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basin sagged along basement rift zones by strong east-west extension dur
ing the Desmoinesian. The dominant zone of weakness was the 
northwest-trending Olympic-Wichita basement lineament that lies along 
the eastern margin of the Paradox salt basin and the southwestern edge of 
the Uncompahgre-San Luis uplifts. Less prominent northwest and 
northeast shear zones are ubiquitous, but are especially well developed in 
basement and Paleozoic rocks underlying the San Juan basin at the south
east termination of the Paradox basin. 

J. C. Crowell's classic model of a pull-apart basin along anastomosing 
transform fault zones is directly applicable to the Paradox basin, with the 
one exception that the Paradox is an intracratonic basin developed on 
continental crust. The primary zone of weakness, the Olympic-Wichita 
Hneament, marks the abrupt eastern margin of the basin. The southwest
ern margin is less well defined along a broad zone of basement faults that 
trend northwesterly across the San Juan basin, through the southern mar
gin of the salt basin, across the Monument upwarp at the anomalous Fish 
Creek structure and the Mille Crag Bend fracture zone, and on o the 
northwest through the Henry Mountains intrusives and the Fremont sag. 
The northwest termination is the expected irregular compressional (con
vergent) margin at the Emery uplift (San Rafael swell), and the southeast 
limit of the basin is an irregular margin of normal faults and stretched 
attenuated floor (divergence) lying between the Hogback monocline and 
the House Creek fault. The complex intersections lying at the rhombic 
corners of the basin are in the San Juan Mountains on the southeast, the 
Defiance uplift on the southwest, the Fremont sag on the northwest, and 
the Oquirrh sag on the northeast. 

As the Paradox basin episodically deepened during the Middle Penn-
sylvanian by rejuvenation of basement faults, it was being filled contem
poraneously with salt, which may have reached a thickness of 6,000-8,000 
ft (1,800-2,400 m), andarkosesof 15,000-20,000 ft (4,600-6,100 m) thick
ness along the Uncompahgre front. A pull-apart of only about 5% of 
extension would account for a basin of this magnitude. By about mid-
Desmoinesian time, the wrenching pull-apart was nearly completed. 
Folding caused by minor wrench movements formed shoaling conditions 
along the southwest shallow shelf of the basin where algal bioherms 
developed. Meanwhile, pull-apart stretching of the basin floor may have 
triggered salt flowage and diapirism in the eastern, deepest part of the 
basin. From the late Desmoinesian through Permian, the basin filled with 
marine and nonmarine sediments as the wrench tectonism subsided. 
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Radio Imaging Method (RIM) Used to Map Coal Seam Thickness Within 
Developed Longwall Panels 

Modern underground coal mines commonly employ retreating 
longwall mining techniques to increase productivity and resource recov
ery and decrease mining cost. Although longwall mining is generally the 
most efficient method used today, its effectiveness can be impaired by 
intersecting localized areas of coal thinner than the minimum mining 
height of the equipment. 

Coal seams within western coalfields are generally lenticular. Localized 
areas of thin coal overlain by fluvial sandstone deposits that are scoured 
into the coal are common on many properties and may be encountered by 
retreating longwalls. This can severely impact productivity and degrade 
the run of mine coal quality. 

The use of Radio Imaging Method (RIM) is being tested to map coal 
seam thickness within a developed longwall panel. Although coal seams 
are poor electrical conductors, electromagnetic signals can be transmitted 
through the coal within a longwall panel. These signals are attenuated as 
they pass through the longwall panel. The degree of attenuation for a 
given distance of signal travel is largely a function of the coal seam height. 
This relationship enables RIM to detect changes in coal seam height 
within a longwall panel that may or may not be evident from the develop
ment entnes. 

Initial testing of RIM in a few developed longwall panels has proved 
successful in identifying at least three areas of thin coal that were later 
confirmed by drilling and mining. 
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Greybull Sandstone Pool (Lower Cretaceous) on Elk Basin Thrust-Fold 
Complex, Wyoming and Montana 

The Elk Basin field in the northern Bighorn basin is a giant structural 
trap with cumulative production surpassing 500 million bbl, principally 
from a Paleozoic common pool. Abundant well data and seismic infor
mation have been used in a stratigraphic and structural study focusing on 
the Greybull (Lower Cretaceous) gas pool and on deeper formations 
along this structural complex. These data support an interpretation of the 
Elk Basin field as a thrust-fold complex, underlain by a listric thrust fault 
zone which probably emanates from Precambrian basement at an angle 
of 45° or less. The fault steepens upward and dies out in steeply dipping 
Mesozoic elastics that are attenuated and cut by extensional faults at the 
surface. 

The little known Greybull Sandstone pool at Elk Basin field, which is 
now used for gas storage, was discovered in 1920, and contained esti
mated primary recoverable reserves of 54 bcf of gas at an average depth of 
about 2,500 ft (760 m). The Greybull lies stratigraphically between the 
Dakota and Morrison Formations, and is composed of two distinct sand
stone units, called "A" and "B" at the North Clark's Fork field in south
ern Montana. The lower "B" unit at Elk Basin is a fluvial river-channel 
deposit which ranges up to 150 ft (45 m) in thickness and nearly 2 mi (3 
km) in width. The upper "A" unit is a series of shoreline sandstone 
deposits oriented northwest-southeast. Individual, porous "A" sandstone 
bodies range from a few feet to more than 20 ft (6 m) in thickness at Elk 
Basin, These two Greybull Sandstone units are part of a common gas 
pool covering about 2,000 acres (800 ha.) of the crestal closure of the Elk 
Basin anticline. Seismic modeling indicates that Greybull Sandstone 
channels over 60 ft (18 m) thick may be detected by reflection character 
changes in CDP seismic data. 
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Petrography and Fluorescence Spectral Analysis of Resinite Macerals 
from Coals of Hanna Basin, Wyoming 

Petrographic analysis of coals of the Ferris and Hanna Formations of 
Wyoming show these coals to have a high total vitrinite content (average 
84.2%) and a modest liptinite content (average 5.9%). Compared to coals 
of similar rank (0.45-0.55% reflectance) from central Utah, these coals 
have about twice as much pseudovitrinite and about half as much total 
liptinite. Although sporinite is generally the most abundant type of lip
tinite maceral, resinite and sporinite occur in about equal amounts in 
these Wyoming coals, and resinite greatly exceeds sporinite in the central 
Utah coals. 

Results of fluorescence spectral analysis of resinite macerals in the 
Wyoming coals show that there are five distinct resinite types present. 
Four types occur in primary globular forms exhibiting scratches and frac
tures indicating a brittle solid substance. In places, these four types also 
occur as secondary fracture fillings. 1\vo of the four types fluoresce with 
a green color; one a dark green peaking at less than 440 nm and the other a 
yellow-green peaking at 500 nm. The third type fluoresces yellow and 
peaks at 580 nm, and the fourth type fluoresces orange-brown and peaks 
at 610 nm. These yellow and orange-brown resinites are similar to those 
found in central Utah coals except that the Wyoming resinites peak 30-40 
nm higher. In the Utah coals, only one green resinite peaks at 460 nm; 
however, its spectrum has a shoulder at 470-490 nm. The fifth resinite 
type fluoresces a red-brown and peaks at 690 nm. It occurs only as a void-
filling substance showing no brittle properties. It is indistinguishable 
from a similar resinite type in the central Utah coals. 
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Origin of Gilsonite Fractures in Uinta Basin, Utah 

The concept of gilsonite fracture and vein evolution is still, by nature, a 
theoretical argument. A historical review presented with recent observa
tions and conclusions divides this period of origin into five stages of for-
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mation. The Uncompahgre upUft established an initial ancestral pattern 
of northwest-trending anticlinal structures. These propagated northeast
ward throughout the Uinta and Piceance basins as a result of compression 
during the Pennsylvanian Period. Planes of weakness were imprinted ver
tically along the axes of these folds and subsequently affected the overly
ing Mesozoic sediments. Next, the Uinta uplift reenforced these 
northwest-trending folds and planes of weakness during the early Lara-
mide orogeny. The third stage of formation involves contemporaneous 
deposition of Eocene sediments, including the kerogen of the Green River 
Formation. Differential compaction during diagenesis, over the 
northwest-trending residual highs formulated subperpendicular, local
ized tensile stresses. Vertical fractures propagated rapidly in an en echelon 
fashion along the imprinted axial planes of weakness. In the fourth stage 
of formation, fractures penetrated overlying reservoir intervals, which 
contained various combinations of liquid hydrocarbons and connate 
water. Released fluids entered the low-pressure voids and spread laterally 
and vertically throughout the Eocene sediments. A final period of inspis-
sation and/or metamorphosis quickly altered the various liquid hydro
carbon deposits to form gilsonite and other bitumens. 

The variation of these bitumens is dependent on the original chemical 
composition of the individual reservoir zones during deposition. 
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Regional Lithostratigraphy of Permian Phosphoria Formation, Western 
Overthrust Belt 

A regional synthesis of the lithostratigraphic relationships for the Per
mian Phosphoria Formation illustrates the cyclic lithofacies types, car
bonate reservoir, and potential organic facies for the western Overthrust 
belt of Wyoming, Idaho, and Utah. Palinspastically restored subsurface 
control sections (70) and measured outcrop sections (35) indicate a com
plex, intertonguing, transgressive-regressive sequence of shallow-water 
carbonates, elastics, and highly organic phosphatic mudstone deposited 
in a shallow marine shelf-margin environment. Distribution of facies 
types was affected by paleostructural growth of late Paleozoic structural 
elements including the Sublette basin of Utah and Bannock highs of west
ern Wyoming-southeastern Idaho. These highs helped define the Wyo
ming shelf-margin slope. Identification of paleostructural growth is 
based on interpretation of depositional environments and thickness pat
terns of the Permian deposits. 

The Phosphoria Formation and the equivalent beds of the Park City 
Formation are divisible into two main depositional cycles—the Meade 
Peak-Franson Members and the Retort-Ervay Members—based on the 
regional correlation network generated for the Overthrust belt. Carbon
ate deposition and reservoir development occurred during maximum 
transgressive stages, whereas deposition of phosphorite and organic 
shales occurred during maximum regressive stages. The reservoir facies is 
closely associated with early diagenetic dolomitization of carbonate shelf 
deposits concentrated along paleostructural high areas of the shelf-
margin environment. 
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Influence of Tectonic Terranes Adjacent to Precambrian Wyoming 
Province of Petroleum Source and Reservoir Rock Stratigraphy in 
Northern Rocky Mountain Region 

The perimeter of the Archean Precambrian Wyoming province can be 
generally defined. A Proterozoic suture belt separates the province from 
the Archean Superior province to the east. The western margin of the Pre
cambrian rocks Hes under the western Overthrust beh, but the Precam
brian province extends at least as far west as southwest Montana and 
southeast Idaho. The province is bounded on the north and south by 
more regionally extensive Proterozoic mobile belts. In the northern belt, 
Archean rocks have been remobilized by Proterozoic tectonic events, but 
the southern belt does not appear to contain rocks as old as Archean. The 
tectonic response of these Precambrian terranes to cratonic and continen
tal margin vertical and horizontal forces has exerted a profound influence 
on Phanerozoic sedimentation and stratigraphic facies distributions. 
Petroleum source rock and reservoir rock stratigraphy of the Northern 
Rocky Mountain region has been correlated with this structural history. 
In particular, the Devonian, Permian, and Jurassic sedimentation pat

terns can be shown to have been influenced by articulation among the dif
ferent terranes comprising the ancient substructure. Depositional 
patterns in the Chester-Morrow carbonate and clastic sequence in the 
Central Montana trough are also related to this substructure. Further, a 
correlation between these tectonic terranes and the localization of 
regional hydrocarbon accumulations has been observed and has been use
ful in basin analyses for exploration planning. 
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Implications to Exploration of Porosity Relationships and Paragenetic 
Sequences, Jurassic Navajo (Nugget) Sandstone, Utah and Southwestern 
Wyoming 

We have studied in outcrop and in the subsurface the reservoir character
istics and diagenesis of the Early Jurassic, eolian, Navajo (Nugget) Sand
stone in Utah and southwestern Wyoming. Principal topics include: 
texture, framework constituents, intergranular and intragranular cements, 
matrix, directional porosity, porosity types, and hydraulic conductivity. 

Present characteristics of the sandstone are related to variations in 
dune and interdune environments, fluctuating ground-water chemistry, 
and postdepositional environments. Diagenesis, in which an open-system 
diagenetic model is considered, superimposes and is influenced by these 
variations and events. 

The sandstone was deposited principally in dune and interdune set
tings. Surface and/or near-surface cementation, mostly by grain over
growth and calcite from ground-water solutions, consolidated the 
sediment. Thereafter, the succession was uplifted, eroded, and buried by 
Middle Jurassic formations. During the Late Jurassic through Eocene, 
the sandstone was affected by compressional folding and thrust faulting 
in central and northern Utah and southwestern Wyoming. During the 
Tertiary, extensional deformation occurred. 

Petrographic criteria in thin sections indicate that secondary leached 
porosity generally is common to dominant in surface, near-surface, and 
possibly in deep subsurface sequences. Variations in porosity and volume 
of cements with depth exist and are correlative in all areas studied. Poros
ity changes with depth, as well as the volume of cements, are the result of 
downward-decreasing surface leaching of intergranular and intragranu
lar cements, creation of secondary porosity, effects of initial stratification 
types, and facies changes. 

Compaction of the sandstone due to mechanical rearrangement of 
detrital grains and intergranular pressure solution played little or no role 
in modification of porosity or hydraulic conductivity. Likely, they 
account for not more than 5% of the porosity reduction. Greatest poros
ity reduction (16%) was by cementation. Present mean total porosity is 
19%, ranging from 3 to 35%. 
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Geothermal Exploration Using Surface Mercury Geochemistry 

Shallow soil mercury surveys are an inexpensive and effective explora
tion tool for geothermal resources. In a geothermal system at depth, mer
cury is leached from the country rock and transported to the surface by 
the geothermal fluids. The mercury is fixed by clays and organic material 
in the soil above the geothermal system and can be detected by analyzing 
the near-surface soil. Surface mercury surveys can be used in regional 
reconnaissance to discriminate prospective from nonprospective areas. 
Closely spaced mercury surveys over individual prospects typically 
enhance the structural understanding of the prospect and show which 
structures are important as migration pathways. 

The use of probability graphs greatly enhances the interpretation of 
mercury geochemical data. Probability graphs have a logarithmic ordi
nate scale versus a cumulative percentage abscissa scale. This graph is 
arranged such that a typical lognormal population plots as a straight line 
on the graph. Deviations from a straight Une show deviations in the data 
from a standard lognormal population distribution. The mercury data 
are easily plotted on the graph and can be evaluated visually. Anomalous 
and background populations can be separated consistently even when 
considerable overlap occurs between populations. In Nevada and Cali
fornia, soil mercury surveys have detected up to four distinct mercury 
populations in one area. These populations are related to background 


