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Tectonic Trends of the Northern Part of the Paradox Basin,
Southeastern Utah and Southwestern Colorado,
As Derived from Landsat Multispectral Scanner Imaging and
Geophysical and Geologic Mapping

By Jules D. Friedman, James E. Case, and Shirley L. Simpson

ABSTRACT

Rose diagrams prepared from azimuthal histogram
plots of several thousand lineaments of the Moab 1°x2°
quadrangle in southeastern Utah and southwestern Colorado
permit detailed statistical comparison of Landsat multispec-
tral scanner lineament trends with magnetic-and gravity-
field trends and fault and fold-axis strike trends.

A good correlation exists between trends of major
Landsat lineaments (especially those longer than 20 km
(12.4 mi)), magnetic and gravity fields, and northwest-trend-
ing joints, fold axes, and faults cn geologic maps. A simi-
larly good correlation exists between the first-order surface
azimuthal trends of all and length-weighted lineaments
mapped from Landsat imagery and inferred northeast-trend-
ing structural discontinuities of the Precambrian basement
mapped from the magnetic and gravity fields. These inferred
northeast-trending discontinuities of the basement complex
follow a strike projection of the pre-Sinyala fault system of
northern Arizona and are interpreted here as representing
basement-controlled structures cpened by reactivation of
Precambrian faults.

Many of the northeast-striking faults and other fractures
are of extensional character. Some of these structures possi-
bly resulted from vertical tectonic activity during evolution
of elongate salt diapirs within the anticlinal cores. Many of
the northeast-striking faults are of Laramide to Pleistocene
age on the basis of crosscutting stratigraphic relations, but
many of the northeast-trending structures are basement con-
trolled and were opened by reactivation of Precambrian
faults.

The good correspondence between the first-order
trends of magnetic-field lineaments (at N. 40°-60° W.), pre-
sumably representing discontinuities of the Precambrian
basement, and surface lineaments and mapped joints and
faults suggests that the Precambrian crystalline basement has

been involved in pre-Laramide, Laramide, and post-Lara-
mide tectonic episodes. The northwest tectonic trends, along
which salt anticlines of the Paradox Basin are aligned, sug-
gest that the crystalline basement, already block faulted in
the late Paleozoic, may have been further deformed during
Laramide compression. It is possible that northwest-trend-
ing, parallel antiforms and synforms were then formed in the
Precambrian crystalline rocks, the synforms providing the
locus for enhanced thickening of the deep-seated keels of the
salt anticlinal cores.

The trend of N. 10°-20° E. lineaments coincides with
the trend of post-Laramide joint sets that have been opened
to produce extensional and transtensional fractures conso-
nant with the post-Laramide stress field.

That the laccolith complex and domal uplift of the La
Sal Mountains and several other laccolith complexes were
emplaced at intersections of some of the major northwest
and northeast lineaments of the Paradox Basin is of special
tectonic significance. The occurrence of laccolith com-
plexes, such as the La Sal, Henry, and Abajo Mountains and
others, suggests that they may have been emplaced at nodes
of a northwest-northeast lineament grid. Faulting down to
the depth of the crust is suggested and testifies to the deep-
seated nature of the N. 40°-60° W. and N. 40°-50° E. dis-
continuities. Recent studies indicate a mantle source for the
laccolith magmas.

Circular features such as the Lockhart Basin, beneath
which salt dissolution and subsidence of the overlying Phan-
erozoic sequence of clastic rocks have occurred, may repre-
sent the negative analog of salt diapirism in the Paradox
Basin; the generation of circular diapiric, intrusive, and sub-
sidence structures may indeed have followed the network of
rectilinear deep-seated faults. The semiconcentric Needles
fault zone, localized along a northeast-trending and structur-
ally controlled segment of the Colorado River Gorge, has
probably developed in response to downcutting, subsequent
unloading phenomena, and structural extension through
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Holocene time as a result of gravity sliding of the Phanero-
zoic sequence along the surface of the salt-bearing Paradox
Formation, which has been lubricated by groundwater.

Surface faults, such as fault clusters of en echelon char-
acter that lie astride the northeast-trending Precambrian
structural discontinuities, and concentric or circular features,
such as the Lockhart Basin and Needles fault zone, may be
significant in localizing salt flowage and dissolution.

Drainage pattern analysis suggests that the northwest-
erly and northeasterly structural patterns and lineaments
extend from the Uncompahgre Plateau at least as far south-
west as Indian Creek and Harts Draw, Lavender Canyon,
Davis Canyon, North Cottonwood Creek, and the Needles
fault zone.

INTRODUCTION

The objective of the Paradox Basin remote-sensing
project of the U.S. Geological Survey is to interpret geolog-
ically a variety of satellite (in this chapter notably multispec-
tral scanner images of the Landsat system) and aircraft
images of the region in order to assess factors in the struc-
tural and geomorphic environment that may provide some
insight into the evolution of the Paradox sedimentary basin
(fig. 1).

In this region, basement structure appears to be effec-
tively masked by a thick layer of evaporites and clastic
rocks, and many geologists have assumed that surface fea-
tures may not in any way resemble the structural style of
deformation of strata below the geologic mask. The plan of
the present study is to carry out subsurface geophysical and
surface remote-sensing investigations and to map fractures,
including joints and faults at the surface, with special atten-
tion to azimuthal frequency of trends and structural interpre-
tation, without prejudging the questions of geologic
masking, propagation of structures, or reflection of tectonic
style through the intervening sequence of sedimentary rocks.
Thus, we undertook an investigation designed to evaluate
enigmatic or previously undiscerned and unmapped struc-
tural features that may have influenced, or that may reflect,
the tectonic evolution of the sedimentary basin.

It is understood that parallelism of tectonic trends of the
Precambrian basement complex and more recent rocks of the
sedimentary sequence does not imply synonymy of struc-
tural style and processes over long periods of time, nor does
it necessarily imply reactivation of older structures. But if a
significant link can be established between basement struc-
tural orientation and younger features, it hardly seems
wholly fortuitous.

In this paper, we present previously unpublished inter-
pretations of trends of faults, joints, and other structures in
the northern part of the Paradox Basin of Utah and Colorado
and lineament trends obtained using remote-sensing and

potential-field geophysical techniques, and we review the
tectonic significance of the dominant lineament trends.

Acknowledgments.—The authors acknowledge the con-
siderable knowledge and insight gained from field and office
discussions with Robert Hite, Eugene Shoemaker, Dennis
O’Leary, Irving Witkind, and other geologists who work in
the Paradox Basin and the constructive manuscript review
comments by Tien Grauch, A.C. Huffman, Jr., Marilyn A.
Grout, Terry Offield, Robert Hite, and Earl R. Verbeek.

GEOLOGIC SETTING OF THE
PARADOX BASIN

The Paradox Basin of southeastern Utah and southwest-
em Colorado is an intracratonic basin of Middle
Pennsylvanian age that developed on continental crust—that
is, on an enigmatic cratonic block—within the Colorado Pla-
teau physiographic province. It is a northwest-southeast
elongate or rhombic, possibly wrench-related pull-apart
basin (Stevinson and Baars, 1986; Sloss, 1988, p. 37) that is
bounded by thrust faults on the east at the margin of the
Uncompahgre uplift. These thrust faults follow the trend of
a proto-Uncompahgre tectonic line that may have controlled
the northwest alignment of the Paradox Basin and its internal
fold and fault belt (Kelley, 1956; Szabo and Wengerd, 1975).
The Uncompahgre uplift, a northwest-trending Laramide
structure, was, for a time, sufficiently high standing to
expose crystalline basement rocks, the erosional debris of
which has formed alluvial fans on the east side of Paradox
Basin and clastic sediments that interfinger with evaporite
deposits (Hite, 1961) of Pennsylvanian age in the basin
proper. The present Uncompahgre block represents a rejuve-
nated segment of the late Paleozoic and early Mesozoic
Uncompahgre highland, an element of the ancestral Rocky
Mountains (Dane, 1931, 1935; Holmes, 1956; Tweto, 1980;
Case, 1991). Upper Triassic and Jurassic rocks unconform-
ably overlie the Proterozoic on its crest (Williams, 1964;
Hansen, 1981).

To the north, the Paradox Basin is bounded by generally
flat lying Cenozoic rocks of the Roan Plateau, Roan Cliffs,
and Book Cliffs. To the northwest, it is bounded by the San
Rafael Swell, which was uplifted in Late Cretaceous to early
Tertiary time. The Paradox Basin forms a shallow shelf to
the southwest. Stevinson and Baars (1986) suggested that the
basin may be bounded on the southwest and southeast by
northwest- and northeast-striking shear zones. No evidence
for such shear zones has, as yet, been reported.

Stratigraphically, the basin fill, an extensive and thick
sequence of Phanerozoic evaporitic, carbonate, and clastic
rocks of Pennsylvanian through Quaternary age, overlies
crystalline rocks of the Precambrian basement (Williams,
1964; Cashion, 1973).
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PERCENT

Figure 6. Diagram showing fracture orientations in area of Col-
orado Plateau. More than 10,000 observations are included. Mod-
ified from Badgley (1962).

relation points to a system of deep-seated breaks in the
(Precambrian) basement rocks. Witkind (1992) also
emphasized the genetic relationship between the
Uncompahgre uplift and the northwest trend of the major
salt-cored anticlines of the Paradox Basin. We note here
that the geophysical evidence for deep-seated breaks in the
Precambrian basement could also be interpreted, alterna-
tively, as representing, inclusively, faults in the Precam-
brian rocks of the basement and parallel antiforms or
rumpling of the basement complex in response to clock-
wise rotation of the craton and the resulting northeast-
southwest crustal shortening during Laramide deforma-
tion (Hamilton, 1981, 1989). Proprietary seismic data
(Lee Fairchild, oral commun., 1991) for the Paradox Val-
ley anticline, however, support the concept of deep-seated
fault breaks in the Precambrian basement complex, paral-
lel to and beneath the keels of the salt-cored anticlines.

Additionally, the west-northwest (N. 75°-85° W.) trend
of lineaments of the magnetic field (fig. 9B) is parallel to
conspicuous west-northwest trends of normal faults (E.R.
Verbeek, written commun., 1992) beneath the Piceance
Basin (Stone, 1977; Johnson, 1983, p. 70) and could be of
the same age.

GEOLOGIC FIELD MAPPING AND
REMOTE-SENSING EVIDENCE FOR
NORTHWEST TECTONIC TRENDS

Rose diagrams of lineament trends mapped from Land-
sat images are shown for the entire mapped area (fig. 7) and
for discrete tectonic provinces within the area (fig. 8),
including the Uncompahgre Plateau, the region of salt-cored
anticlines, the Grand Valley, and the Roan Plateau. Rose dia-
grams for trends of lineaments of the regional gravity and
aeromagnetic fields (fig. 9) and geologically mapped faults,
fold axes, and joint sets (fig. 10) are given for comparison.
The areas covered by these several data sets are mostly but
not entirely coincident.
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Figure 7. Rose diagrams showing frequency distribution of azi-
muthal trends, as mapped from Landsat multispectral scanner im-
ages, for area of northern part of Paradox Basin, southeastern Utah
and southwestern Colorado. A, Total lincaments (minus faults);
2,033 lines. B, Major lineaments (longer than 20 km (12.4 mi.); 77
lines, C, Alignments; 254 lines.

The northwesterly lineament trends, as mapped from
Landsat multispectral scanner images show two outstand-
ing features. (1) First-order major lineament trends peak at
N. 50° W. (fig. 7B), coincident with first-order trends of
fold axes (fig. 10A), one set of joints (fig. 10C), and grav-
ity-field trends (N. 44°-56° W., fig. 9A), and are almost
coincident with first-order magnetic-field trends (peaking at
N. 55°-57° W., fig. 9B) and one of the first-order bimodal
peaks of fault strikes (N. 51°-57° W., fig. 10B). (2) On the
other hand, if all lineaments are considered (fig. 7A),
including very short lines, a third-order peak distribution is
at N. 75°-78° W., roughly coincident in azimuth with a
low-order modal peak of fault strikes at N. 73°-74° W. (fig.
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Figure8. Rose diagrams showing frequency distribution of azimuthal trends by tectonic region, as mapped from Landsat multispectral
scanner images, for area of northern part of Paradox Basin, southeastern Utah and southwestern Colorado. A, Lineaments of Uncompahgre
Plateau province; 478 lines. B, Lineaments of salt anticline province; 801 lines. C, Lineaments of Grand Valley province; 101 lines. D,

Lineaments of Roan Plateau province; 606 lines.
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50

10B) and a third-order peak of fault strikes within the Moab
and Lisbon Valley fault systems (fig. 10D). Perhaps signifi-
cantly, the dominant (N. 75°-78° W.) northwesterly linea-
ment distribution coincides with a N. 78°-80° W. modal
peak in the magnetic field (fig. 9B).

The two modes represented by the northwesterly linea-

290 70 ment trends may thus represent two fault or joint systems.
The N. 70°-80° W. trend is present south of the thickest salt

280 80 . L .
deposits and at least as far south as the Cane Creek anticline,
270 90 Lockhart Basin, Gibson Dome, and Harts Draw. The west-

290

280

270

B

Figure 9. Rose diagrams showing frequency distribution of azi-
muthal trends, as derived from gravity-field and acromagnetic
maps, for area of northern part of Paradox Basin, southeastern Utah
and southwestern Colorado. A, Gravity-field lineaments; 89 lines.
B, Magnetic-field linecaments; 281 lines.

northwest trend is also shown in the joint sets. It is younger
than the north-northwest and northwest joints and older than
the northeast and north-northeast joints in Jurassic and
younger rocks, as well as in Triassic and Permian rocks, at
least in the Shafer Dome-Cane Creek area. There are even
older sets, some of which are north-northeast (M.A. Grout,
written commun., 1992).

The higher angle northwesterly lineament trends are
approximately parallel to major structures and fold axes and
are almost parallel to the important southwestern boundary
fault of the Uncompahgre uplift.

Specifically, one of the strongest correlations in the
northwest azimuthal quadrant is between the peak at
N. 55° W. in the magnetic-field data (and, coincidently,
also in the gravity-field data) and the sharply defined
N. 50° W. peak in major thoroughgoing lineaments (more
than 20 km long). These peaks also coincide with the
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Figure 10. Rose diagrams showing frequency distribution of azimuthal trends of joint sets and geologically mapped faults and folds
for northern part of Paradox Basin, southeastern Utah and southwestern Colorado. A, Fold axes; 176 lines. B, Geologically mapped
faults; 966 lines. C, Joint sets between Salt Valley and Deadhorse Point. D, Faults of Moab and Lisbon Valley systems; 209 lines. E,
Composite rose diagrams showing relation of major lineaments (longer than 20 km, 12.4 mi) (77 observations) and total lincaments

(2,033 observations) to azimuthal trends of magnetic (281 lines) and gravity (89 lines) lineaments.
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N. 50°-58° W. peak distribution of geologically mapped
faults. Because the magnetic field gives the best represen-
tation of Precambrian basement structures, the coinci-
dence with long lineaments at the surface, as well as with
geologically mapped structures, is strong evidence for
some form of structural control of faulting through a multi-
stage process in which the proto-Uncompahgre tectonic
line controlled the azimuth and position of fault blocks in
the Precambrian basement. The fault blocks controlled the
localizations of the salt-cored anticlines in post-Mississip-
pian time, and solution and subsidence of the salt in the
area of the thickest part of the anticlinal cores caused
extensional or subsidence faulting along a northwest trend
in the overlying, mostly Mesozoic sedimentary-rock
sequence.

REVIEW OF GEOLOGIC AND
GEOPHYSICAL EVIDENCE FOR
NORTHEAST-TRENDING STRUCTURES

Salient factors reported in the literature that support the
concept of deep-seated northeast-trending structures in the
Paradox Basin include the following.

Structural control of the southwest segment of the Col-
orado River valley and canyon from the Great Bend west of
Grand Junction through Canyonlands.—Basement fault
control of the Colorado River drainage was hypothesized
by Mutschler and Hite (1969) to have been significant in
the development of the northeast-trending Meander anti-
cline. On the basis of lineament mapping (fig. 2), the entire
southwest-trending segment of the Colorado River valley,
from the Great Bend west of Grand Junction through Can-
yonlands, is structurally controlled (Friedman and Simpson,
1978, fig. 6) across the Paradox Basin. Moreover, Wong
and others (1987) reported the occurrence of 989
microcarthquakes in a northeast-trending zone between
1979 and 1985 that had Richter magnitudes as high as 3.3
and were concentrated along a stretch of the Colorado
River from the confluence of the Green River northeast to
Moab. The events generally originated in the upper crust.
The seismicity probably was the result of strike-slip and
normal faulting on preexisting faults that have been reacti-
vated in the contemporary extensional tectonic stress field
of the Colorado Plateau (Wong and others, 1987, p. 51).

A major northeast-trending discontinuity in the base-
ment complex.—In early geophysical potential-field inves-
tigations of Paradox Basin, Case and Joesting (1973, pl. 3,
fig. 10) inferred a major northeast-trending fault zone in the
basement complex extending northeast from the semicon-
centric Needles fault zone to the Little Dolores fault (Will-
iams, 1964). The fault zone inferred by Case and Joesting
(1973, A-A’, fig. 10) might have offset (B-B’, fig. 10)
highly magnetic rocks in the Precambrian basement
between Upheaval Dome on the west and Behind the Rocks
on the east.

EVOLUTION OF SEDIMENTARY BASINS—PARADOX BASIN

A major northeast-trending discontinuity in the gravity
field —Case and Joesting (1973) also mapped a significant
northeast-trending discontinuity of the gravity field, termed
the Wilson Mesa gravity gradient (fig. 11), which is approx-
imately parallel to the magnetic discontinuity. They inter-
preted this gradient to represent a step in the basement
surface parallel to the northeast-trending Precambrian struc-
tural discontinuities inferred from the magnetic field.

The Colorado lineament zone—Wamer (1978, p. 164)
summarized the geophysical and geologic features of the
Colorado lineament zone in stating that,

West and northwest of the La Sal Mountains, a series of linear magnetic
trends is aligned northeasterly, parallel to a prominent gravity trend and
transverse to the regional Phanerozoic structures (Case and others, 1963).
The anomalies are interpreted to relate to a structural discontinuity in the
underlying basement, probably a fault. Within the anomaly zone, northeast-
trending faults break the Mesozoic cover and could be due to Laramide
(age) movement on an ancient basement structure, as demonstrated for the
Bright Angel and Mesa Butte fault systems in Arizona.

Northeast continuation of the Bright Angel and Sinyala
fault systems of Arizona.—Shoemaker and others (1978, p.
354) pointed out that where the northeast-trending Bright
Angel fault system crosses the Grand Canyon the relation-
ship between the northeast-trending faults and the underly-
ing Precambrian rocks is exposed. Here, the principal
displacement of Paleozoic beds along the Bright Angel and
parallel fault systems such as the Sinyala fault was con-
trolled by more ancient faults in the underlying Precambrian
rocks. Shoemaker and others (1978) concluded that these
northeast-trending fault systems in northern Arizona reflect
fault zones of major displacement in the crystalline basement
and pointed out that they are represented in the Earth’s mag-
netic and gravity fields and can be traced as lineaments on
Landsat multispectral scanner images for more than 100 km
(62 mi) (Shoemaker and others, 1978, p. 343, fig. 15-1).
These hypothetical continuations of known northeast-trend-
ing fault systems are parallel to high-angle normal faults at
the surface that have relatively small offset. Shoemaker and
others suggested (as did Hamblin, 1970) that normal faulting
in northern Arizona has continued into Holocene time, and,
indeed, seismic activity along these fault systems has
occurred recently, for example, in 1974 (Shoemaker and oth-
ers, 1978, p. 364). One of the parallel northeast-trending
fault systems of northern Arizona, the ancestral Sinyala fault
system (Shoemaker and others, 1978, p. 359, fig. 15-7),
probably is a strike continuation of the Paradox Basin struc-
tural discontinuities mapped by Case and Joesting (1973)
(figs. 3, 4) and included in the Colorado lineament zone.

Reactivation of Precambrian fault zones in the crystal-
line basement rocks of the Marble Plateau, Arizona.—The
fracture network in Permian and Triassic strata of the south-
ern Marble Plateau of north-central Arizona includes a suite
of basement-controlled structures that trend about N. 40° W,
and N. 50° E. These basement-controlled fractures include
both normal and reverse faults that owe their origin to
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episodic reactivation in Laramide time of Precambrian fault
zones in the crystalline basement rocks (Sutphin and Wen-
rich, 1988). More shallow seated, post-Laramide normal
faults are widely distributed on the Marble Plateau and were
formed by reactivation during shear stress of joint sets strik-
ing within 20° of due north (Sutphin and Wenrich, 1988).
Each one of these trends is strongly represented in the Para-
dox Basin.

In a recent review of the tectonic stress field of the con-
tinental U.S., Zoback and Zoback (1989, p. 532) concluded
that the present-day least horizontal stress direction is north-
east-southwest in the Paradox Basin part of the Colorado
Plateau. This is compatible with the episode of extensional
tectonism that began in Oligocene or Miocene time.

GEOLOGIC FIELD MAPPING AND
REMOTE-SENSING EVIDENCE FOR
NORTHEAST TECTONIC TRENDS

The statistically dominant strike frequency of all linea-
ments mapped from Landsat images of this region (fig. 7A),
N. 37°-56° E., shows a first-order bimodal distribution, with
peaks at N. 44° E. and N. 52° E. A second-order peak is at
N. 14°-20°E.

The first-order lineament distribution is in close coinci-
dence with the second-order gravity-field peak at N. 36°—42°
E. (fig. 9A), the third-order magnetic-field peak at N.
36°-41°E. (fig. 9B), and joints (fig. 10C). The N. 52° E. lin-
eament peak coincides with a lesser but nonetheless sharp
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magnetic peak at N. 49°-52° E. Major alignments (fig. 7C)
coincide with the N. 42°-52° E. peak. Fourth-order mapped
fault peaks are at N. 46° E. and N. 74° E. (fig. 10B).

The first-order distribution of length-weighted linea-
ments of the Paradox Basin is at N. 40°-50° E., as is the
second-order distribution of alignments. These trends are
coincident with the second-order azimuthal distribution of
gravity lineaments, third-order distribution of magnetic lin-
eaments, and fourth-order distribution of faults. This trend
also coincides with the La Sal Mountains magnetic linea-
ment trend of Johnson (1983) and with the N. 50° E. trend
of basement-controlled structures of the Marble Plateau of
north-central Arizona interpreted as caused by reactivation
of structures of the Precambrian basement in Laramide and
post-Laramide time (Sutphin and Wenrich, 1988). The
northeast continuations of the Sinyala and Bright Angel
fault trends of Shoemaker and others (1978) are closely
coincident.

The second-order lineament peak at N. 14° E.-20° E.
(fig. 7A) is clearly coincident with one of the youngest joint
sets in the Piceance Basin; the joints formed during final
uplift of the basin and are 10 million years old or younger
(Grout and Verbeek, 1991). In the Marble plateau area of
northern Arizona joint sets at N. 10°~15° E. are of post-Lara-
mide age (Sutphin and Wenrich, 1988). In the Paradox Basin
this trend is most easily observed in the region of the Green
River Formation on the Roan Plateau (fig. 8D), to a lesser
extent on the Uncompahgre Plateau (fig. 84), and in part of
the Grand Valley (fig. 8C).

In sum, the northeast-trending lineaments, for the most
part, represent (1) northeast-striking joint sets (Friedman and
Simpson, 1978, p. 26-28), (2) extensional vertical fractures
that have little or no horizontal offset (Hite, 1975), and (3)
extensional high-angle faults that have predominantly verti-
cal offset (Weir and Puffett, 1960; Weir and others, 1961;
Hinrichs and others, 1968) but are parallel to structural
trends of the Precambrian basement complex.

POSSIBLE INVOLVEMENT OF THE
PRECAMBRIAN BASEMENT

The trend of both northeast and northwest lineaments
suggests a parallelism between surface structural trends and
discontinuities of the Precambrian crystalline basement
rocks as delineated in the gravity and magnetic fields (Case
and Joesting, 1973, pls. 1-3).

Landsat multispectral scanner images show northwest
and northeast fracture trends or lineaments in the
Uncompahgre Plateau (fig. 8A) that are compatible with the
dominant lineament trends of the entire region of the Para-
dox Basin (fig. 7A4) as shown in the rose diagrams. In the
Ryan Creek fault zone (Williams, 1964), for example, geo-
logic mapping shows northeast-striking faults (fig. 12, fault
12) and associated faults and lineaments that cut both

underlying Precambrian crystalline rocks and the overlying
Kayenta Formation and Wingate Sandstone of Early Jurassic
age. Although the northeast-trending lineaments of the
Uncompahgre Plateau depict a seemingly consequent drain-
age system parallel to the regional slope, it has long been
known that basic drainage patterns are influenced by and fol-
low regional structural trends (Bloom, 1978, p. 268-273).
We suggest here that the parallel drainage courses of the
Uncompahgre Plateau are structurally controlled. Drainage
patterns are among the chief surface indications of the trends
of joints and faults throughout the Paradox Basin and else-
where on the Colorado Plateau. As noted by Maarouf (1983),
fractures expressed at the ground surface in the early stages
of stream history have significantly localized the distribution
of drainage lines. Many streams probably initiated their
courses as random consequent streams on gently sloping ter-
rain but gradually developed patterns that were increasingly
controlled by fracture zones.

Geologic mapping (Hinrichs and others, 1968, 1971)
and lineament mapping using Landsat multispectral scanner
images (Friedman and Simpson, 1978, 1980) provide sub-
stantial evidence of northeast-trending high-angle exten-
sional faults and fractures of post-Paradox age in that part of
the Paradox Basin containing diapiric salt-cored anticlines
and the thickest salt units. Where the northeast-trending Pre-
cambrian structural discontinuities (figs. 10, A, B, section
Ic, of Case and Joesting, 1973) pass between Hatch Point
and the La Sal Mountains, an en echelon cluster pattern of
northeast-striking faults has been mapped in proximity to the
surface projection of the Precambrian structural discontinui-
ties. These faults cut Phanerozoic rocks at the surface at the
southeast terminus of Spanish Valley (fig. 12, faults 42-48),
at the Cane Springs anticline (fig. 12, faults 5, 6), and at
Lockhart Basin (fig. 12, faults 1-4). Southwest projections
of some of these fault traces appear as lineaments on Landsat
multispectral scanner images. Several kilometers to the west,
the northeast-striking Roberts rift fracture (figs. 12, 13)
mapped by Hite (1975) is parallel to the above-mentioned
structures. The most recent time of movement along these
structures is post-Paradox Formation, and indeed several
fractures including the Roberts rift have alteration zones and
contain tectonic breccia of underlying stratigraphic units; for
example, the Roberts rift contains breccia fragments of the
Hermosa Group (Hite, 1975). One tectonic interpretation of
these alteration zones is given in a later section.

One cluster of high-angle northeast-striking faults (fig.
12, faults 1-4 and associated lineaments) of en echelon
character northeast of Hatch Point cuts Lockhart Basin. On
the basis of stratigraphic cutting relations these faults are
post-Kayenta Formation (post-Early Jurassic) in age and
may be much younger; they are overlain only by gravels of
Quaternary age. They strike N. 40°-54° E., and offset along
these faults has been predominantly vertical, although some
scissors movement may have occurred. Two high-angle
faults here have controlled a downdropped structural block
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Uncontrolled X-Band Radar Mosaic of the
Western Part of the Moab 1°x2° Quadrangle,
Southeastern Utah and Southwestern Colorado

By Jules D. Friedman and Joan S. Heller

ABSTRACT

An uncontrolled X-band airborne radar-image mosaic
was compiled for the western three-fifths of the Moab 1°x2°
quadrangle, southeastern Utah and southwestern Colorado,
to assess surface fractures (including joints) that might pro-
vide evidence for tectonic trends at depth.

Five areas within the mosaic were selected for their
depiction of topographic and structural detail. The approxi-
mate strike of linear features observed on the radar images
can be inferred by comparison with rectified Landsat multi-
spectral scanner images and geologic maps.

The radar images display a strong N. 37°-65° E. trend
representing joint sets and extensional fractures that have
little or no offset, as well as extensional high-angle faults of
the same trend, of generally Laramide or post-Laramide
age, that have predominantly vertical offset. The radar
images also clearly depict examples, such as the Moab fault
system, of the first-order (most common) fault trend in this
part of the Paradox Basin, a trend that coincides in large
part with the first-order gravity (N. 40°-60° W.) and mag-
netic (N. 40°-60° W.) field trends and is generally parallel
to the fold axes of the major salt anticlines of the Paradox
Basin and the southwestern thrust fault zone bounding the
Uncompahgre uplift.

INTRODUCTION

The objective of the Paradox Basin remote-sensing
project of the U.S. Geological Survey is to acquire, process,
and interpret geologically a variety of satellite and aircraft
image products of the region in order to assess factors in the
tectonic and geomorphic environment that may provide
clues to deep-seated tectonic trends. In line with this objec-
tive, a radar mission was flown over the Paradox Basin
(western part of the Moab 1°x2° quadrangle, lat 38°-39° N.,

long 109°-110° W.) for the U.S. Geological Survey, October
23, 1979, by a Convair 580 aircraft of the Canada Center for
Remote Sensing; the aircraft was equipped with Environ-
mental Research Institute of Michigan (ERIM) XL-band
radar. High-quality slant-range radar images were obtained,
including coverage of the Salt Valley, Gibson Dome, and
Lisbon Valley areas, for geomorphic and structural investi-
gations. A small part of the adjoining Salina 1°x2° quadran-
gle was included in the survey and is discussed later.

This report is a companion to Friedman and others (this
volume), a discussion of tectonic trends of the northern Par-
adox Basin as derived from Landsat multispectral scanner
images and geophysical and geologic maps.

Acknowledgments.—Allan N. Kover and Marilyn A.
Grout kindly reviewed the manuscript.

IMAGE GEOMETRY

A description of the geometry of X-band slant-range
radar images of the Moab quadrangle is shown in figure 1.
Each line imaged was divided into two subswaths because
two cathode-ray tube recorders were used to record wide-
swath data. Six flight lines were flown over the region; 12
subswaths of data were produced. The data were collected
at an aircraft altitude of 17,000 ft (5,182 m) above sea level.
The distance from the aircraft to the near edge of the image
is 13,000 ft (3,962 m). The depression angle to the proximal
edge of the image (8,) is

17,000 - E

Gn = arc sin ~13.000 a

where E is the terrain elevation in feet above sea level. For
aterrain elevation of 6,000 ft (1,829 m), the depression angle
to the proximal edge (6,) is 57.8°.
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Figure 1. Geometry of X-band slant-range radar images in relation to a hypothetical ground-range presentation.
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Figure 4. Geometry of the sidelap coverage of slant-range radar
images of the Moab 1°X2° quadrangle, southeastern Utah and
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Figure 2. Depression angles to the two edges of slant-range
radar images of the Moab 1°x2° quadrangle, southeastern Utah

and southwestern Colorado. The depression angle to the center of the swath (6,) is
17,000 - E
0 = arc sin —————, @
_AAircraft for line 3 ¢ 32,250
Line 6 Line Line 4 Line 3 Line 2 Line 1/ i . .
| 39 and the depression angle to the distal edge (8) is
17,000 - E
49,575 ®

Again, for E equal to 6,000 ft (1,829 m), ec='19.9° and
Of =12.8°. The ground range (GR,) from the aircraft ground
track to the proximal edge of the image is
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Figure 3. Extent of slant-range radar image coverage of the Moab GR, = 13,000 cos arc sin —————, ()]
1°x2° quadrangle, southeastern Utah and southwestern Colorado. 13,000



























