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U.S. Geological Survey Bulletin 1787-HH, Geometry and structural evolution of gilsonite dikes in the
eastern Uinta basin, Utah.

In the fourth paragraph of the abstract, p. HH1, there is an error in the vertical extent of the dikes. The
third sentence should read as follows.

Amounts of water lost are conjectural, but the large size of the dikes (lengths commonly >10 km,
vertical extents 0.3-1 km) provides some measure of migration distances.
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EVOLUTION OF SEDIMENTARY BASINS—UINTA AND PICEANCE BASINS

Geometry and Structural Evolution of
Gilsonite Dikes in the Eastern Uinta Basin, Utah

By Earl R. Verbeek and Marilyn A. Grout

Abstract

Numerous long, subparallel dikes
in the eastern Uinta basin of Utah are
filled with a brittle hydrocarbon most
commonly known by its trade name,
gilsonite. The dikes strike N. 40°-70° W.
and are vertical, or almost so; many can
be followed for distances of several kilo-
meters or more, and several have
mapped lengths exceeding 15 km. The
dikes range in thickness from a fraction
of a millimeter to about 5 m and are
exposed in strata ranging in age from
early Eocene to early Oligocene. Previ-
ous studies established the source of the
gilsonite as the middle Eocene, bitumen-
rich marlstone beds (oil shale) of the
upper part of the Green River Formation.

Individual fractures bounding dike
walls commonly are described as
smooth and relatively featureless but
nevertheless are complex in detail and
display the full complement of surface
structures indicative of extensile failure.
Plumose structure, in particular, is com-
mon where the wallrocks are fine
grained and well cemented. Multiple
thin, tapering dikelets that diverge from
the main dike at low angles are abun-
dant locally and resulted from the filling
of twist-hackle faces wedged open by
the intruded gilsonite. Dike-bounding
fractures in sandstone typically are
large, tens to more than a hundred
meters long, but fractures more than 15
m long are uncommon in weakly to
moderately indurated mudstone higher
in the section.

Dike geometries in three dimen-

sions consist of an interconnected net-
work of longitudinal dike segments,

cross segments, and sills whose com-
plexity at any stratigraphic level is
strongly dependent on rock type. Longi-
tudinal segments parallel to the overall
dike trend are the main and in some
places the only component, particularly
in sandstone where dilation of large,
overlapping fractures resulted in lengthy,
continuous dikes with locally stepped
walls. Small sills and minor cross dikes at
right angles to the main trend, however,
are not uncommon. Longitudinal dike
segments in mudstone, in contrast, com-
monly are shorter and thinner and
repeatedly split and merge to form com-
plex anastomosing networks connected
at intervals by short (1 m or less), thin
cross segments. Sills extending outward
from dikes are common at all strati-
graphic levels and attest to high fluid
pressures during expulsion of bitumen
from the source beds into the dikes. Esti-
mated maximum emplacement depths
range from 700 to 1,300 m for the east-
ernmost dikes to as much as 2,500 m for
dikes nearer the center of the basin.

The abundant evidence for force-
ful rather than passive intrusion suggests
that the dikes propagated as hydraulic
fractures from overpressured, bitumen-
rich source beds in the upper part of the
Green River Formation. The presence of
limonite and calcite as early deposits on
dike walls and of continuous alteration
rinds (bleached zones) adjacent to frac-
tures discontinuously occupied by gil-
sonite shows that the dike fractures
were conduits for the expulsion of for-
mation water before the source beds
were sufficiently mature to generate
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significant quantities of liquid bitumen.
Amounts of water lost are conjectural,
but the large size of the dikes (lengths
commonly >10 km, vertical extents 1-3
km) provides some measure of migra-
tion distances. Much of the gilsonite,
too, likely migrated laterally through the
dike-fracture system; gilsonite in the
easternmost dikes, in particular, proba-
bly was derived from unexposed source
beds downdip to the northwest and not
from the oil shale directly beneath.

We interpret the gilsonite dikes as
early products of a-period of regional,
post-Laramide, northeast-southwest tec-
tonic extension that affected much of the
northeastern Colorado Plateau. Initial
failure by hydraulic fracture was prompt-
ed both by decrease in the magnitude of
regional o, and by high pore-fluid pres-
sure in the gilsonite source beds. Con-
tinuing tectonic extension resulted in the
formation of a regional set of joints that
strike almost parallel to the dikes in most
areas but at slight to moderate angles to
them in others. Dike and joint walls have
much different lengths and geometries
despite their similar attitudes in many
areas, and abutting relations consistently
establish the joints as younger. The joints
are members of the most prominent and
regionally extensive fracture set to have
affected the Tertiary rocks; the set
extends beyond the confines of the Uinta
basin into the Piceance basin of western
Colorado and affected a minimum
known area of 30,000 kmZ. Minor, west-
northwest-trending normal faults in both
basins are still-later products of the same
general deformation.
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INTRODUCTION

The Uinta basin of northeastern and north-central Utah
has long been noted for its remarkable vein deposits of
several types of solid hydrocarbons. By far the most
important of these is gilsonite, a black, lustrous, brittle
asphaltite that forms scores of northwest-trending dikes
cutting Tertiary sedimentary rocks in the eastern part of
the basin. The first recorded discovery of this substance is
that of Denton (1866), who described several dikes as
much as 1.0 m thick and traced one of them for 8 km
across the countryside over a vertical distance of 240-300
m. Though the title of Denton’s paper mentions only Col-
orado [Territory], he gives the locality as “near the junc-
tion of White and Green Rivers, and probably in Utah,”
and his description is a clear reference to gilsonite dikes.
The earliest recorded use of the substance (though a nota-
bly unsuccessful one) was in 1869 when a blacksmith,
mistaking it for coal, used some for fuel and almost
burned down his shop as molten gilsonite issued from the
forge (Pruitt, 1961). Blake (1885, 1890) provided early
scientific descriptions of the new hydrocarbon under the
name “vintahite,” but usage of that term quickly declined
in most circles in favor of the marketing name “gilsonite”
(Maguire, 1900). The latter term honors Samuel H. Gil-
son, prospector and tireless promoter of the material’s
commercial possibilities, who in 1886 began to explore
the region and about 1888 opened the first of its many
gilsonite mines (Pruitt, 1961). The early history of gil-
sonite mining in the eastern Uinta basin is a colorful one,
involving wholesale trespass of prospectors on Indian
lands, the staking of hundreds of illegal claims, the inten-
tional mislocation of a reservation boundary so as to open
some of the land to mining, the passage by Congress in
1903 of an act granting legal status to some of the old
claims and providing for the sealed-bid sale of mining
rights to much additional land, and the construction of one
of the West’s most unusual railroads to transport the ore;
good accounts are given by Crawford (1957), Kretchman
(1957), Remington (1959), Pruitt (1961), Covington
(1964), and Chenoweth (1985). Today gilsonite is mined
from five large dikes in the eastern part of the dike swarm
and from one dike farther west; reserves are considered
plentiful and the marketing prospects encouraging.

The source beds for gilsonite and the origin of the frac-
tures that contain it have been long debated. Agreement
on the first point seems finally to have been achieved
through the papers of Hunt and others (1954) and Hunt
(1963), who presented convincing evidence that gilsonite
was derived from the middle Eocene, bitumen-rich lacus-
trine beds of the upper part of the Green River Formation.
Few today seem inclined to challenge that view. On mat-
ters of structure, however, no consensus has been reached,
primarily because so little information on the detailed
geometry, intrusion mechanics, or wallrock alteration of
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the dikes had been available until recently. In a recent
report (Verbeek and Grout, 1992), we summarized much
new evidence on the structural evolution of the dikes and
concluded that they originated as large hydraulic extension
fractures within overpressured source beds of the Green
River Formation before regional jointing of the Tertiary
section took place. Monson and Parnell (1992), in a paper
released simultaneously, reached almost identical conclu-
sions through careful study of the petrography and diagen-
esis of the sandstone host rocks. We here update our
earlier work and present our findings in full.
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PROPERTIES AND USES OF GILSONITE

Gilsonite is a black, homogeneous, solid hydrocarbon,
lustrous when fresh but dull when weathered, that breaks
with a pronounced conchoidal to hackly fracture. The
black color and brittleness are evident only in mass; the
material when pulverized is chocolate brown and tacky
and when handled is difficult to remove completely from
the skin except through the use of organic solvents. The
discovery in the late 1800’s of large dikes of this sub-
stance prompted numerous investigations of its physical
and chemical properties; among the early reports are those
of Hayes (1866), Wurtz (1869, 1889), Blake (1885, 1890),
Raymond (1889), Day (1895), and Maguire (1900). Gil-
sonite has a specific gravity of 1.05-1.10, a hardness
(Mohs scale) of 2-2.5, and a melting point of
120°-230°C; it is almost completely soluble in carbon



























the West Douglas Creek anticline and suggested that this
led some geologists to propose a link between intrabasin
folding and gilsonite-dike formation. Cashion (1967) later
noted that most of the veins of the Cowboy-Bonanza and
Rainbow systems lie along two northwest-plunging struc-
tural noses. The hypothesis probably is an old one, how-
ever, because Eldridge (1896a, p. 928) seemed aware of it
when he commented that none of the dikes show “the
irregularities of fissures formed by the tearing asunder of
strata along the axis of an anticline.” He further com-
mented that “whereas in some places they [the dikes] are
about parallel to the strike of the strata and the main flex-
ures in them, in others they cut the strata diagonally to
their strike.” Davis (1951, 1957) rejected the anticline
hypothesis on the grounds that fissures due to anticlinal
folding should narrow downward but numerous gilsonite
dikes instead widen with depth. The opposite hypothesis,
that the dikes occupy upward-tapering fissures along the
troughs of intrabasin synclines, also was mentioned by
Davis but with little discussion and no mention of the
originator of the hypothesis. Comparison of dike distribu-
tion with a recent structure-contour map (Smith, 1981) of
the Mahogany bed (fig. 2), within the source-rock interval
for the gilsonite, reveals no convincing evidence for either
hypothesis.

7. Davis (1951) felt that gilsonite dikes are tensional
fissures that formed by differential compaction of the Ter-
tiary sediments above the crests of irregular highs on an
erosion surface developed on the underlying rocks. The
gradual arcing in strike of the veins, from west-northwest
near the Colorado State line to northwest farther into the
basin, was regarded by Davis as evidence of possible sub-
surface control on dike orientation and position. In a later
(1957) publication he credited this idea to G.H. Hansen of
Brigham Young University and modified it by invoking a
combination of differential compaction and (p. 156)
“structural pressures exerted on the Uinta Basin when it
was uplifted * * * beginning during the early Tertiary
period and continuing to the present time.” No further evi-
dence to substantiate his claims is given in either paper.

8. Hunt (1963), like others before him, viewed the
gilsonite dikes as “tensional cracks” but related the cause
of tension to regional wuplift and the removal of
600-1,800 m of overburden rather than to basin down-
warping, folding, or faulting. He felt that the cracks
opened slowly as uplift progressed and were simulta-
neously filled with the bituminous material that would
later, upon increasing polymerization, harden into gilso-
nite. Hunt, like Eldridge (1906), suggested that opening of
the cracks reduced the pressure within them, thereby
favoring movement of the viscous bitumens from the rock
into the growing voids.

9. Cashion (1967), in his study of the hydrocarbon
resources of the Green River Formation in the area of the
Cowboy-Bonanza and Rainbow dike systems, reviewed

existing hypotheses on the origin of gilsonite. In addition
to the sources listed above, Cashion mentioned the opinion
of some geologists that gilsonite was derived from oil in
the Weber Sandstone, a unit of Pennsylvanian and Per-
mian age that in some nearby fields is a prolific producer
of petroleum. The large vertical distance between the
dikes and the Weber Sandstone, and especially the dissim-
ilar trace-element suites between crude oil from this unit
and gilsonite, probably are sufficient to invalidate this
hypothesis (Cashion, 1967, p. 35). In addition, observation
that no known dike cuts all the way through the Mahog-
any zone of the upper part of the Green River Formation,
but that most pinch out above or within it, seemingly
argues against derivation of gilsonite from any source
stratigraphically below this zone except for those few
dikes that cut the lower part of the Green River and the
Wasatch Formations. The absence of any observed con-
duits that could have served to convey fluids to the gil-
sonite dikes from stratigraphic levels below them has
repeatedly been invoked as an objection to deep sources of
gilsonite since the days of Douglass (1928).

Cashion (1967) also commented on one remaining
hypothesis, unidentified as to source, that gilsonite was
derived from sandstones of the lower part of the Uinta For-
mation, in which many dikes attain their maximum thick-
ness. Eldridge (1902), however, had earlier mentioned the
principal objection to this hypothesis, that these sandstones
contain no evidence of petroleum residue except immedi-
ately adjacent to the dikes themselves, where gilsonite-
impregnated sandstone is evidence for infiltration from the
dike into the sandstone rather than the converse. To this
Cashion added another objection, that gilsonite probably
was emplaced as a highly viscous fluid, and no mechanism
for the almost complete removal of such a fluid from sand-
stone has ever been demonstrated or proposed.

The various hypotheses listed above are nothing if not
diverse. Speculation on the ultimate source of the bitumen
now found in the gilsonite dikes includes mention of every
stratigraphic unit adjacent to the dikes and several of those
below, as well as an asphalt lake above. Hypothesized
source rocks range in geologic age from Pennsylvanian to
middle Eocene and span a stratigraphic interval of more
than 4,000 m. Formation of the dikes has been related by
different authors to basin downwarping, fracturing along
the crests of intrabasin anticlines or the troughs of intraba-
sin synclines, contraction of the host rocks, strike-slip
faulting in the basin, differential compaction over an irreg-
ular erosion surface, and erosional unloading resulting
from regional uplift. Intrusion of the gilsonite has been
described as slow by some authors and almost instanta-
neous by others, under pressures that range from “enor-
mous” through near zero (gravity flow into open cracks)
to negative (suction of fluids into a crack suddenly
opened). And finally, the various hypotheses range from
well-reasoned consideration of the available evidence to
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wholesale and almost baseless speculation couched in
vague language—altogether, a fascinating body of litera-
ture spanning almost a century of work.

The long-debated question of the ultimate source of
gilsonite was at last resolved through the comprehensive
work of Hunt and others (1954) and Hunt (1963), who
compared the physical and chemical properties of gil-
sonite to those of bitumens still disseminated in hypothe-
sized source beds. Infrared spectra of the disseminated
bitumens show a clear and progressive change upsection
through the Wasatch, Green River, and Uinta Formations,
enabling Hunt and others (1954) and Hunt (1963) to iden-
tify the source beds of gilsonite and other vein bitumens
in the basin by comparing their spectra to those of the dis-
seminated material from different horizons. The results
showed convincingly that “gilsonite is quite similar to the
bitumen disseminated in the upper Green River oil shale
and differs from those both below and above it. This
interval * * * contains the Mahogany ledge [fig. 2] and
is generally more bituminous than other sections in the
basin” (Hunt, 1963, p. 271). Hunt suggested that the most
important factor governing the composition of the bitu-
mens was salinity of the lake in which the original sedi-
ments were deposited. The changing and generally
increasing salinity with time correlates stratigraphically
with (1) the change from precipitated calcite in the basal
strata to highly soluble Mg-Fe-Na carbonate minerals in
the younger strata; (2) an upward decrease in the abun-
dance of macroscopic fossils of benthic organisms; and
(3) a systematic upward change in the molecular structure
of the associated bitumens. Depositional environment thus
exerted the ultimate control on the character of the later
vein deposits. Subsequent work, including evaluation of
biomarker composition by gas chromatography and mass
spectrometry, has reaffirmed the close relationship
between gilsonite and oil shale of the Green River Forma-
tion (Khavari-Khorasani, 1974; Palacas and others, 1989;
Anders and others, 1992; Hatcher and others, 1992).

STRUCTURE OF GILSONITE DIKES
Dimensions

The gilsonite dikes of the Uinta basin range in size over
several orders of magnitude, from small dikelets at the out-
crop scale to thick dikes traceable for many kilometers
across the countryside and having dimensions comparable
to those of the basaltic dikes of Hawaii or Iceland. The
longest dike known, assuming that its three segments form
one continuous dike in the subsurface, is the combined
Pride-of-the-West/Rainbow/Black Dragon dike, traceable
in outcrop for a distance of about 39 km. Among individual
dikes traceable in continuity at the surface, the Pride-of-the-
West and Cowboy dikes have been followed for almost
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23 km and several other dikes for more than 15 km. Most,
however, are much shorter, and more than half of all
mapped dikes are less than 5 km long, at least at the surface.

Individual dikes are several millimeters to 5.5 m thick;
0.5 m is the approximate minimum thickness for mining.
Only those at least 0.3 m thick, however, have been well
explored, and existing maps probably underrepresent the
number of dikes of subeconomic thickness. The thin dikes,
too, are those most likely to be concealed by surface
debris; their presence in some areas became apparent only
when shallow trenches were cut by bulldozer to follow
dike extensions.

The probable vertical extents of the gilsonite dikes in
any given area can be estimated from the map of Smith
(1981), which shows depths to the Mahogany bed (fig. 2),
the richest oil-shale bed within the source interval for
gilsonite. These depths increase markedly from southeast
to northwest and range from several tens of meters for the
southeasternmost dikes of the Cowboy-Bonanza and Rain-
bow systems, near the basin margin, to 1,500 m or more
for dikes of the Fort Duchesne system just south of the
structural axis of the basin. The map should be used with
caution, however, because some dikes appear to have
propagated great distances laterally and thus may not be
connected to the oil-shale beds directly beneath, whereas
others (Black Dragon, Colorado) are known to extend
stratigraphically below the oil-shale interval and into the
underlying Wasatch Formation. The same cautions apply
to our later discussion on depths of emplacement.

Minimum vertical extents of some dikes are known
from mining and exploratory drilling. Some dikes of the
Pariette and QOuray systems, for example, have been mined
to depths of 305455 m, and indicated reserves of the
Raven dike of the Fort Duchesne system extend to at least
900 m below the surface (Remington, 1959, cited in Pruitt,
1961). Other dikes in areas of appreciable topographic
relief can be shown in outcrop to cut 200-425 m of sec-
tion; Cashion (1967) discussed several examples from the
Cowboy-Bonanza and Rainbow systems. From such obser-
vations it is apparent that dikes of minable thickness tend
to be vertically extensive as well; indeed, Crawford and
Pruitt (1963) stated as fact that many dikes in the western
part of the area extend downward 900 m or more.

Associated with the major dikes are many others of sub-
economic thickness (fig. 7) and more limited vertical
extent. The low end of the size spectrum is represented by
dikelets that cut only a few centimeters to several meters of
section and that originate from or terminate against gil-
sonite sills. The significance of such dike-sill networks to
the mechanics of intrusion is discussed in a later section.

Cross-Sectional Shape

Most gilsonite dikes in gross aspect are thin, tabular
intrusions whose vertical and horizontal dimensions vastly





































































upper part of the profile and thus the position of the sur-
face intercept. Despite the inherent difficulties, the data
nevertheless suggest that only modest amounts of overbur-
den—700 m or less—have been removed. To the northeast
is the Natural Buttes gas field, where reconstruction of the
burial and thermal history of the rocks using a time-tem-
perature Lopatin model led Pitman and others (1987) to
conclude that about 1,000 m of Uinta and Duchesne River
strata has been removed from the area. The Natural Buttes
gas field occupies roughly the same area as the gilsonite
dikes of the Ouray system. Finally, Johnson and Nuccio
(1993) used a vitrinite reflectance profile from the Mid-
America No. 1 Unit well near Bonanza (sec. 24, T. 9 S.,
R. 24 E.) to estimate that between 1,220 and 2,740 m of
overburden has been removed; the well site is within the
central part of the Cowboy-Bonanza system of dikes.
Comparable values of from 1,410 to 1,802 m, each with
an uncertainty of about 300 m, were obtained by Sweeney
and others (1987) from shale compaction curves for three
wells nearby to the north and northwest.

A different approach employed recently by Anders and
others (1992) is based on the assumptions that (1) rem-
nants of a late Eocene to early Oligocene erosion surface
in the Piceance basin to the east and along the south flank
of the Uinta Mountains to the north approximate the maxi-
mum regional surface of aggradation and (2) present ele-
vations of those remnants can be used to estimate the
elevation of the analogous surface, now removed, that
probably once extended across the interior of the Uinta
basin. Although post-Laramide collapse has tilted the ero-
sion surface flanking the Uinta Mountains, its maximum
elevation of about 3,050 m is similar to the present eleva-
tion of the erosion surface in the Piceance basin; thus
3,050 m was chosen as a regional average. Inferred
amounts of overburden for two sites, one bordering the
area of gilsonite dikes on the north and the other on the
southwest, are 1,464 and 1,525 m, respectively. However,
time-temperature modeling of the burial history using
these values predicts higher hydrocarbon maturation val-
ues than those actually observed in samples from the two
well sites. Adjustment of the data to bring the modeled
maturation levels in conformity with those measured
reduces the inferred amounts of eroded overburden to
between 488 and 567 m (Anders and others, 1992).

Fouch and others (1992), in discussing these and simi-
lar data for other parts of the basin, noted that published
estimates of overburden removed vary greatly, from about
300 to almost 3,350 m, but that values within the lower
part of this range are more consistent with structural and
stratigraphic reconstructions and with maturation patterns.
Accordingly, we adopt 500-1,000 m as a conservative
estimate of the amount of overburden removed from the
region occupied by the gilsonite dikes since their time of
emplacement. Together with information on current depths
to the source-rock zone, these values suggest emplacement

depths of 700-1,300 m for dikes of the Rainbow and
Cowboy-Bonanza systems near the basin margin, increas-
ing northwestward to as much as 2,500 m for dikes of the
Fort Duchesne system in the basin interior. These esti-
mates have been revised slightly downward from those we
reported previously (Verbeek and Grout, 1992) in light of
newly published information.

SOURCE-ROCK MATURITY AND THE
MIGRATION OF GILSONITE

Oil in several fields coincident with or marginal to the
outcrop area of gilsonite dikes is produced mainly from
middle Eocene reservoir rocks too thermally immature to
have generated it. Some authors, as discussed following,
now view this as evidence for migration of oil from dis-
tant, deeper, more thermally mature source beds to the
northwest. We here speculate that gilsonite, too, may have
migrated appreciable distances laterally through the dike
fracture system and within parts of the dike swarm may
not have been derived from the Green River beds directly
beneath. Though the distances involved need not be as
great for the immature gilsonite as for the moderately
mature oils, the available evidence nevertheless suggests
that much of the gilsonite, particularly that in the south-
eastern part of the dike province, was derived from a
downdip source.

The Red Wash field, bordering the area of the gilsonite
dikes on the north, is a prime example of a field producing
from migrated oil. Biomarker ratios for oils from this field
indicate a thermal maturity equivalent to vitrinite reflec-
tance (Rp,) values of 0.7-0.8 percent (moderately mature),
yet the Green River reservoir rocks are thermally imma-
ture at only 0.4-0.55 percent R, (Anders and others,
1992). Osmond (1992) suggested that oil in the Red Wash
field was derived from Green River beds in the deepest
part of the basin and migrated southeastward more than 60
km to its present position. Chidsey and Laine (1992) sug-
gested the same for the Pariette Bench field, citing as evi-
dence the compositional similarity between oil produced
from that field and from deeper, stratigraphically equiva-
lent zones in the Altamont-Bluebell area to the north and
northwest. Indeed, the Green River beds throughout the
area occupied by dikes of the Ouray, Willow Creek, Rain-
bow, and Cowboy-Bonanza systems are thermally imma-
ture with respect to the oil-generation window as defined
by Lopatin models (Osmond, 1992; Anders and others,
1992); thus the question arises as to the maturity of these
same beds with respect to gilsonite.

Generation of gilsonite at very low levels of thermal
maturity was suggested by Palacas and others (1989) and
Monson and Parnell (1992) as one possible explanation
for the presence of gilsonite dikes in shallow parts of the
basin. Much support for this hypothesis comes from the
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gilsonite itself, which is highly aromatic (Cornelius, 1984;
Khavari-Khorasani, 1984) and by any measure has experi-
enced only a mild thermal history (Palacas and others,
1989; Hatcher and others, 1992). Biomarker ratios for
gilsonite suggest a degree of thermal maturity equivalent
to a vitrinite reflectance of only 0.5 percent (Anders and
others, 1992, p. 74), compatible with derivation from
source rocks too immature to have produced commercial
quantities of conventional oil. Much of the upper Green
River Formation in the area occupied by the dikes, how-
ever, has not reached even this level of maturity. The 0.5-
percent R, surface in the Island field, for example, is well
below the Mahogany zone (Nuccio and others, 1992, fig.
2; Johnson and Nuccio, 1993), and thus well below the
known or suspected bases of most gilsonite dikes, yet
multiple dikes of the Ouray system crop out in the same
area. A similar situation exists at the Pariette Bench field
(Nuccio and others, 1992) and farther southeast near
Bonanza (Johnson and Nuccio, 1993). Some degree of
migration thus may be implied by the widespread occur-
rence of gilsonite dikes above source rocks that are either
immature or at best only marginally mature with respect to
gilsonite.

Migration of fluids within gilsonite dikes over map dis-
tances of 10 km or more seems plausible, if not likely, in
view of dike structure and evolution as presented in this
paper. Surface structures on the walls of the Cowboy dike
near the White River (fig. 11), as noted previously, indi-
cate southeastward propagation of the fracture zone, show-
ing that the aqueous fluids originally expelled through
these fractures were derived from a source to the north-
west. Similar relations were documented along the same
dike in nearby trenches. Though no one has yet studied
the orientation of surface structures on a sufficient number
of dikes to document the regional pattern of fluid transport
within them, the great lengths of many dikes relative to
their vertical extents suggest that the dominant flow paths
were lateral. Some appreciation for possible migration dis-
tances can be gained from the dimensions of some of the
larger dikes: 23 km in outcrop for the Cowboy dike
(Pruitt, 1961), with a lengthy subsurface continuation to
the northwest (E.V. Deshayes, quoted in Barb, 1944, p.
16); 13-18 km for several dikes of the OQuray and Willow
Creek systems (Pruitt, 1961); and almost 30 km for the
Pride-of-the-West dike and its southeastern continuation,
the Rainbow dike. The Ouray—Willow Creek and Rainbow
dike systems, if connected at depth as postulated by Craw-
ford and Pruitt (1963), would form a single dike complex
at least 65 km long along strike. Significant lateral trans-
port of gilsonite is also compatible with evidence of high
fluid pressures during expulsion of the gilsonite and with
dike-fracture propagation by a hydraulic fracture mecha-
nism, as discussed in the following section.

Migration of gilsonite from a downdip source and its
emplacement in beds nearer the basin margin could
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explain two hitherto puzzling features of dike geology.
First is that bitumen-rich beds of the Green River Forma-
tion, where observed in direct contact with gilsonite dikes
in the Rainbow-Dragon area near the Colorado State line,
show no evidence of depletion of their organic content
near the dikes (Cashion, 1967). This is to be expected if
the source beds are not those in direct contact with the
dikes but instead are laterally equivalent beds in deeper,
unexposed areas to the northwest. Second is the presence
of several dikes stratigraphically below their source hori-
zons, as exemplified by the Black Dragon dike. These too
are to be expected if the gilsonite within them migrated
southeastward, toward beds dipping gently in the opposite
direction.

INTERPRETATION

The apparent uniformity in late Cenozoic fracture his-
tory between the eastern Uinta and Piceance basins sug-
gests that one must look beyond the confines of a single
basin for the cause of the deformation that gave rise to
gilsonite dikes as one of its products. In this section we
suggest that the gilsonite dikes are early products of the
same period of regional extension that shortly thereafter
resulted in formation of the F, joint set over a far wider
area and somewhat later resulted in normal faults of small
to moderate throw. Structures analogous to the gilsonite
dikes, but not previously recognized as such, are present
in the Piceance basin as well; these are discussed in a later
section.

Gilsonite Dikes as Hydraulic Fractures

Notable features of the gilsonite dikes are their large
size, their early age relative to other structures in the host
rocks, the passage of aqueous fluids through the dike
fracture network before its invasion by gilsonite, and the
abundant evidence for forceful (fig. 13) rather than passive
intrusion. The widespread distribution of sills (figs. 17, 19,
20), in particular, shows that fluid pressures during gil-
sonite injection frequently exceeded lithostatic load.
Bleaching of the wallrock, coatings of limonite and calcite
on dike walls, and deposition of chlorite in the adjacent
sandstones all predate the gilsonite and record early fluid
circulation; the presence of chlorite suggests derivation of
the water from a magnesium-rich, probably dolomitic
source rock (Monson and Parnell, 1992). From these rela-
tions, as well as the almost overwhelming evidence that
the gilsonite itself was derived from oil shale, we con-
clude that the gilsonite dikes began as large-scale hydrau-
lic extension fractures from overpressured hydrocarbon
source beds in the Green River Formation (Verbeek and



Grout, 1992). Breaching of the overpressured zone by
extensile failure and propagation of fracture zones through
overlying beds for distances commonly exceeding 10 km
laterally and 2 km vertically allowed the escape of forma-
tion waters on a possibly large scale.

Stress State during Dike Formation

Several inferences about the stress state during forma-
tion of the gilsonite dikes are germane to an understanding
of their origin. In the discussion that follows, o; and o5
refer to the maximum and minimum principal stresses,
respectively; 60, and o, to the maximum and mini-
mum stresses in the horizontal plane, respectively; and o,
to the overburden stress acting in the vertical direction.
Note for a vertical extension fracture that o,,;,=0c; but
that oy,,,, does not necessarily equal o;; the latter need
not be horizontal. In order of increasing stress magnitude,
03=0umin<02<Opmax<01-

1. Given that the rocks were unfractured before for-
mation of the hydraulic dike fractures, the dikes may be
taken as valid indicators of regional stress directions dur-
ing the hydraulic fracturing process. The dikes are vertical
and show strong northwest-preferred orientation, and sur-
face structures on their walls confirm that they originated
as extension fractures. Regional (remote) o3 during
breaching of the overpressured zone thus was horizontal
and directed northeast, perpendicular to the planes of the
dikes. With respect to horizontal stresses, trajectories of
regional oy, and op,,;, (=03) during hydraulic fracture
formation were west-northwest to northwest and north-
northeast to northeast, respectively parallel and perpendic-
ular to the outcrop traces (plate 1A) of the dikes. Similar
but not identical stress directions were later necessary for
the development of the F, set of joints (plate 1B).

2. Spatial restriction of dike-parallel joints to local
zones of stress amplification adjacent to dikes, and else-
where to rare beds of exceptional brittleness, implies that
regional stress differences (remote o;—o03) during dike-
fracture formation remained sufficiently low that most
strata in the interdike areas could not fracture. Neverthe-
less, the ratio of maximum to minimum horizontal stress
(regional oy,,,./0pmi,) at this time must have been suffi-
ciently greater than unity to allow the strong preferred
dike trend to develop.

3. The common presence of gilsonite sills in associa-
tion with the dikes shows that the original hydraulic frac-
tures were forcibly opened to make room for the gilsonite
that now fills them. Fluid pressures within the dikes
exceeded both o, and o in the host rocks during invasion
of the gilsonite. That the walls of both sills and dikes
commonly are coated with limonite and bordered by
altered rock extends the same conclusion to the aqueous
fluids that formerly migrated through the dike fractures.

High fluid pressures apparently were maintained or
restored in the source beds during at least the initial stages
of hydrocarbon generation and migration.

Suggested Evolution

The gilsonite dikes of the eastern Uinta basin are one
of several types of structures that collectively record the
regional late Cenozoic stress history of the northern and
northeastern margins of the Colorado Plateau in western
Colorado and eastern Utah. Events leading to the forma-
tion of the gilsonite dikes and related structures are sum-
marized below. Though in this discussion we make
repeated reference to fluid overpressures within the Green
River Formation, interpretation of specific mechanisms by
which such pressures could have formed and been main-
tained is beyond the scope of this paper. We note only in
passing that the Green River source beds are rich in
organic matter, that low to exceedingly low matrix perme-
ability is characteristic not only of these beds but also of
much of the overlying section, and that the overlying clas-
tic sediments were deposited rapidly. Poorly drained con-
ditions favoring both the buildup and maintenance of high
pore pressure likely prevailed for much of the early his-
tory of these strata. The interplay between elevated fluid
pressures in the source rocks and tectonic stress imposed
on these same rocks is key to the interpretation of the
gilsonite dikes.

The earliest postdepositional macroscopic structures
known to us within the Green River Formation are clastic
dikes and sills derived from laterally extensive beds of
ash-fall tuff interstratified with the lacusirine oil shale.
These early intrusions are common within the Piceance
basin (Grout and Verbeek, 1982) and have been found
also within parts of the eastern Uinta basin (Cashion,
1967). Deformation of the wallrock adjacent to many of
the tuffaceous dikes (Grout and Verbeek, 1982) shows that
the oil shale was stiff and capable of fracture but not yet
fully consolidated at the time of dike intrusion. Some
dikes terminate upward in small laccolithlike bodies from
which sills extend laterally. An early history of fluid over-
pressure within the Green River Formation is implied. No
hydrocarbons have been reported from these dikes, and it
is likely that temperatures and burial depths were still too
low for their generation. Lack of any evidence of preferred
strike of the dikes (Cashion, 1967, p. 19; Grout and Ver-
beek, 1982) indicates that horizontal stresses at this time
were almost isotropic.

The next event in the structural record was formation
of the F; joint set. These joints, though documented at
hundreds of localities within the Uinta and Piceance
basins, show marked variation in geographic prominence
and are all but absent from the area of the gilsonite dikes.
Though we know from indirect evidence that the F; event
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almost certainly predated the gilsonite dikes, to date we
have nowhere found F; joints in direct association with
them. In any case, stress orientations during F; time were
incompatible with gilsonite-dike formation, and a relation
between the two is unlikely.!

Following the F; event there occurred a prolonged
period of regional extension whose structural products, in
order of formation, include gilsonite dikes, F, joints, and
small normal faults. Stress directions during this time var-
ied within relatively narrow limits, as reflected in the
west-northwest to northwest trend common to all these
structures. Formation of the large hydraulic fractures later
to become the gilsonite dikes was aided both by decrease
in the magnitude of regional o, during the initial incre-
ments of tectonic extension and by elevated fluid pres-
sures in the source rocks. Both conditions would have
much enhanced the likelihood of extensile failure of the
rock. That limonite and calcite were the first materials
deposited on the fractures so produced suggests that the
liquid precursor to gilsonite had not yet formed in abun-
dance; instead we infer that overpressured formation
waters were the first fluids to be expelled through the frac-
ture network. The large lateral and vertical extents of the
linear fracture zones attest to the large fluid volumes and
pressures, and possibly large migration distances involved.
The lack of any literature reference to wallrock clasts from
beds far above implies that sinking of clasts through wide,
water-filled fissures did not occur and thus that fracture
openings during this period likely remained narrow.

Breaching of the overpressured source beds and partial
loss of fluids through an extensive fracture system likely
led to significant fluid-pressure declines within parts of
the Green River Formation. Nevertheless, the evident
force with which liquid bitumen subsequently was
expelled into the fractures to form, on solidification, the
gilsonite dikes and sills shows that high fluid pressures
were maintained or restored during at least the early stages
of hydrocarbon generation within the source beds. Most of
the host rocks by this time were well lithified, with the
exception of some mudstone beds of the upper part of the
Uinta Formation that deformed plastically during injection
of the viscous gilsonite. Dilation of the fractures to their
present widths probably occurred during this phase rather
than before.

At this point in the structural evolution, most of the
Green River and younger strata still remained unbroken.
The F; set had already formed but was only weakly
expressed in the dike area, and the dikes themselves,

The converse may apply, however, to other hydrocarbon dikes farther
west in the basin. For example, results of recent field studies (E.R. Verbeck
and M.A. Grout, unpub. data, 1992) indicate that the tabbyite dike in Tabby
Canyon south of Duchesne may bear the same relation to the F, period of
fracture as the gilsonite dikes to the F; event. The ozokerite dikes near Sol-
dier Summit may be of similar origin but have not yet been re-examined.
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though lengthy, occupied narrow zones between which lay
wide expanses of unfractured rock. During continued
regional extension, however, almost all of the strata were
stressed to the point of failure, and the F, set of joints
formed across a large region encompassing almost the
whole of the Uinta basin and the northern and central
Piceance basin. Counterclockwise rotation of the stress
field since the time of gilsonite intrusion (Verbeek and
Grout, 1986) produced the observed geometry of the joints
to the dikes: near parallelism in some places and slight to
moderate angular discordance in others, the joints having
generally more westerly strikes (fig. 22). The lack of obvi-
ous F, joints as a component of pencillated structure
within dikes and sills (fig. 27) suggests that the gilsonite
during F, time had not yet hardened to a brittle solid and
emphasizes that both the dikes and the joints are related
products of the same deformation, probably not far
removed from each other in time. Nevertheless we stress
the genetic difference between them: the F; joints, unlike
the dikes, are of regional (extrabasinal) distribution and
are present over large areas, not only in the Tertiary basin
rocks but also in pre-basin Cretaceous rocks stratigraphi-
cally far beneath the gilsonite source beds (Verbeek and
Grout, 1984; Grout and Verbeek, 1985, 1992). The differ-
ent conditions of formation are reflected in the different
properties of the dike walls and joint surfaces. There is
nothing in the geometry, areal and stratigraphic distribu-
tion, or postulated evolution of the F, joints to suggest
that they, like the gilsonite dikes, are hydraulic fractures.

By analogy to the Piceance basin, the west-northwest-
to northwest-striking normal faults shown by Cashion
(1967) in the southeastern Uinta basin probably are late
products of the same regional extension discussed above.
Most faults of this trend in the Green River and younger
rocks of the central Piceance basin represent zones of F,
joints reactivated in shear above presumed normal faults
in deeper strata. Cashion’s description of the faults in the
southeastern Uinta basin as vertical, or almost so, suggests
that they formed in a similar manner.

ANALOGOUS STRUCTURES

Vertical, sheetlike bodies of calcite, similar in dimen-
sion to the gilsonite dikes, are present in the central part of
the northern Piceance basin. Generally they have been
mapped as faults, but we argue here that the faulting was
secondary and that these bodies, like the gilsonite dikes
farther west, were created as large hydraulic fractures due
to fluid overpressures in the Green River Formation. The
calcite dikes strike N. 60°~70° W., very nearly parallel to
the F, joints and small normal faults that cut the same
rocks. Most are 0.1-0.8 m thick and are filled with calcite
exhibiting well-developed comb layering that resulted



from crystal growth in successive layers from the dike
walls inward. Continued precipitation ultimately filled
most of the void space, but lenticular vugs lined with ter-
minated calcite crystals are present locally in the central
parts of some dikes. Stratigraphic offset across some of
these features is nil, but others were reactivated as high-
angle normal faults in post-F, time and exhibit throws of
10-60 m. The fault movements brecciated some of the
previously deposited comb-layered calcite, angular clasts
of which commonly are embedded in massive calcite of
later deposition. The calcite fill in some of these faults is
texturally complex and indicative of multiple episodes of
deposition, brecciation, and recementation. Also present
locally in the Green River Formation are calcite sills as
much as several centimeters thick; these provide additional
evidence of overpressured conditions but have not been
much studied.

Hydrocarbons associated with the calcite dikes are
inconspicuous but present in minor amount. Residues of
oil on calcite crystals lining lenticular vugs within the
dikes are common, and small veins of solid bitumen asso-
ciated with calcite and brecciated wallrock have been
reported from a few areas (O’Sullivan and Ging, 1987).
Under ultraviolet radiation much of the calcite luminesces
in various pastel colors (Verbeek, 1982) that almost cer-
tainly are due to organic activators or inclusions. The pau-
city of vein hydrocarbons in the Piceance basin in contrast
to their evident abundance in the Uinta basin reflects dif-
ferences in hydrocarbon maturation between the two
regions, attributed by Franczyk and others (1989) to the
shallow burial depth of even the lowest oil-shale beds of
the Green River Formation in the Piceance basin. Apart
from conspicuous differences in filling material, however,
the calcite dikes and the gilsonite dikes seem to be
mechanically analogous structures. Both are of comparable
dimension, orientation, and age relative to regional joint
sets and probably were produced by similar processes.

CONCLUSIONS

The gilsonite dikes of the eastern Uinta basin origi-
nated as large hydraulic extension fractures from overpres-
sured, hydrocarbon-rich source beds in the Green River
Formation during the early stages of post-Laramide
regional tectonic extension. Bleaching of wallrock and
deposition of limonite and calcite as early deposits on dike
walls suggest that significant quantities of formation water
were expelled through the fracture system, much of which
was subsequently intruded by the viscous bitumen that
solidified to gilsonite. Emplacement depths are estimated
at 700-2,500 m. The widespread presence of gilsonite sills
injected along bedding shows that fluid pressures at the
time of injection frequently exceeded lithostatic load.

Continuing tectonic extension later gave rise to a regional
set of joints and ultimately to normal faults of small to
moderate throw; both types of structures trend at low to
moderate angles to the dikes but are present over a far
wider area and a much greater thickness of section. The
deformation thus progressed with time from local hydrau-
lic extension fracture (gilsonite dikes) through regional
nonhydraulic extension fracture (joints) to minor shear
failure (normal faults at depth, reactivated joints nearer the
surface) of the basin strata.

The structure of individual gilsonite dikes is strongly
dependent on rock type. Dikes in sandstone generally are
large, continuous, tabular bodies flanked by narrow zones
of short, dike-parallel fractures; their geometry is similar
to that of the igneous dikes and associated fracture zones
documented by Delaney and others (1986) in similar rocks
elsewhere. Numerous gilsonite dikes in sandstone are suf-
ficiently thick, 0.5-5.5 m, to have been mined. Dikes
intruded into weakly indurated mudstone, in contrast, form
complex anastomosing networks of discontinuous dikelets
too thin for exploitation.

REFERENCES CITED

Abraham, Herbert, 1945, Asphalts and allied substances—Their
occurrence, modes of production, uses in the arts and
methods of testing (5th ed.): New York, D. Van Nostrand,
v. 1,887 p.

American Gilsonite Company, 1989, Privately printed company
pamphlet: 4 p.

Anders, D.E., Palacas, J.G., and Johnson, R.C., 1992, Thermal
maturity of rocks and hydrocarbon deposits, Uinta basin,
Utah, in Fouch, T.D., Nuccio, V.F., and Chidsey, T.C., Jr.,
eds., Hydrocarbon and mineral resources of the Uinta basin,
Utah and Colorado: Utah Geological Association Guidebook
20, p. 53-76.

Andersen, D.W., and Picard, M.D., 1972, Stratigraphy of the
Duchesne River Formation (Eocene-Oligocene?), northern
Uinta Basin, northeastern Utah: Utah Geological and
Mineralogical Survey Bulletin 97, 29 p.

Armstrong, R.L., 1968, Sevier orogenic belt in Nevada and Utah:
Geological Society of America Bulletin, v. 79, no. 4,
p. 429-458.

Baer, G., and Beyth, M., 1990, A mechanism of dyke segmentation
in fractured host rock, in Parker, A.J., Rickwood, P.C., and

Tucker, D.H., eds., Mafic dykes and emplacement
mechanisms: Second International Dyke Conference,
Proceedings; Publication 23, International Geological

Correlation Program Project 257, Rotterdam, p. 3-11.
Gidon, and Reches, Ze’ev, 1991, Mechanics of

emplacement and tectonic implications of the Ramon dike

systems, Israel: Journal of Geophysical Research, v. 96, no.

B7, p. 11,895-11,910.

Barb, C.F., 1944, Hydrocarbons of the Uinta basin of Utah and
Colorado—Review of geology and field work: Quarterly of
the Colorado School of Mines, v. 39, no. 1, p. 5-65.

Baer,

Geometry and Structural Evolution of Gilsonite Dikes HH39



Barton, C.C., 1983, Systematic jointing in the Cardium Sandstone
along the Bow River, Alberta, Canada: New Haven, Conn.,
Yale University, Ph.D. dissertation, 302 p.

Blake, W.P., 1885, Uintahite—A new variety of asphaltum from
the Uintah Mountains, Utah: Engineering and Mining
Journal, v. 40, no. 26, p. 431.

1890, Uintaite, albertite, grahamite, and asphaltum
described and compared, with observations on bitumen and
its compounds: American Institute of Mining Engineers,
Transactions, v. 18, p. 563-582.

Bradley, W.H., 1931, Origin and microfossils of the oil shale of the
Green River Formation of Colorado and Utah: U.S.
Geological Survey Professional Paper 168, 58 p.

Bryant, Bruce, 1992, Geology and structure maps of the Salt Lake
City 1°x2° quadrangle, Utah and Wyoming: U.S. Geological
Survey Miscellaneous Investigations Map 1-1997, scale
1:125,000.

Cashion, W.B., 1957, Stratigraphic relations and oil shale of the
Green River Formation in the eastern Uinta Basin [Utah], in
Seal, O.G., ed., Geology of the Uinta Basin: Intermountain
Association of Petroleum Geologists Annual Field
Conference, 8th, Guidebook, p. 131-135.

1967, Geology and fuel resources of the Green River

Formation, southeastern Uinta Basin, Utah and Colorado:

U.S. Geological Survey Professional Paper 548, 48 p.

1973, Geologic and structure map of the Grand Junction

quadrangle, Colorado and Utah: U.S. Geological Survey

Miscellaneous Investigations Map I-736, scale 1:250,000.

1982 [1983], Descriptions of four stratigraphic sections of
parts of the Green River and Uinta Formations in the eastern
Uinta Basin, Uintah County, Utah, and Rio Blanco County,
Colorado: U.S. Geological Survey Open-File Report 83-17,
42p.

Chenoweth, W.L., 1985, The Uinta Railway, in Picard, M.D., ed.,
Geology and energy resources, Uinta Basin of Utah: Utah
Geological Association, p. 17-18.

Chidsey, T.C., Jr., and Laine, M.D., 1992, The fractured Green
River and Wasatch Formations of the Uinta basin,
Utah—Targets for horizontal drilling, in Fouch, T.D,
Nuccio, V.F., and Chidsey, T.C., Jr., eds., Hydrocarbon and
mineral resources of the Uinta basin, Utah and Colorado:
Utah Geological Association Guidebook 20, p. 123-134.

Cornelius, C.D., 1984, Classification of natural bitumen—A
physical and chemical approach, in Meyer, R.F., ed,
Exploration for heavy crude oil and natural bitumen:
American Association of Petroleum Geologists Studies in
Geology 25, p. 165-174.

Covington, R.E., 1964, A brief history of early mineral exploitation
in the Uinta Basin, in Sabatka, E.F., ed., Guidebook to the
geology and mineral resources of the Uinta Basin—Utah's
hydrocarbon storehouse: Intermountain Association of
Petroleum Geologists Annual Field Conference, 13th,
p. 1-16.

Crawford, A.L., 1949, Gilsonite and related hydrocarbons of the
Uinta Basin, in Hansen, G.H., and Bell, M.M., compilers,
The oil and gas possibilities of Utah: Utah Geological and
Mineralogical Survey, p. 235-260.

1957, Gilsonite—Its discovery and the early history of the
industry, in Seal, O.G., ed., Geology of the Uinta Basin:
Intermountain Association of Petroleum Geologists Annual
Field Conference, 8th, Guidebook, p. 149-151.

Crawford, A.L., and Pruitt, R.G., Jr., 1963, Gilsonite and other
bituminous resources of central Uintah County, Utah, in
Crawford, A.L., ed., Oil and gas possibilities of Utah,

HH40  Evolution of Sedimentary Basins—Uinta and Piceance Basins

reevaluated: Utah Geological and Mineralogical Survey
Bulletin 54, p. 215-225.

Davis, L.J., 1957, Geology of gilsonite, in Seal, O.G., ed., Geology
of the Uinta Basin: Intermountain Association of Petroleum
Geologists Annual Field Conference, 8th, Guidebook, p.
152-156.

Davis, L.M. [L.J.], 1951, Characteristics, occurrence and uses of
the solid bitumens of the Uinta basin, Utah: The Compass [of
Sigma Gamma Epsilon], v. 29, no. 1, p. 32-39.

Day, W.C., 1895, Investigation of Utah gilsonite, a variety of
asphalt: Journal of the Franklin Institute, v. 140, no. 837,
p- 221-237. '

Delaney, P.T., and Pollard, D.D., 1981, Deformation of host rocks
and flow of magma during growth of minette dikes and
breccia-bearing intrusions near Ship Rock, New Mexico:
U.S. Geological Survey Professional Paper 1202, 61 p.

Delaney, P.T., Pollard, D.D., Ziony, J.L, and McKee, E.H., 1986,
Field relations between dikes and joints—Emplacement
processes and paleostress analysis: Journal of Geophysical
Research, v. 91, no. B5, p. 4920-4938.

Denton, William, 1866, On a mineral, resembling albertite, from
Colorado: Boston Society of Natural History Proceedings,
v. 10, p. 305-306.

Douglass, Earl, 1928, Final report on the gilsonite holdings of the
Gilson Asphaltum Company in Utah and Colorado: Private
report (as consultant) to the Gilson Asphaltum Company;
manuscript on file in the Special Collections Department,
University of Utah Libraries, Salt Lake City, Utah, 137 p.

Dzulynski, St., and Radomski, A., 1956 [1957], Zagadnienie zyl
klastycznych w osadach fliszowych na tle sedymentacji
fliszu  Karpackiego: Rocznik Polskiego Towarzystwa
Geologicznego (Annals of the Geological Society of
Poland), v. 26, no. 3, p. 231-254 (English summary entitled
“Clastic dikes in the Carpathian Flysch” on p. 254-262 of
same issue).

Eldridge, G.H., 1896a, The uintaite deposits of Utah: U.S.
Geological Survey 17th Annual Report, pt. 1, p. 915-949.

1896b, Occurrence of uintaite in Utah: Science, v. 3 (new

series), no. 75, p. 830-832.

1901, The asphalt and bituminous rock deposits of the

United States: U.S. Geological Survey 22nd Annual Report,

pt. 1, p. 209-464.

1902, Origin and distribution of asphalt and bituminous

rock deposits in the United States: U.S. Geological Survey

Bulletin 213, p. 296-305.

1906, The formation of asphalt veins: Economic Geology,
v. 1, p. 437444

Fouch, T.D., Wandrey, C.J., Pitman, J.K., Nuccio, V.F., Schmoker,
J.W., Rice, D.D., Johnson, R.C., and Dolton, G.L., 1992,
Natural gas accumulations in low-permeability Tertiary and
Cretaceous (Campanian and Maastrichtian) rock, Uinta
Basin, Utah: U.S. Department of Energy Report
DOE/MC/20422-3051 (DE92001132), 81 p.

Franczyk, K.J., Pitman, J.K., Cashion, W.B., Chan, M.A,, Donnel},
J.R., Dyni, J.R., Fouch, T.D., Johnson, R.C., Lawton, T.F.,
and Remy, R.R., 1989, Evolution of resource-rich foreland
and intermontane basins in eastern Utah and western
Colorado: International Geological Congress, 28th,
Washington, D.C., Field Trip Guidebook T-324, 53 p.

Grout, M.A., 1988, Fracture data for the Divide Creek and Wolf
Creek anticlines area, southern Piceance basin, northwestern
Colorado: U.S. Geological Survey Open-File Report
88-204, 66 p.

1991, Cleats in coalbeds of southern Piceance basin,

Colorado—Correlation with regional and local fracture sets




in associated clastic rocks, in Schwochow, S.D., Murray,
D.K., and Fahy, M.F,, eds., Coalbed methane of western
North America: Rocky Mountain Association of Geologists,
Fall [1991] Conference and Field Trip, Guidebook,
p. 35-47.

Grout, M.A., and Verbeek, E.R., 1982, Intrusion of clastic dikes
during diagenesis and fracture of oil shales: Geological
Society of America Abstracts with Programs, v. 14, no. 7,
p. 503.

1983, Field studies of joints—Insufficiencies and solutions,

with examples from the Piceance Creek basin, Colorado, in

Gary, JH., ed., Sixteenth Oil Shale Symposium,

Proceedings: Golden, Colorado School of Mines Press,

p. 68-80.

1985, Fracture history of the Plateau Creeck and adjacent

Colorado River valleys, southern Piceance basin—Implica-

tions for predicting joint patterns at depth: U.S. Geological

Survey Open-File Report 85-744, 17 p.

1992, Fracture history of the Divide Creek and Wolf Creek
anticlines and its relation to Laramide basin-margin
tectonism, southern Piceance basin, northwestern Colorado:
U.S. Geological Survey Bulletin 1787-Z, 32 p.

Hatcher, H.J., Meuzelaar, HL.C., and Urban, D.T., 1992, A
comparison of biomarkers in gilsonite, oil shale, tar sand and
petroleum from Threemile Canyon and adjacent areas in the
Uinta basin, Utah, in Fouch, T.D., Nuccio, V.F., and
Chidsey, T.C., Jr., eds., Hydrocarbon and mineral resources
of the Uinta basin, Utah and Colorado: Utah Geological
Association Guidebook 20, p. 271-287.

Hayashi, Tadaichi, 1966, Clastic dikes in Japan: Japanese Journal
of Geology and Geography, Transactions, v. 37, no. 1,
p- 1-20.

Hayes, A.A., 1866, Description and analysis of a new kind of
bitumen: Boston Society of Natural History Proceedings, v.
10, p. 306-307.

Henderson, J.H., Jr., 1957, The gilsonite refining project of the
American Gilsonite Company, in Seal, O.G., ed., Geology of
Uinta Basin: Intermountain Association of Petroleum
Geologists Annual Field Conference, 8th, Guidebook,
p. 157-160.

Hunt, J.M,, 1963, Composition and origin of the Uinta basin
bitumens, in Crawford, A.L., ed., Oil and gas possibilities of
Utah, re-evalvated: Utah Geological and Mineralogical
Survey Bulletin 54, p. 249-273.

Hunt, J M., Stewart, Francis, and Dickey, P.A., 1954, Origin of
hydrocarbons of the Uinta Basin, Utah: American
Association of Petrolenum Geologists Bulletin, v. 38, no. 8,
p. 1671-1698.

Jackson, Dan, 1985, American Gilsonitt—Mining solid
hydrocarbon, in Picard, M.D., ed., Geology and energy
resources, Uinta Basin of Utah: Utah Geological
Association, p. 257-262.

Johnson, R.C., 1985, Early Cenozoic history of the Uinta and
Piceance Creek basins, Utah and Colorado, with special
reference to the development of Eocene Lake Uinta, in
Flores, R.M., and Kaplan, S.S., eds., Cenozoic
paleogeography of west-central United States: Society of
Economic Paleontologists and Mineralogists, Rocky
Mountain Section, p. 247~276.

Johnson, R.C., and Finn, T.M., 1986, Cretaceous through
Holocene history of the Douglas Creek arch, Colorado and
Utah, in Stone, D.S., ed., New interpretations of northwest
Colorado geology: Rocky Mountain Association of
Geologists, p. 75-77.

Johnson, R.C., and Nuccio, V.F., 1993, Surface vitrinite reflectance
study of the Uinta-Piceance basin area, western Colorado
and eastern Utah—Implications for the development of
Laramide basins and uplifts: U.S. Geological Survey
Bulletin 1787-DD, 38 p.

Khavari-Khorasani, Ganjavar, 1984, Free hydrocarbons in Uinta
basin, Utah: American Association of Petroleum Geologists
Bulletin, v. 68, no. 9, p. 1193-1197.

Kholodov, V.N., 1978, Sand diapirism as a new aspect of catage-
netic processes, 1. Morphology, composition, and deposi-
tional environments of sand dikes and ‘*horizons with
inclusions” in the eastern Cis-Caucasia Miocene: Litologia i
Poleznye Iskopaemye, no. 4, p. 50-66 (English translation
1979 by Plenum Publishing Corporation, p. 428-440).

Kilborn, G.R., 1964, New methods of mining and refining
gilsonite, in Sabatka, E.F., ed., Guidebook to the geology and
mineral resources of the Uinta Basin: Intermountain
Association of Petroleum Geologists Annual Field
Conference, 13th, p. 247-252.

Kretchman, H.F., 1957, The story of gilsonite: American Gilsonite
Company, Salt Lake City, Utah, 96 p.

Ladoo, R.B., 1920, The natural hydrocarbons, gilsonite, elaterite,
waurtzilite, grahamite, ozokerite and others: U.S. Bureau of
Mines Report of Investigations 2121, 12 p.

Maguire, Don, 1900, The hydrocarbons of eastern Utah, with
special reference to the deposits of ozokerite, gilsonite, and
elaterite: Mines and Minerals, v. 20, no. 9, p. 398—400.

Milton, Charles, 1957, Authigenic minerals of the Green River
Formation of the Uinta Basin, Utah, in Seal, O.G,, ed.,,
Geology of the Uinta Basin: Intermountain Association of
Petroleum Geologists Annual Field Conference, 8th,
Guidebook, p. 136-143.

1977, Mineralogy of the Green River Formation:
Mineralogical Record, v. 8, no. 5, p. 368-379.

Milton, Charles, and Eugster, H.P., 1959, Mineral assemblages of
the Green River Formation, in Abelson, P.H., ed.,
Researches in geochemistry: New York, John Wiley and
Sons, p. 118-150.

Monson, B., and Parnell, J., 1992, The origin of gilsonite vein
deposits in the Uinta basin, Utah, in Fouch, T.D., Nuccio,
V.F,, and Chidsey, T.C., Jr., eds., Hydrocarbon and mineral
resources of the Uinta basin, Utah and Colorado: Utah
Geological Association Guidebook 20, p. 257-270.

Murray, A.N., 1949, The gilsonite deposits of the Uinta basin,
Utah: Tulsa Geological Society Digest, v. 17, p. 104-106.

1950, Gilsonite deposits of the Uinta Basin, in Eardley,
AlJ., ed., Petroleum geology of the Uinta Basin:
Intermountain ~ Association of Petroleum Geologists
Guidebook to the Geology of Utah 5, p. 115-118.

Nuccio, V.F., Schmoker, J.W., and Fouch, T.D., 1992, Thermal
maturity, porosity, and lithofacies relationships applied to
gas generation and production in Cretaceous and Tertiary
low-permeability (tight) sandstones, Uinta basin, Utah, in
Fouch, T.D., Nuccio, V.F.,, and Chidsey, T.C., Jr.,, eds.,
Hydrocarbon and mineral resources of the Uinta basin, Utah
and Colorado: Utah Geological Association Guidebook 20,
p. 77-93.

Osmond, J.C., 1992, Greater Natural Buttes gas field, Uintah
County, Utah, in Fouch, T.D., Nuccio, V.F., and Chidsey,
T.C., Jr., eds., Hydrocarbon and mineral resources of the
Uinta basin, Utah and Colorado: Utah Geological
Association Guidebook 20, p. 143-163.

O’Sullivan, R.B., and Ging, T.G., 1987, Preliminary report on solid
bitumens in Eocene rocks of Piceance Creek basin,

Geometry and Structural Evolution of Gilsonite Dikes =~ HH41



northwestern Colorado: U.S. Geological Survey Open-File
Report 87478, 13 p.

Palacas, J.G., Anders, D.E., King, J.D., and Lubeck, C.M., 1989,
Use of biological markers in determining thermal maturity of
biodegraded heavy oils and solid bitumens, in Meyer, R.F.,
and Wiggins, E.J., eds., The Fourth United Nations Institute
for Training and Research/United Nations Development
Program International Conference on Heavy Crude and Tar
Sands: Alberta Oil Sands Technology and Research
Authority, Edmonton, Alberta, Canada, p. 575-592.

Pitman, J.K., Fouch, T.D., and Goldhaber, M.B., 1982,
Depositional setting and diagenetic evolution of some
Tertiary unconventional reservoir rocks, Uinta basin,
Utah: American Association of Petroleum Geologists
Bulletin, v. 66, no. 10, p. 1581-1596.

Pitman, J.K., Franczyk, K.J., and Anders, D.E., 1987, Marine and
nonmarine gas-bearing rocks in Upper Cretaceous
Blackhawk and Neslen Formations, eastern Uinta basin,
Utah—Sedimentology, diagenesis, and source rock
potential: American Association of Petroleum Geologists
Bulletin, v. 71, no. 1, p. 76-94.

Pruitt, R.G., Jr., 1961, Mineral resources of Uintah County: Utah
Geological and Mineralogical Survey Bulletin 71, 101 p.

Quigley, M.D., compiler, 1950, Road logs of conducted trips, in
Petroleum geology of the Uinta Basin: Intermountain
Association of Petroleum Geologists Guidebook to the
Geology of Utah, no. 5, p. 5-27.

Raymond, R.W., 1889, Note on a specimen of gilsonite from
Uintah County, Utah: American Institute of Mining
Engineers Transactions, v. 17, no. 8, p. 113-115.

Remington, N.C., 1959, A history of the gilsonite industry: Salt
Lake City, University of Utah, M.S. thesis, 338 p.

Rogers, R.D., and Bird, D.K., 1987, Fracture propagation
associated with dike emplacement at the Skaergaard
intrusion, East Greenland: Journal of Structural Geology,
v.9,no. 1, p. 71-86.

Rowley, P.D., Hansen, W.R., Tweto, Ogden, and Carrara, P.E,,
1985, Geologic map of the Vernal 1°x2° quadrangle,
Colorado, Utah, and Wyoming: U.S. Geological Survey
Miscellaneous Investigations Map 1-1526, scale 1:250,000.

Smith, M.C., 1981, Structure contours and overburden on the top of
the Mahogany bed, Green River Formation, eastern part of
the Uinta basin, Utah and Colorado: U.S. Geological Survey
Miscellaneous Field Studies Map MF-1311, scale
1:126,720.

Published in the Central Region, Denver, Colorado
Manuscript approved for publication May 26, 1992
Graphic design and cartography by Wayne Hawkins
Type composed by Debra Sokol

Edited by Judith Stoeser

HH42  Evolution of Sedimentary Basins—Uinta and Piceance Basins

Smith, R.P., 1975, Structure and petrology of Spanish Peak dikes,
south-central Colorado: Boulder, University of Colorado,
Ph.D. dissertation, 191 p.

Stone, G.H., 1891, Note on the asphaltum of Utah and Colorado:
American Journal of Science, 3rd ser., v. 42, no. 248,
p. 148-159.

Sweeney, J.J., Burnham, A K., and Braun, R.L., 1987, A model of
hydrocarbon generation from type I kerogen—Application
to Uinta basin, Utah: American Association of Petroleum
Geologists, v. 71, no. 8, p. 967-985.

Untermann, G.E., and Untermann, B.R., 1964, Geology of Uintah
County: Utah Geological and Mineralogical Survey Bulletin
72,112 p.

Verbeek, E.R., 1982, Unusual luminescence of calcite from the
Piceance Creek basin, Rio Blanco County, northwestern
Colorado: Journal of the Fluorescent Mineral Society, v. 10,
no. 1, p. 4-6.

Verbeek, E.R., and Grout, M.A., 1983, Fracture history of the
northern Piceance Creek basin, northwestern Colorado, in
Gary, JH., ed., Sixteenth Oil Shale Symposium,
Proceedings: Golden, Colorado School of Mines Press,
p- 26-44.

1984, Fracture studies in Cretaceous and Paleocene strata in

and around the Piceance basin, Colorado—Preliminary

results and their bearing on a fracture-controlled natural-gas
reservoir at the MWX site: U.S. Geological Survey Open-

File Report 84-156, 30 p.

1986, Cenozoic stress rotation, northeastern Colorado

Platcau: Rocky Mountain Association of Geologists

Symposium, Proceedings, p. 97.

1992, Structural evolution of gilsonite dikes, eastern Uinta
basin, Utah, in Fouch, T.D., Nuccio, V.F., and Chidsey, T.C.,
Jr., eds., Hydrocarbon and mineral resources of the Uinta
basin, Utah and Colorado: Utah Geological Association
Guidebook 20, p. 237-255.

Whitney, J.W., and Andrews, E.D., 1983, Past and present
geomorphic activity in the Piceance Creek drainage basin,
northwestern Colorado, in Gary, J.H., ed., Sixteenth Oil
Shale Symposium, Proceedings: Golden, Colorado School of
Mines Press, p. 566-577.

Waurtz, Henry, 1869, On the grahamite of West Virginia, and the
new Colorado resinoid: American Association for the
Advancement of Science, Proceedings, v. 18, p. 124.

1889, Uintahite, a variety of grahamite: Engineering and

Mining Journal, v. 48, no. 6, p. 114,

#%U.S. GOVERNMENT PRINTING OFFICE: 1993- 774-049/66052



