the non-reservoir units is the top of the "first carbonate 
(top of Alcova FU-5, top of UNOCAL unit G, and base of RCP 
unit A Figure 43). Other surfaces of correlation for the 
non-reservoir units are suggested in Figure 43.
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FRACTURES
Fractures are an important heterogeneity encountered at 

Alcova anticline. These fractures influence fluid flow in 
the subsurface. The aspects of outcrop fracture 
characterization include orientation, density, fracture 
fill, and overburden-pressure release. These 
characteristics have been compared with those measured at 
South Casper Creek field, and examined for possible effects 
on steamflood control.

Fracture Orientation and Classification
There are two prominent fracture sets on Alcova 

anticline. Fractures on the north flank are oriented N80E, 
and include several large fracture zones that can be 
projected between the canyon walls. Along the fold axis the 
fractures are primarily oriented N7 5W. Both of these sets 
have steep, near-vertical dips (75 to 90 degrees) (Figure 
44). Other prominent fractures are oriented NW and NNE.

Aerial photographs (Figure 2) show a strong NE grain 
(N35E to N55E) along the north flank of the anticline, 
though only a few fractures of that trend were measured on 
the ground. These less dominant fracture sets may dip as 
steeply as the N8 0E and N75W sets, but they may also dip as 
little as 60 degrees to the southwest. Orientations appear
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NORTH

Figure 44. Stereonet plot of poles of fracture planes 
measured along the top of the west wall of Alcova 
Canyon. The two dominant fracture sets are oriented 
N80E and N75W. Dips are near vertical.
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to be constant through all stratigraphic horizons of the 
Tensleep. The orientations measured on the outcrop walls 
along the traverse lines do not show significant variation 
from the directions measured at the anticline surface (Plate 
4). Nor do they show significant variation in direction 
between different lithofacies or lithostratigraphic units.
It is assumed that the fractures do not change orientation 
over the course of their penetration.

Hickman (1989) lumped the two fracture sets (N80E and 
N7 5W) into one general fracture set he called the "east-west 
set." He called these "extension fractures related to the 
lateral compression that formed the fold." This east-west 
set, however, is not parallel to the regional NE to SW 
(Laramide) stress, which is the orientation that extension 
fractures are expected to take. More probably the N80E and 
N7 5W sets are shear sets of two separate fracture domains.

Stearns (1968) identified four types of fractures, 
types A to D, classified by the orientation of the principal 
stress directions to a local structure. Types A and B are 
present at Alcova anticline. Fracture type A fractures 
(Figure 4 5a) result from regional stresses that form the 
structure. Regional compression along a major stress axis 
(sigma^) forms a fold along the perpendicular, minor stress 
axis (sigma3). Extension fractures may form parallel to
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S1 E1
S1

E2

02
G 1
G 3

TYPE A: DOMINANT ON 
NORTH FLANK (REGIONAL STRESS).

Figure 45a. Fracture orientation in regional stress regime 
Type A extensional fracture set is parallel to the 
major stress axis sigma^. Extensional fracture set E2 
is perpendicular to sigma^ and parallel to sigma3 , the 
minor stress axis. Conjugate shear fracture set is 
related to E^ and sigma^. After Stearns, 1968.

E2

G2S1

Ol
TYPE B: DOMINANT AT
FOLD AXIS (LOCAL STRESS).

Figure 4 5b. Fracture orientation in local stress regime.
Type B extensional fracture set E^ is parallel to the 
major stress axis sigmalf which, in this case, is 
controlled by fold axis. This results in a slightly 
different orientation of shear sets for type B 
fractures. After Stearns, 1968.



T —3863 126

either stress axis. Those extension fractures parallel to 
the major axis are labeled E^, those parallel to the minor 
axis are labeled E2 . A conjugate set of shear fractures 
form related to, and bisected by the E^ fractures. These 
are correspondingly labeled S^.

Fractures will form as a result of localized stress in
preference to regional stress (Spencer, 1977). Type B 
fractures (Figure 45b) are formed at the anticline axis in a 
stress modulus perpendicular to the regional pattern. 
Tensional forces cause the major stress axis, sigma^, to be 
parallel to the fold axis, and hence the E^ direction is 
parallel to the fold as well. The related shear 
fractures align with the E^ direction in the type B 
fractures, just as they do with the type A.

By aligning the E2 direction along the fold axis
(Figure 46) it is apparent that the N80E fracture set of the
north limb is not an extension fracture but rather an 
shear of Stearns' type A. The NNE trend is the conjugate 
shear and the NW and NE trends represent the E2 and E^ 
directions respectively. Similarly, near the fold axis, the 
N75W orientation is the S^ shear of type B fractures.

The river course itself is likely an indication of 
fracture orientation. While fractures of the E^ (NE) set 
are not well developed on the anticline surface, Alcova
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Figure 46. The major stress axis of the Laramide was
generally NE to SW. Type A E^ fracture set is parallel 
to the orientation of Alcova canyon. Type A E2 
fractures are parallel to the minor stress axis, and 
the anticline axis. One of the conjugate shear 
fracture sets is parallel to the dominant N80E fracture 
set. Type B fractures are similarly aligned to local 
stress field of the fold axis. S^ set is oriented to 
dominant N75W fracture set.
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canyon is aligned in that direction. In addition, the 
anticline plunges at this location. It is likely that the 

fracture set was well developed in the area of the 
canyon, which stream erosion exploited. This may explain 
why the river cut into the anticline rather than being 
diverted around it.

Stearns' classification is a useful tool for 
characterizing features of Alcova anticline fractures in 
general (Table 5). Type A fractures are the longest, 
deepest penetrating, and can be found throughout most parts 
of the anticline. This is because they are associated with 
regional deformation that surrounds the fold. Empirically, 
they are the least filled of the fracture sets, quite likely 
because they are prone to stress-relief widening, discussed 
later in this section. If regional stress is an on-going 
process, type A fractures may pre- and post-date type B.

Type B fractures, which are directly related to fold 
development, are more common near the fold axis. Type B 
fractures tend to be shorter in length, penetrate less 
deeply, and may post-date some type A fractures. Type B 
fractures are more often filled than type A, though, to a 
large extent, type B fractures are open. The penetration of 
either fracture style is slightly controlled by lithologies 
and lithofacies. Either type of fracture may cross between
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lithofacies, but type B fractures are more likely to be 
stopped at lithofacies boundaries. Lithofacies may control 
the density of either type of fracture as discussed below.

Table 5. Comparison of Stearns' type A and type B fractures 
at Alcova anticline.

Type A Type B
Orientation E± = N4 5W 

near-vertical dips 
(assoc w/ E-W dips)

E± = N45E
near-vertical dips 
(some shallow dips)

Length
Boundaries

Fracs/foot

Open-closed

5m to >10m
Formation boundary 
to Through-going
0.1 - 0.15
(0.8 in frac zones)
Open

10m to <5m
Lithostratigraphic 
unit boundaries
0.1 - 0.5

Open to
filled & cemented

Fracture Density
Fracture density varies across the fold axis and north 

limb of the anticline. Fracture counts were made on 
photographs of the west wall at 200-foot intervals starting 
at a point 600 feet south of the dam, and continuing to the 
fold axis 1800 feet from the dam (see Plate 4 for footage 
location marks). Counts were not made on the south limb, 
because the highly deformed nature of the rocks obscured the 
photographic resolution. At each station, scaled intervals
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corresponding to 4 0 feet were described horizontally across 
several horizons, and the number of fractures observed 
within each horizon were counted. The results are shown in 
Table 6 and Figure 47.

As this was done at photographic scales, many fine and 
hairline fractures are not resolvable, so a survey made at 
the surface is used to help validate these estimates (Table 
6 and Figure 47). The average fracture density at each 
station calculated from the photographs is related to the 
average density calculated from the surface survey in Figure 
47. The comparison indicates that roughly one third of the 
fractures are not accounted for at photographic resolution. 
Therefore, a correction factor of 1.3 to 1.6 should be 
applied to the photographic survey figures to obtain 
reliable fracture densities.

From both Table 6 and Figure 47 it is apparent that 
fracture density tends to increase toward the fold axis.
The maximum number of fractures occurs within the lower 
reservoir units at the 1800-foot station, nearest the fold 
axis. The lowest density occurs on the northern limb, 
farthest away from the fold axis, in the middle reservoir 
units.

It can also be seen in Table 6 that fracture density 
varies slightly with the vertical horizon, which is due to



Ta
bl
e 

6. 
Fr
ac
tu
re
 
de
ns
it
y 

at 
Al
co
va
 

an
ti
cl
in
e.

T —3863 131

o  i n - ' T ^ r r - ' i n r - ' C M U O U O U  h  h  n  o . . .
vo m o o

o  vo OtC-" in co in rf o o o co h  <n
O rH • • •
CO ^ O O

o
o
o

o
o
CM

OO■<r

o
o
VO

o
o
CO

rH Oh in in CL h  n  vo u u
rH rH

r-~ aQiVO^j* O h vo r-* cm o  u  U

csj O h O h co rH  a ^ r ^ m m c o o %rH rH CM rH rH rH rH rH

CM
O  Oh m CM O  CM "T CM O  O  C*) 

H  CM rH  H  H  CM CM CM

-P 
C -Ho c *H D
-P
(d
-PW

Ol CO VO

^  H  OJ 
• • •

in o  o

rH CM 
• • •

■ ^ 0 0

O  O h 'T O  O h IO H  n  n  O  (M T f m C M
rH rH r Hr Hr Hr Hr Hr H . . .

rH O  O  
rH

m m in 
• • •

CM O O

n  m* n  
• • •

^ 0 0

O  -P
'T <4H >1a) > 

0  
3

IP Clh CO

o o
cd <d
0  0

-p0
0
XSO
C•H
O h

O
.c
0
cd
P
tJ*•H
-p
td
p
-PW
0
-P •

P0) 0)3 -P
T3 cd

>-P
C >10) XIC/10) T3
p a)
O h p

a)
-P >O 0
C 0
U) w•H
c e
0 0N N
•H -H
p P
0 O
sc SC
11 II
O h O



Av
g.

 F
ra

ct
ur

es
 

pe
r 

Fo
ot

T —3863 132

Fracture Density
Alcova Anticline

1800 1600 1400 1200 1000
Station (feet from dam)

Photo Survey

800 600

Figure 47. Density of fractures is comparatively low in
stations 600 to 1200 (along the anticline north limb) 
where only regional (type A) fractures occur. Density 
increases in stations 1400 to 1800 (anticline axis) 
where local tectonic (type B) fractures occur. More 
brittle lithologies are found in the anticline core. 
Category "photo" is the value of fracture density 
measured photogrammetrically. "Survey" is the value of 
fracture density surveyed along the surface of the 
anticline. Survey measurements are included on Plate 
4. Each fracture orientation is shown over the profile 
of the outcrop and recorded as a strike and dip in plan 
view.
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lithofacies. Fracture density is greater in the dolomitic 
and silica-cemented lithofacies than that in relatively 
uncemented reservoir sandstones. The greatest density of 
fractures is in unit 6, in the upper horizon of unit 9, and 
in unit 10. Unit 6 is a sandy dolomite (Plate 1) slabbed by 
closely spaced, bed-bounded vertical fractures. The upper 
horizon of unit 9 is silicified with sutured quartz. This 
horizon is the zone of boxwork fractures. They are 
intricate fractures, and cannot be totally resolved in the 
photographs. Unit 10 is a dolomite-cemented sand. The non
reservoir carbonate facies are highly fractured, but cannot 
be resolved in the photographs. The high fracture density 
in lower unit 7 is only at the fold axis, and is probably 
tectonically controlled.

The fracture density increase toward the fold axis is 
not altogether uniform. Two zones of type A fractures are 
seen in the outcrop at 1200 and 1550 feet from the dam 
(Figure 48; Plate 4). These are major through-going 
fracture sets, that can be projected across the canyon. The 
density in each of these is estimated to be 0.8 fractures 
per foot, nearly twice the density at the fold axis.

Fracture density is interpreted as a function of the 
tectonic stresses of the outcrop and the brittleness of the 
lithofacies. As can be seen empirically in the outcrop,
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Figure 48. Major through-going fracture zone of west wall.
This is a type A shear fracture set (N80E), density 0.8 
fractures/foot. Fractures are open and extend from top 
to bottom of outcrop. This zone is approximately 2 
meters across. Scale: full vertical view of photograph 
is approximately 7 meters.
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fracture density is three to five times greater in the fold 
axis region than at the far extreme of the northern limb. 
The fractures of the northern limb are predominantly type A 
which were formed from regional stress, and are fairly 
evenly distributed through the area. Type B fractures are 
localized, concentrated around the area of highest local 
stress, and thus have a greater density.

Fractures are also concentrated in the dolomitic and 
siliceous lithofacies. The mineralogy controls the 
ductility and brittleness of a lithofacies. Spencer (1977) 
ranked the brittleness of several general lithologies using 
a Fracture Spacing Index (FSI) that measured the average 
number of fractures per foot of outcrop. In order of high 
to low FSI, or brittle to ductile lithologies, were 
dolomite, silica-cemented sandstone and calcite-cemented 
sandstone. Thus, as expected, the dolomite-rich marine 
units and unit 10 have the highest fracture density.

Open Versus Closed Fractures
An estimated 95% of the fractures are open, uncemented 

unmineralized and unfilled. Fracture widths range from 
hairline to several centimeters. Lengths range from a few 
meters (Type B) to through-going fractures that can be
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traced from bottom to top of the outcrop (Type A), projected 
across the canyon.

Those fractures that are closed are generally near 
important stratigraphic bounding surfaces or diagenetically 
mineralized lithologies, and are cemented by either sutured 
quartz or dolomite (Figure 49). They are generally short 
(Type B) and not through going. The usual closed-fracture 
width is the same as that of open fractures, anywhere from 
hairline to several centimeters. There are several examples 
of fine-grained (allogenic?, paleosol?) fill (Figure 50).

Faults are a type of closed fracture, but only one 
instance of fault displacement is observable in the outcrop. 
The fault is at the crest of the anticline and runs nearly 
parallel to, and just south of, the fold axis (Plate 4). 
There are 6 feet of downward displacement on the south side 
through units 10, 9 and the top of unit 8. The fault plane 
is nearly vertical, just as most of the fractures are. It 
is not clear if this is a normal or reverse fault, because 
of its steepness.

Several fracture surfaces on the canyon wall are 
covered with patches of a few square centimeters of 
cataclastic sandstone. The cataclastic sandstone is 
unsorted, angular to slightly rounded wall-rock fragments, 
from 5 millimeters to 50 millimeters in diameter, and
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Figure 49. Silica fracture fill in boxwork facies of unit 
9. Fracturing is extensive and diagnostic of this 
unit. Note that the main fracture on left continues 
into unit 10. Boundary is flat surface above oval 
brown patch of interstitial iron. Smaller attendant 
fractures stop at unit boundary.
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Figure 50. Chips of wall rock have fallen into filled
fracture. This large through-going fracture cuts two 
lithostratigraphic units, and is an important local 
heterogeneity.
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cemented together with calcite (Figure 51). The cataclastic 
fragments are slightly rotated. This appears to be a fault- 
gouge, though it has not been observed in association with 
any obvious shear movement features such as slickensides.
The lack of noticeable offset may be because in shear zones 
offset is in and out of the outcrop. Very little vertical 
displacement between beds would be seen in this perspective.

The lack of slickensides on the fracture surfaces may 
indicate that relative movement may have been small. There 
are slickensides in the outcrop, but they are not generally 
seen in fractures. Slickensides in the outcrop are usually 
associated with bedding planes, where slippage occurred 
between layers during folding.

Influence of Overburden Stress Relief on Fractures
The advantage of studying Alcova anticline as an 

analogy to fractured reservoirs is that it is not buried.
But surface structure does not necessarily look the same as 
it would in the subsurface. It is therefore required to find 
what effects exhumation may have had on the tectonic 
fractures. It may not be possible to distinguish the total 
effect of stress relief on the fracture regime, but it may 
be possible to estimate the contribution of several factors.
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/ d n a g
PHOTO SCALE

Figure 51. Gouge fill on fracture face. Pebbles of wall
rock have been rotated, slightly rounded, and cemented 
to face of fracture. When found, this style of gouge 
fill is often cemented to a single exposed fracture 
face. This rock was retrieved from unit 8 fracture 
zone and is not in place.
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The exhumation and relief of overburden stress of any 
rock body can be expected to have at least three 
consequences: 1) fracture opening and inducement, 2)
increasing brittleness, and 3) fracture movement (Kulander 
et al., 1990; Spencer, 1977).

1) As compressive stress is relieved, pre-existing 
fractures are generally expected to open. This is primarily 
because if the anticline is subject to strain dilation 
during exhumation, the volume increase must come from 
widened fractures. In "consolidated sedimentary rocks it is 
likely that the rock behaves as a nearly incompressible 
material" (Spencer, 1977) , and thus any expansion that may 
have been experienced by Alcova anticline should be the 
result of fracture widening.

Inducement of new fractures is expected as well. It is 
known that drilling fractures are induced by, among other 
things, the reduction of overburden pressure (Kulander, et 
al., 1990). Presumably natural removal of overburden 
pressure will induce fractures too, though it is not clear 
that the resulting fractures could be distinguished from 
pre-existing fractures. In the case of fractures induced by 
overburden relief from drilling, these fractures are 
recognized by companion features such as scoring and 
chipping directly related to the drilling assembly (Kulander
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et al., 1990) which clearly would not exist in a naturally 
exhumed site.

2) Any fracturing during or subsequent to exhumation 
(such as induced fracturing) is likely to be of a more 
brittle nature than the pre-existing fractures. Spencer 
(1977) notes that under confining pressure a ductility 
contrast is apparent between different lithologies.
However, he also states, "Most rocks behave brittly at 
shallow depths...." If the anticline was buried to any 
significant depth, it might be possible to note differences 
between relatively homogeneous fracture sets that formed at 
depth and shattered appearing fractures. Such data has not 
been systematically collected at Alcova anticline, but would 
merit investigation. A possible example might be the 
boxwork-fracture horizon of unit 9.

3) When overburden stress is removed, it is removed in 
the vertical direction. In the case of Alcova anticline, 
the vertical direction is the sigma2 axis or the axis of 
intermediate principle stress. Suppe (1985) points out "... 
the value of the intermediate principle stress, sigma2 , has 
a significant effect on the slip of pre-existing 
fractures...." Specifically, he says, it controls the 
orientation of the maximum shear stress, and that is the 
direction of slip. The direction of slip will vary in
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accordance to geometrical relations that can be figured 
using the stereonet (Figure 52). Since sigma2 is the 
intermediate stress axis, its value will never be less than 
sigma3 or greater than sigma^. Therefore the range of slip 
directions is constrained to stay within a zone bounded by 
the axes of sigma^ and sigma3 . A range of directions is 
postulated in Figure 52 for the N80E S^ set of fractures 
based on the presumed orientations of sigma^ = N45E and 
sigma3 = N45W.

Some subtle controls on fracture development in the 
surface and subsurface need further consideration than can 
be dealt with here. The role of reservoir fluids in 
fracture development is important, because the mechanical 
behavior of wet and dry rocks is different (Suppe, 1985). A 
rigorous engineering analysis may be able to provide further 
insights about fracturing. "Sheeting" or the separation of 
layers is noted in intrusive bodies that have been exhumed 
(Spencer, 1977). Is it possible that exhumed sedimentary 
rocks show this sort of behavior, or is it solely a property 
of the crystal structure of the igneous rocks?

Comparison to South Casper Creek
The sort of fracturing that controls reservoir flow in 

the Tensleep of South Casper Creek field is expected to be
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Figure 52. Spherical projection showing the effect of the
magnitude of the intermediate effective stress, sigma2, 
on the orientation of the maximum shear stress (slip 
direction) on a pre-existing fracture. Pre-existing 
fracture is oriented N80E, 81SE, typical of the 
dominant east-west shear set. Sigma2 is vertical; 
if sigma2 equals sigma3 , then the slip direction is 
oriented to sigma tau, whereas if sigma2 equals sigma^ 
the slip direction is oriented to sigma prime tau. For 
sigma2 between sigma^ and sigma2/ slip is allowed 
whithin the range of directions indicated by the 
thickened lines. After Suppe (1985).
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the same type as described at Alcova anticline. The 
orientation and density of the primary fracture sets seen in 
this study at Alcova closely match those estimated for the 
producing field (Hickman, 1989). The classes of fractures 
(extensional and shear) are expected to be similar as well, 
based on the similarity of stress orientations and 
structural components at the two anticlines. Hickman (1989) 
identified east striking fracture sets at South Casper Creek 
as the dominant fracture sets, and the same is true at 
Alcova anticline.

The N8 0E and N75W fractures are shear fractures in both 
study areas. Stevenson and Mullen (1990) associated the 
strong east-west fracture set at South Casper Creek with 
faulting that shows 10 to 2 0 feet of shear displacement.
This is also the conclusion drawn from 3-D, 3-C seismic 
surveys of the RCP, Phase III research, and from isopach 
mapping of the field. The faulting at South Casper Creek 
anticline has caused important flow barriers (D. List, Pers. 
Comm.). This faulting is thought to control large cells of 
flow within the reservoir.

The large type A fracture zones seen at Alcova 
anticline at 1200 and 1550 feet and smaller related Type A 
fractures do not cross any of the measured section 
traverses. This indicates that some large heterogeneities
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can be missed or not completely sampled at the scale of well 
spacing.

The relation of open to closed fractures may not 
necessarily be regarded as the same between the two study 
areas. South Casper Creek anticline has never been exposed 
at the surface and so has likely experienced a measurably 
different diagenetic history, particularly from the time 
that Alcova anticline was exposed. Additionally, Alcova 
anticline has experienced overburden stress relief, which 
is, no doubt, a contributing cause of open fractures. It is 
likely South Casper Creek has a greater percentage of closed 
fractures than the outcrop.

Engineering Considerations and Conclusions
Fractures have two effects on reservoir production.

Open fractures will increase reservoir permeability, whereas 
closed fractures will compartmentalize the reservoir and 
inhibit fluid flow. Further, both of these effects will 
work in tandem to control the direction of fluid flow 
through the reservoir system. The relatively high 
permeability of open fractures causes fluid to collect, and 
directs the flow along the set orientation. Conversely, a 
closed fracture set with relatively low permeability will 
divert fluid flow parallel to the set orientation.
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Fractures that control fluid flow are predictable using the 
model at Alcova anticline. The principles and results are 
summarized below.

1) Orientation of the sets is constant, and may be 
predicted from the stress modulus. The classes of fracture 
(extensional or shear) have been identified, and the 
direction of movement estimated, using simple stereonet 
technique. NE and NW sets are extensional, related to the 
primary stress directions. The east-striking and NNE sets 
are conjugate shears.

2) Relative fracture density may be predicted by 
lithofacies. Dolomite or highly silica-cemented lithofacies 
are comparatively brittle, and support greater fracture 
densities than do less cemented lithofacies. The dolomite- 
cemented units 6 and 10 and silica-cemented upper unit 9 are 
the most highly fractured.

3) Relative fracture density may be predicted from 
tectonic information. More fractures are found near the 
fold axis than in undisturbed portions of the structure.

4) Open and closed fractures may be predicted by 
associated lithofacies. Brittle facies generally host open 
fractures unless diagenetic cements have been introduced. 
Fractures near important stratigraphic bounding surfaces or 
dolomite/silica cemented lithofacies are likely to be filled
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or cemented. Ductile facies generally host closed fractures 
if shear movement has made wall gouge. Faults with any 
appreciable displacement can be expected to act as closed 
fractures.

5) Effects of exhumation on fractures are calculable. 
This may be useful beyond application of surface models, 
such as in the case where a shallow structure is known to 
have been buried more deeply earlier in its history. 
Conversely, the amount of fracture closing expected when a 
structure is more deeply buried could be predicted.

6) Seismic fracture-detection methods are limited by 
the amount of relative movement. Shear movement at Alcova 
anticline has either been insignificant or lateral and has 
not developed distinct offset density contrast. Detection 
of fractures may be defeated or fracture density 
underestimated if shear movement is not sufficient for rock 
density contrasts.
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RESERVOIR CHARACTERIZATION 

Introduction
The ability to know what heterogeneities exist in a 

reservoir is limited by the scales at which it can be 
examined. Characterizations of reservoir heterogeneity are 
typically developed with integrated data collected from 
cores, logs, production tests, and geophysical surveys.
These often miss details of heterogeneity that exist between 
the sample points (wells and seismic trace locations for 
example). At Alcova anticline it is possible to make a 
characterization of reservoir heterogeneity, which is not 
limited by scale. A view of the anticline has been 
constructed and compared to existing views of South Casper 
Creek field, in an attempt to show what heterogeneities and 
what scales are important to characterization for steamflood 
development.

Synthesis
Figure 53 is a synthesis of the key components of 

heterogeneity at Alcova anticline. The components are shown 
in a block diagram view that represents idealized 
relationships, and is not to scale. The anticline 
structure, shown by the dipping beds, is an important 
component. Bed dip is the principal influence of steam
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movement (Stevenson and Mullen, 1991). Overall, the fluid 
will tend to flow up dip, but may be diverted in other 
directions by heterogeneities.

Fluids will move within the flow units according to the 
controls imposed by directional permeability and bounding 
surfaces. Directional permeability within the flow units is 
a function of the lithologies and bedforms. In the best 
reservoir zones these are primarily dune beds separated by 
second- and third-order surfaces and aligned to paleowind 
directions. The preferred flow directions run parallel to 
the bedding surfaces and perpendicular to the paleowind 
direction (Andrews and Higgins, 1984).

Zones of contorted beds are poorer reservoir rock, and 
will not direct flow in a predictable direction. The most 
predictable component of flow in this zone will likely be 
parallel to the major bounding surfaces dividing it from the 
other flow units.

Flow direction within poor reservoir and non-reservoir 
zones may be predictable based on bedform geometry, but will 
likely be of little consequence due to low permeability. 
These zones may be significant vertical-flow barriers.

High permeability may cause as much production 
difficulties as does low permeability. Zones of anomalously 
high permeability will draw steam away from volumes of rock
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that were intended to receive the steam. The boxwork- 
fracture zone especially has this potential because it 
exists at the top of an excellent reservoir body and is 
overlain by rock of poor permeability.

The major bounding surfaces between flow units are 
often flow barriers (Tanean, 1991). They will constrain 
fluids and discourage flow between the units, especially 
where the overlying flow unit has lower permeability. Flows 
will be parallel to major bounding surfaces, just as with 
flows directed by lower-order surfaces of bedding planes. 
Lateral thickness variability of flow units and pinch outs 
of internal facies will complicate the flow pattern. Fluids 
moving up dip will be slowed or blocked by constrictions of 
flow units and truncations of beds at bounding surfaces.

Fracture heterogeneities are superimposed on the flow 
units, and may override flow-unit controls. Poor reservoirs 
can be enhanced or good reservoirs diminished by fractures. 
The fracture types are significant to the kind of control 
imposed. Type A fractures are caused by regional stress and 
so are long, through-going, usually open, and widely 
distributed. These may influence flow-unit heterogeneity 
because the fractures crosscut bounding surfaces and 
traverse the reservoir for long distances. Where they are 
open, they will open zones of poor permeability and act as
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conduits through flow barriers. This is especially true in 
brittle lithologies which usually have poor flow 
characteristics. Groups of type A fractures often form 1- 
to 2-meter wide zones that penetrate several flow units.
Type A fractures in more ductile rocks may tend to close and 
compartmentalize the reservoir if fault gouge is formed by 
relative movement of the fracture walls.

Type B fractures are formed from localized stresses. 
Therefore, type B fractures are shorter, not as penetrating 
as type A fractures, and concentrated in local-stress areas. 
They may post-date some regional fractures. For this reason 
they may either enhance or inhibit heterogeneity effects of 
the type A fractures depending upon whether they are open or 
closed. More often than type A, type B fractures are closed 
by cements, possibly due to diagenetic activity caused by 
tectonic events. Whether open or closed, type B fractures 
can be expected to have the same compartmentalizing effects 
on flow units that type A fractures do. These will be 
limited to the areas of tectonic stress, and may not be as 
penetrating and regionally widespread as type A fractures.

Faults with visible offset are not common in Alcova 
anticline, though one is in evidence. It is expected that 
faults will act just as closed fractures to seal and 
compartmentalize the reservoir. This is true at South
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Casper Creek field where they are demonstrated to break flow 
units and inhibit fluid flow (Stevenson and Mullen, 1991).

Comparison to South Casper Creek Field
The scale of characterization of South Casper Creek is 

dependent on well density, and may miss some details of 
bounding surfaces, bed pinch outs and fracturing that are 
apparent at Alcova anticline. Figure 54 shows the view of 
South Casper Creek field from Stevenson and Mullen (1991) 
used for steamflood development. In this view, bounding 
surfaces separating flow units are traced from well bore to 
well bore. The flow units maintain an even thickness, and 
are broken only by two large-scale faults. Bounding 
surfaces often can be identified in logs and cores, but the 
true nature of the size and truncating relationships is 
unclear. Second- and third-order bounding surfaces were 
traced continuously through the outcrop face at Alcova.
These exist on the scale of only tens to a few hundred feet 
long (Plate 4), which means they do not continue or are not 
clearly identifiable between widely spaced well bores. 
Correlations between South Casper Creek well bores may show 
bounding surfaces continued beyond the true scale of their 
reach, or inappropriately tied together because of the 
inability to discern their boundaries.
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Entire lithofacies pinch out and flow units are thinned 
by half of their greatest thickness within the space of a 
few hundred feet at Alcova. This means the beds are lost 
within the scale of one or two well spaces (Plate 4).
Figure 55 indicates the flow units maintain even 
thicknesses, and are continuous across South Casper Creek 
field. Unit E is seen to pinch out at either end of the 
diagram, but it does not represent any of the important 
reservoir units. None of the South Casper Creek units show 
the thickness variations found in the reservoir units of 
Alcova anticline (Plate 6). While it is possible, it seems 
unlikely the flow units do not show some variation in 
thickness or loss/gain of lithofacies. Rather, the beds and 
facies change at a scale smaller than the well scale can 
detect.

Similarly, fractures also may occur at scales that 
cannot be detected between wells. Several thick, dense, 
type A fracture zones are widely spaced on the outcrop west 
wall, and are not encountered by any of the measured section 
traverses (Plate 4). The traverses, spaced 400 to 500 feet 
apart, mimic the spacing of wells in a field. That they do 
not cross such important heterogeneities is an indication 
that well bores may miss features of this scale too. In 
such cases, a major heterogeneity could be unknown or
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underestimated. Fractures or faults may be unaccounted for 
by normal well spacing characterization. Figure 55 shows 
two important faults. These are at the axis of the 
anticline, where tectonic forces would be expected to create 
the densest accumulation of faults. It isn't clear that 
other faults or fracture zones do not exist between other 
wells on the flanks of the structure, particularly if they 
are fractures with very little offset, as at Alcova 
anticline.

To be sure, this comparison does not give full credit 
to the characterization of South Casper Creek, which 
includes many other detailed cross sections and plan maps 
than are shown in Figure 55. However, it is apparent from 
the outcrop characterization that, even using greater detail 
than is shown in Figure 55, many aspects of bounding 
surfaces, lithofacies and tectonic scales are not thoroughly 
accounted for in characterizations developed from well-bore 
information. Logs, cores, core plugs, and thin sections 
must be augmented with techniques to increase the detailed 
knowledge, such as geophysical studies and outcrop 
characterization.
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SUMMARY AMD CONCLUSIONS

Alcova anticline was studied to determine what 
heterogeneities affect oil and gas production and how the 
scale of observation affects reservoir description. The 
anticline is a Laramide structure in the eastern Wind River 
Basin of Wyoming, correlative to South Casper Creek field, 
and in which Tensleep Sandstone is exposed. Nine 
lithofacies were identified, three from near-shore marine 
and six from coastal eolian paleoenvironments. The 
lithofacies are the basic stratigraphic components of ten 
genetic lithostratigraphic units. Each lithostratigraphic 
unit is contained between major bounding surfaces of 
regional extent. The bounding surfaces and the uniformity 
of quantitative reservoir properties (primarily permeability 
and porosity) define the lithostratigraphic units as 
reservoir flow units. Lithofacies are important controls 
and predictors of the quantitative reservoir properties of 
the flow units. Fracturing was investigated to define its 
contribution to reservoir heterogeneity. The results of 
these studies were correlated with characterizations of 
South Casper Creek field.
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Conclusions
1) Descriptions of reservoir heterogeneity are 

dependent on the scale at which the reservoir can be 
observed.

2) The lithofacies described at Alcova anticline are 
representative of lithofacies found in nearby outcrops and 
wells, but are not necessarily a complete list. Other 
lithofacies may be found in other localities.

3) Lithostratigraphic units at Alcova anticline and 
South Casper Creek field have comparable rock properties and 
are stratigraphically similar.

4) Relative comparison of reservoir properties is 
possible between outcrops and producing fields.
Permeability and porosity values cannot be directly 
equilibrated between outcrop and well, but reservoir quality 
can generally be judged by outcrop examination.

5) Lithofacies and degree of diagenesis are predictors 
of reservoir quality.

6) The number, rank and stratigraphic position of 
bounding surfaces in Alcova anticline and South Casper Creek 
field are generally equivalent. Description by log and core 
is probably adequate for characterizing bounding surfaces.

7) Pinch outs and thickness variations of strata are 
not accurately characterized by log and core description.
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8) Two fracture regimes are dominant at Alcova 
anticline and South Casper Creek. Type A formed from 
regional stresses, and has its major stress axis oriented 
NE. Type B results from local stresses, and has its major 
stress axis oriented NW.

9) Both fracture regimes have one shear fracture 
orientation trending nearly east-west. These are the most 
visible fractures at Alcova anticline, and are likely 
related to faulting at South Casper Creek field.

10) Brittle rocks and tectonic stress points will have 
greater fracture density than ductile rocks and structurally 
passive zones.

11) Open fractures will most likely be found in 
brittle rocks with little diagenesis, or in ductile rocks 
which have undergone little relative movement between 
fracture walls.

12) Fracture density may be underestimated by log and 
core characterization.

Future Work
Further studies should continue defining the 

relationship of outcrop to subsurface heterogeneity 
differences. A study should be made comparing new outcrop 
porosity and permeability measurements with subsurface cores
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taken from the same outcrop. Doing so might develop an 
understanding of the effects of surface weathering on 
permeability and porosity, and provide a calibration with 
the subsurface. Expanded studies of minipermeameter 
applications could be included. Such a study would help 
define the role of the minipermeameter as a field instrument 
and establish appropriate circumstances for its use as well 
as discern any unforeseen limitations.

Fractures should be characterized more completely by 
continuing measurements along the length of the anticline, 
away from the canyon. This would tie the fractures of the 
canyon wall to a more complete three-dimensional picture of 
the anticline structure, and regional and local tectonics.
In addition, fractures could be traced upsection through 
younger formations to verify the conclusions of Hickman 
(1989) about the relation of surface fractures to the buried 
structure. Other means of fracture control should be 
examined too, such as influence of basement blocks or other 
localized tectonic stresses not identified in this study.

The outcrop and seismic aspects of reservoir 
characterization could be better integrated. A clearer 
definition of what can be distinguished at seismic scale is 
required.
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An opportunity exists to expand the employment of 
surface gamma-ray logging. The outcrop is an excellent 
location to calibrate hand-held scintillometer data to 
professional API standard tools. Halliburton Logging 
Services of Denver has expressed interest in providing tools 
for such an investigation. A lack of funds to pursue the 
permitting requirements prevented such study from being 
performed.
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APPENDIX A: METHODS OF SURFACE
GEOPHYSICAL LOGGING

Details of surface geophysical logging are not commonly 
found in geological literature, and are described in detail 
here for clarity of method and purpose. Surface geophysical 
logs are graphical presentations of rock property data using 
the same quantitative units and display format as subsurface 
geophysical logs. Five kinds of surface geophysical logs 
are possible to plot: gamma-ray, bulk density, porosity, 
sonic velocity and permeability.

The traverse routes were chosen over the outcrop prior 
to data collection. The routes were chosen primarily for 
accessibility but were adjusted to increase stratigraphic 
information and sample availability. Sampling frequency was 
2.5 feet for both gamma-ray and petrophysical data 
collection. The starting point for each route was chosen at 
the lowest stratigraphic position available. A Jacob's 
staff was used to measure 5 foot intervals stratigraphically 
upwards (Figure 55), and at each 5 foot location a stake was 
set for later reference. The location was called a "sample 
station" and numbered. Each traverse's first station was 
numbered "1." Station number 2 was located midway between 
the first and next staked 5 foot station. Consequently, all
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Figure 55. Surface gamma log measurement. Stations are 
surveyed 5 feet apart and labeled with odd numbers.
Even numbered stations are estimated between odd. 
Scintillometer readings are recorded at each sample 
station and can be done along with the survey. Rock 
samples are gathered as well, at each station, for 
porosity and permeability measurement. Data tables are 
transposed into log format at scales comparable to API 
logs.
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staked stations were odd numbered, all unstaked stations 
were even numbered and the sample interval was 2.5 feet.

Gamma-ray measurements were gathered using a hand-held 
scintillation counter (Mt. Sopris, model SC-132). The 
theory of surface gamma-ray logging is described by 
Chamberlain (1984) and Renner (1988). The background 
radiation value in counts per second was recorded with the 
station number. A plot was made of elevation above the 
starting point versus counts per second (Figure 55). The 
elevation was computed from the station number and plotted 
to the scale 2.5 inches equals 100 feet. The background 
radiation values were plotted horizontally in counts per 
second (CPS). Counts per second are not convertible to API 
units, and cannot be used in log calculations. However, the 
plotted values of gamma-ray CPS will describe a curve 
relatively the same as an API log, which can be used for 
general correlation and lithologic determination 
(Chamberlain, 1984).

Rock samples were collected at each of the sample 
stations. The weight (Wt), bulk volume (V^), and grain 
volume (Vina) were measured for each specimen. Bulk volume 
was determined with a mercury pycnometer and an air 
pycnometer was used to measure the grain volume.
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Calculations were made to determine bulk density 
(rhob), grain density (rhoma), porosity (phi) and sonic 
velocity (t) for all of the samples. The formulae for these 
calculations are:
Bulk Density rh°b = Wt/V^
Grain Density rhoma = Wt/Vma
Porosity phi = (Vb-Vma)/Vb
Velocity t = tma - (rhoma - rhob)*(tma - tf)

rhoma - rhof 
where: rhof = fluid density

tf = fluid velocity
tma = grain velocity

These values were plotted against station elevation
using the scales of 2.00 to 3.00 grams/cubic centimeter for
bulk density, -10% to 30% for porosity, and 40 to 140
milliseconds per foot for velocity. (Although intended to
be used, sonic velocity was determined to be inappropriate
for this study and so was neglected in the data tables.)
While porosity is plotted on a -10% to 30% scale, it is only
for purposes of comparison with normal subsurface logs.
Since the porosity formula calculates true porosity, there
will never be a negative porosity value.

Permeability was measured with a minipermeameter built
by students at the Colorado School of Mines Petroleum
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Engineering Department. Theory of the design is discussed 
in detail in Chandler et al. (1989b). From each sample, 
several readings were made, 1 centimeter apart for several 
centimeters, to characterize the small-scale variability of 
permeability in the bedding laminations. These are recorded 
as clusters of points at each sample station of the north 
and south traverses (Plates 1 and 3). The readings are 
continuous only within each sample station because of the 
isolated nature of the sampling. They are not connected 
between stations and are shown as separated saw-tooth bars.



T—3863 17 4

APPENDIX B: PETROPHYSICAL AND
GEOPHYSICAL LOG DATA

Petrophysical data, Alcovoa Anticline, West Wall 
Unoriented, irregular samples, collected, April 20-22, 1990 
South Traverse File: SOUTABLE.WK1
Station Elevation

1 0.0
2 2 . 5
3 5 . 0
4 7 . 5
5 10 . 0
6 12 . 5
7 15 . 0
8 17 . 5
9 20.0

10 22 . 5
11 25.0
12 27 . 5
13 30.0
14 32.5
15 35.0
16 37.5
17 40 . 0
18 42 . 5
19 45 . 0
20 47.5
21 50.0
22 52 . 5
23 55 . 0
24 57 . 5
25 60 . 0
26 62 . 5
27 65 . 0
28 67 . 5
29 70 . 0
30 72.5
31 75. 0
32 77 . 5
33 80. 0
34 82 . 5
35 85. 0
36 87 . 5
37 90 . 0
38 92 . 5
39 95. 0
40 97 . 5
41 100. 0
42 102 . 5
43 105. 0
44 107 . 5
45 110. 0
46 112 . 5
47 115.0
48 117 . 5
49 120 . 0
50 122 . 5
51 125.0

rho(g) rho(b)
2.66 2 .18
2 . 64 2.40
2 . 66 2.41
2.71 2 . 45
2 . 75 2 .46
2 . 65 2.30
2 . 65 2 . 34
2 . 66 2 .35
2 . 85 2 .22
2 . 85 2 . 66
2 . 78 2 .49
2 . 85 2 .41
2 . 84 2.41
2 . 86 2 .51
2 . 85 2 .49
2 .87 2 . 53
2 .85 2 . 64
2 . 69 2 . 53
2 . 71 2 . 55
2 .73 2 . 53
2 . 74 2 .59
2 . 78 2 . 56
2.71 2 . 50
2 . 67 2 . 24
2 .70 2 . 44
2.71 2 .45
2 . 73 2 . 49
2 . 67 2.31
2 . 66 2 .38
2 . 67 2.31
2 . 69 2.37
2 . 70 2 .40
2 . 68 2 .39
2 . 67 2.38
2 . 69 2.43
2 . 69 2 .31
2 . 66 2 .30
2.69 2 .29
2 . 69 2 . 29
2 . 68 2 . 29
2.70 2 . 13
2 . 67 2 . 24
2 . 69 2 .23
2 . 68 2 .31
2 .70 2 .29
2 . 65 2 . 16
2 . 69 2 . 07
2 . 68 2 . 26
2 . 68 2 . 17
2 .76 2 .33
2 . 65 2 . 07

phi rho(b)*3
0. 18 2.27
0. 09 2.33
0 . 10 2 .42
0.09 2 .44
0. 10 2 .40
0. 13 2 . 37
0. 12 2.33
0. 12 2 .30
0.22 2.41
0. 07 2 .46
0. 10 2 . 52
0. 16 2 .44
0 . 15 2 . 44
0. 12 2 .47
0.13 2 . 51
0. 12 2 . 55
0. 07 2 . 57
0.06 2 . 58
0.06 2 . 54
0 . 07 2 . 56
0. 05 2 . 56
0.08 2 . 55
0.08 2 . 43
0. 16 2 . 39
0. 10 2 . 38
0. 10 2.46
0. 09 2 . 41
0 . 14 2 . 39
0 . 10 2.33
0. 13 2 .36
0. 12 2.36
0.11 2 . 39
0. 11 2.39
0.11 2 .40
0. 10 2 .38
0 . 14 2.35
0. 14 2 .30
0. 15 2 . 29
0. 15 2 . 29
0 . 14 2 .24
0.21 2 .22
0 . 16 2 . 20
0. 17 2 .26
0. 14 2 . 28
0. 15 2 .26
0. 18 2 . 17
0 . 23 2 . 16
0 . 16 2 . 17
0. 19 2 .25
0. 15 2 . 19
0 . 22 2 . 19

phi * 3 CPS
0.15 31
0.12 35
0.09 45
0.10 45
0.11 30
0.12 36
0.12 38
0.15 40
0.14 42
0.13 45
0.11 43
0.14 31
0.14 32
0.13 30
0.12 29
0.11 30
0.08 38
0.06 48
0.06 45
0.06 43
0.07 42
0.07 46
0.11 50
0.11 49
0.12 49
0.09 51
0.11 52
0.11 50
0.12 48
0.12 48
0.12 45
0.11 44
0.11 45
0.10 44
0.11 43
0.12 38
0.14 36
0.15 39
0.15 45
0.17 44
0.17 49
0.18 45
0.16 47
0.15 45
0.16 42
0.19 39
0.19 33
0.19 36
0.17 29
0.19 29
0.19 32
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Petrophysical data, Alcovoa Anticline, West Wall 
Unoriented, irregular samples, collected, April 20-22, 1990
North Traverse File: NORTABLE.WK1

m Elevation rho(g) rho(b) phi(v) rho(b)*3 phi * 3
1 0.0 2 . 66 2 . 10 0.21 2.21 0 . 17
2 2 . 5 2 . 67 2.36 0.12 2 .20 0. 17
3 5.0 2 . 65 2 . 14 0 . 19 2.26 0 . 15
4 7 . 5 2 . 66 2 . 29 0. 14 2 .20 0 . 17
5 10. 0 2 . 66 2 . 23 0. 16 2 . 27 0.15
6 12 . 5 2 . 65 2 . 17 0. 18 2.33 0 . 12
7 15. 0 2 . 63 2 . 52 0. 04 2 .28 0. 14
8 17 . 5 2. 66 2 . 16 0. 19 2.32 0. 13
9 20.0 2 . 69 2 . 29 0. 15 2 . 19 0. 18

10 22 . 5 2.67 2 . 12 0.21 2.26 0. 16
11 25 . 0 2 . 74 2 . 38 0. 13 2 . 18 0 . 19
12 27 . 5 2 . 68 2 . 03 0.24 2 . 19 0 . 19
13 30.0 2 .70 2 . 16 0.20 2 . 09 0 .22
14 32 . 5 2 . 69 2 . 09 0.22 2 .22 0 . 18
15 35.0 2.73 2 .41 0. 12 2 .25 0 . 17
16 37 . 5 2 .72 2 . 25 0 . 17 2.30 0 . 16
17 40.0 2 .71 2 . 22 0. 18 2 . 19 0 . 19
18 42 . 5 2 .71 2 . 11 0 . 22 2 . 19 0 . 19
19 45.0 2 . 69 2 . 23 0. 17 2 . 16 0 . 20
20 47 . 5 2 . 69 2 . 13 0.21 2 . 16 0 . 20
21 50.0 2 .71 2 . 12 0.22 2 . 09 0 .22
22 52 . 5 2 . 68 2.03 0.24 2 . 05 0 . 24
23 55 . 0 2 . 69 2 . 02 0 .25 2 . 04 0. 24
24 57 . 5 2 .70 2 .02 0.25 2 . 03 0 . 24
25 60.0 2 . 67 2 .05 0.23 2 . 04 0 . 24
26 62 . 5 2 . 68 2 . 03 0.24 2 . 06 0 .23
27 65. 0 2 . 68 2 . 08 0.22 2 . 10 0 . 22
28 67 . 5 2 . 68 2 . 18 0. 19 2 . 18 0 . 19
29 70.0 2 . 69 2 .28 0. 15 2 .24 0 . 17
30 72 . 5 2 .70 2.26 0. 16 2.26 0 . 16
31 75.0 2 . 69 2 .23 0.17 2.31 0. 15
32 77.5 2 .78 2 . 44 0. 12 2 .32 0 . 15
33 80.0 2.71 2 .30 0. 15 2 .37 0. 14
34 82 . 5 2.74 2 . 37 0. 13 2.36 0 . 13
35 85.0 2 .71 2.40 0.11 2 . 39 0 . 12
36 87 . 5 2 . 75 2 .40 0. 13 2 .38 0 . 13
37 90 . 0 2 . 75 2 .34 0. 15 2 . 37 0 . 14
38 92 . 5 2 .73 2 .35 0. 14 2.34 0. 14
39 95 . 0 2 . 73 2 .33 0. 15 2.31 0 . 15
40 97 . 5 2.73 2 .24 0. 18 2 . 22 0 . 18
41 100. 0 2 . 67 2 . 10 0.21 2 . 23 0 . 17
42 102 . 5 2 . 65 2 . 34 0 . 12 2 . 12 0.20
43 105. 0 2 . 67 1.93 0.28 2 . 07 0.22
44 107 . 5 2 . 67 1.95 0.27 2 . 06 0.23
45 110 . 0 2.73 2.31 0 . 16 2 . 18 0 . 19
46 112 . 5 2 . 68 2 . 28 0 . 15 2 . 28 0. 15
47 115 . 0 2 . 68 2 .25 0. 16 2.31 0 . 14

CPS
36
28
28
24
26
28
34
38
60
55
58 
48 
43
50 
63 
60 
55
51
52
53
51
47
48 
48 
48 
45 
50 
55
52 
47 
63 
66 
60 
61 
61
54
55 
57 
65 
63 
62 
61
59 
61
56 
63
60
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Gamma ray data Middle Traverse 
West Wall, Alcova anticline

Station Elevation CPS

1 0.0 24
2 2 . 5 28
3 5 . 0 28
4 7 . 5 32
5 10.0 30
6 12 . 5 40
7 15. 0 32
8 17.5 36
9 20.0 36

10 22 . 5 40
11 25.0 28
12 27 . 5 36
13 30.0 32
14 32.5 36
15 35.0 30
16 37 . 5 32
17 40.0 32
18 42 . 5 30
19 45 . 0 28
20 47. 5 32
21 50. 0 34
22 52 . 5 38
23 55 . 0 30
24 57.5 35
25 60.0 32
26 62 . 5 30
27 65 . 0 32
28 67 . 5 32
29 70 . 0 36
30 72 . 5 36
31 75.0 35
32 77 . 5 36
33 80 . 0 36
34 82 . 5 34
35 85.0 38
36 87. 5 36
37 90.0 28

Station Elevation

38 92 . 5
39 95 . 0
40 97 . 5
41 100. 0
42 102 . 5
43 105 . 0
44 107 . 5
45 110 . 0
46 112 . 5
47 115. 0
48 117 .5
49 120.0
50 122 . 5
51 125 . 0
52 127 . 5
53 130. 0
54 132 . 5
55 135. 0
56 137.5
57 140 . 0
58 142 . 5
59 145 . 0
60 147.5
61 150 . 0
62 152 . 5
63 155. 0
64 157 . 5
65 160 . 0
66 162 . 5
67 165. 0
68 167 . 5
69 170.0
70 172 . 5
71 175.0
72 177 . 5
73 180. 0
74 182 . 5

CPS

30
28
30
40
40
42
42
44
40
40
46
44
40
40
46
40
46
40
42
42
44
50
56
60
56
56
60
60
56
56
56
56
58
52
52
50
50



T—3863 177

Gamma ray data Goose Egg traverse 
West Wall, Alcova anticline 
File: Goostabl.wkl

Station Elevation CPS Station Elevation CPS

1 0.0 73 35 85 . 0
2 2 . 5 88 36 87 . 5
3 5.0 94 37 90 . 0
4 7 . 5 89 38 92.5
5 10 . 0 95 39 95. 0
6 12 . 5 85 40 97 . 5
7 15 . 0 87 41 100.0
8 17 . 5 86 42 102 . 5
9 20.0 82 43 105 . 0

10 22 . 5 77 44 107 . 5
11 25 . 0 82 45 110 . 0
12 27 . 5 93 46 112 . 5
13 30.0 100 47 115.0
14 32 . 5 82 48 117 . 5
15 35 . 0 92 49 120. 0
16 37 . 5 93 50 122 . 5
17 40.0 84 51 125 . 0
18 42 . 5 99 52 127 . 5
19 45 . 0 105 53 130 . 0
20 47 . 5 130 54 132 . 5
21 50.0 131 55 135.0
22 52 . 5 131 56 137 . 5
23 55. 0 128 57 140. 0
24 57 . 5 124 58 142 . 5
25 60. 0 125 59 145 . 0
26 62 . 5 119 60 147 . 5
27 65. 0 124 61 150.0
28 67. 5 124 62 152 . 5
29 70.0 113 63 155 . 0
30 72 . 5 118 64 157 . 5
31 75 . 0 115 65 160. 0
32 77 . 5 108 66 162 . 5
33 80. 0 112 67 165.0
34 82 . 5 105

104
105 
95

101
93
74
68
71
93 

100
94 
99

108
104
101
110
108
107
108 
104
104
105
95

103 
109 
105
104
105 
103
106 
101
80
82
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Petrophysical data, Alcovoa Anticline, West Wall 
Unoriented, irregular samples, collected, April 20-22, 
North Traverse File phiknort.wkl
Station porosity md Station porosity

1 0. 17 863.6 23 0. 24
0. 17 798. 2 0. 24
0. 17 798.2 0. 24

0.24
2 0. 17 1133.9 0. 24

0. 17 798.2
24 0.24

3 0. 15 929. 9 0.24
0 . 15 1414.9 0.24
0. 15 863 . 6

25 0.24
4 0. 17 1414.9 0.24

0. 17 1558. 1 0.24
0. 17 1273 . 3

26 0.23
5 0. 15 548 . 5 0.23

0. 15 548 . 5 0.23
0.23

6 0. 12 0 0.23
0. 12 0
0. 12 0 27 0.22

0.22
7 0. 14 863 . 6 0.22

0. 14 733 .9
0. 14 1273.2 28 0 . 19

0. 19
8 0. 13 0 0. 19

0. 13 0
0. 13 0 29 0. 17

0. 17
9 0. 18 377 . 6 0. 17

0 . 18 733.9
0. 18 432 . 6 0 . 16

30 0. 16
10 0. 16 0 0. 16

0. 16 0
0. 16 0 31 0. 15

0. 15
11 0. 19 61.8 0. 15

0. 19 39.5
0. 19 39.5 32 0.15
0. 19 81.5 0. 15
0. 19 1558.8 0.15

12 0. 19 489.7 33 0. 14
0. 19 432.6 0. 14
0. 19 432.6 0 . 14
0. 19 733 . 9
0. 19 432.6 34 0.13

0. 16
0.16

13 0.22 324.9
0.22 147 35 0. 12
0.22 115. 1 0. 12

1990

md
1558.1 
929 . 9 
489 . 7 
670.7 
185.2

1558.1
1203.3 
1702.6
863 . 6 
863 . 6 
733.9
432.6

1486.3 
1343 . 9
1414.9
1133.9
863 . 6 

1273 . 3
1273.3

58 . 2
85.8 
65. 5

185 . 8 
199 . 5 
99 . 6

119 . 7 
73 . 2
51.5
90.3 

236. 1
99 . 6

0
0
0

34 . 3 
48 . 3
65 . 5
31.9
29.6
31.9
29 . 6
23.4
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0.22 185.2 0. 12 27
0.22 91.4

36 0. 13 23
14 0. 18 863 . 6 0. 13 23

0. 18 1065.1 0 . 13 23
0. 18 1558.1
0. 18 863 . 6 37 0. 14 10
0. 18 1630.2 0. 14 34

0. 14 31
15 0. 17 733 . 9 0. 14 61

0. 17 608 . 9 0. 14 39
0. 17 608.9
0. 17 608.9 38 0 . 14 48
0. 17 185.2 0. 14 48

0. 14 36
16 0. 16 34 . 3 39 0. 15 73

0. 16 136 . 2 0. 15 51
0. 16 85 . 8 0 . 15 39
0 . 16 48 . 3
0. 16 125. 1 40 0. 18 73

0. 18 81
17 0. 19 1065.1 0 . 18 51

0. 19 997 . 1
0. 19 929 .9 41 0. 17 733
0. 19 608 . 9 0. 17 1065
0. 19 733 . 9 0. 17 432

18 0. 19 51.5 42 0.20
0. 19 58 . 2 0.20
0. 19 166.2 0.20

19 0.20 166 . 2 43 0. 22 275
0.20 136 . 2 0.22 153
0 .20 81.5 0.22 337
0.20 42 . 3
0.20 45.3 44 0.23 2501

0.23 3062
20 0.20 863 . 6 0.23 2573

0.20 733 . 9
0.20 733 .9 45 0. 19 85
0.20 608.9 0. 19 109
0.20 432 . 6 0. 19 166

21 0.22 125. 1 46 0. 15 34
0.22 166.2 0. 15 39
0.22 213.7 0. 15 29
0.22 172.6
0.22 172.6 47 0 . 14 324

0. 14 377
0. 14 432

22 0.24 863 . 6 0. 14 432
0 . 24 185.2 0. 14 79
0.24 489.7

4
4
4
4
2
3
9
8
5
3
3
8
2
5
5
2
5
5
91
6
000
9
8
3
5
9
2
5
4
2
3
5
6

9
6
6
6
4
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Petrophysical data, Alcovoa Anticline, West Wall 
Unoriented, irregular samples, collected, April 20-22, 1990 
South Traverse
Station porosity md

1 0.15 85.5
0.15 147
0.15 85.5
0.15 1065.1
0.15 324.9

Station porosity md
37 0.14 432.6

0.14 608.9
0.14 1065.1
0.14 863.1
0.14 798.2

3 0.09 0 38 0. 15
0.15

4 0. 10 0 0. 15
0. 15

8 0. 15 0 0. 15
9 0. 14 0

39 0. 15
16 0 . 11 0 0. 15

0. 15
22 0. 07 0 0. 15

0. 15
24 0. 11 733 .9

0. 11 863 . 6 40 0. 17
0 . 11 548.5 0. 17
0. 11 670.7 0. 17
0.11 733.9 0. 17

0. 17

670.7 
733 . 9 
670. 7 
608 . 9 
432 . 6

48 . 3 
136 . 2 
69 . 3 
85 . 8 
65 . 5

236. 1 
85.8 

166. 2 
85 . 8 

125. 1
25 0. 12 

0 . 12
0 . 12 
0 . 12
0 . 12

1273 . 3 
185.2 
79 . 4 

798 . 2 
377 . 6

41 17
17

23 . 4 
73 . 2

42 18
18
18

251.3 
185 . 8 
192 . 6

27

28

0.11 
0. 11 
0. 11 
0.11 
0.11 0 11

11
11
11
11
11

274 , 
85 , 
85, 

115, 
85,

153.8 
166. 2
159.2 
136. 2
136.2

43 0. 16 
0. 16 
0. 16

104 . 4 
199 . 5 
206 . 6

44 0. 15 
0. 15 
0.15

130 
172 , 
159

45 16
16
16

99 
275 
48 ,

30 0 . 12 
0 . 12 
0 . 12 
0 . 12 
0 . 12

733.9
929.9 
185. 2
79 . 4 

377 . 6

31 0 . 12 
0 . 12 
0 . 12

90.7
114.5
136.2

46 0. 19 
0. 19 
0.19

1273 . 3 
1065.1 
1414.9

47 0. 19 
0. 19 
0. 19

1065.1
1558.1
1775.1

48 0. 19 
0.19

432 . 6 
608 . 9



T— 38 63 181

0. 12 119. 5 0. 19 489.7
0. 12 51.5

49 0. 17 863 . 6
0. 10 863 . 6 0. 17 489 . 7
0. 10 929 . 9 0. 17 798.7
0. 10 997 . 1
0. 10 733 . 9 50 0. 19 863 . 6
0. 10 1065.1 0. 19 798 . 2

0 . 19 489 . 7
0. 11 130.6
0.11 179. 1 51 0 . 19 2066.5
0.11 125. 1 0. 19 2284 . 8
0.11 107 . 4 0 . 19 733 . 9
0. 11 199 . 5

36 0. 12 548 . 5
0. 12 926.9
0. 12 863 . 6
0. 12 69. 3
0. 12 58.2


