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the La Sal Mountain laccolith complex. See page 4 for generalized geologic map of the area.
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Introduction and Overview

By Jules D. Friedman and A. Curtis Huffman, Jr.

Three well-known laccolith complexes of southeastern
Utah, the Henry, La Sal, and Abajo Mountains, have similar
petrogenesis, tectonic control, and lithophile hydrothermal
mineralization. These complexes were the principal subjects
of a U.S. Geological Survey sponsored workshop on July 6
and 7, 1992, in Denver, Colo., convened by Jules D. Fried-
man and A. Curtis Huffman, Jr. The purpose of the workshop
was to present and clarify new field and laboratory data in
order to (1) provide an analog for Cordilleran laccolith fields
on intracratonic blocks; (2) narrow the age range of Colorado
Plateau laccoliths by consideration of errors in earlier dating
attempts in relation to recent high-precision “°Ar/3°Ar and
fission-track dates; (3) relate distribution of southeastern
Utah intrusive centers to tectonics and structures; (4) associ-
ate emplacement of laccolith complexes on the Colorado
Plateau with specific tectonomagmatic events and possible
thermal events of the mantle; and (5) define possible
economic ore-deposit implications. This report summarizes
much of the material presented at the workshop and provides
an extensive list of selected references pertaining to geochro-
nology and tectonics of the Colorado Plateau to facilitate
further research.

Eugene Shoemaker (USGS) set the stage for a discus-
sion of tectonic control of the laccolith complexes by
presenting evidence for Precambrian movement on north-
east- and northwest-trending discontinuities in the Grand
Canyon region that extend into southeastern Utah. Move-
ment on the northeast-trending set, including the Bright An-
gel and Sinyala fault zones, was earlier than that on the
northwest-trending systems. Geophysical and subsurface
data presented by Richard Blank (USGS) and William Butler
(USGS) support the importance and regional nature of the
northeastern and northwestern trends. Northwesterly struc-
tural trends of the Paradox and Uncompahgre fault zone and
basement uplift are strongly expressed in both magnetic and
isostatic gravity data, whereas the northeast-striking fault
systems that enter the region from northern Arizona are
somewhat less so. The gravity data indicate that most known
or geophysically inferred laccolithic centers are on the mar-
gin or noses of basement uplifts.

Recent field mapping in the southern Henry Mountains
by Marie Jackson (USGS) reaffirms that the major intrusive
bodies of southeastern Utah are true laccoliths, floored at
shallow depths. Her structural analysis indicates that the
Oligocene stress field in the vicinity of the Henry Mountains
laccoliths was isotropic. Field mapping and structural
analysis of the La Sal Mountains by Michael Ross (UGS)
and the Paradox fold and fault belt by Hellmut Doelling
(UGS) indicate that the northwest-striking faults that control
the Paradox Valley—Castle Valley—Salt Valley salt diapirs are
possibly connected by a northeast-striking fault zone or
ramp-monocline structure forming a kink in the tectonic
boundary between two parts of the late Paleozoic Paradox
Basin. The La Sal intrusions were emplaced at the intersec-
tion of these fault systems.

Whether the other laccolith complexes were emplaced
at similar nodes in an orthogonal northwest-northeast fault
grid is not nearly as certain although it seems likely, and this
hypothesis appears to be supported by correlation of north-
casterly and northwesterly lineament trends evident in re-
mote sensing, geologic, and geophysical data discussed by
Jules Friedman (USGS). This argument is further strength-
ened by demonstrated episodic movement on both northeast-
and northwest-striking basement faults that are part of an
orthogonal grid mapped in the San Juan and Paradox Basins
by Curtis Huffman (USGS) and David Taylor (USGS) using
reflection seismic data. Movement on some of these faults
influenced deposition of sediments throughout the Phanero-
zoic. Earl Verbeek (USGS) and Marilyn Grout (USGS) doc-
umented local control of joints by basement faults but went
on to point out that widely distributed post-Laramide region-
al joint sets commonly developed independent of basement
control.

Petrologic studies by Stephen Nelson (UCLA) and Jon
Davidson (UCLA) indicate that all three laccolith complexes
are petrogenically bimodal but proportionately variable;
these quartz monzonite porphyries probably evolved from
mantle-derived magma ponded in the deep crust. New high
precision 40Ar/3Ar and fission-track ages reported by
Nelson and Davidson and by Kim Sullivan (Brigham Young
University) place the southeastern Utah intrusive activity
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2 LACCOLITH COMPLEXES OF SOUTHEASTERN UTAH

during the interval from 31.2 to 23.3 Ma, hence late Oli-
gocene to early Miocene. The laccoliths are thus partly cor-
relative with much of the late Oligocene to early Miocene
volcanic belt that extends 1,100 km sublatitudinally from
western Nevada through southern Utah to southwestern Col-
orado, and from there south to west Texas. Charles Chapin
and William Mclntosh (both New Mexico Bureau of Mines
and Mineral Resources) and coworkers pointed out that the
laccolith clusters of southeastern Utah were emplaced during
the second of two major episodes of ash-flow volcanism in
the Mogollon-Datil volcanic belt within this vast region (this
paper is not included in this proceedings volume).

Peter Rowley (USGS), Charles Cunningham (USGS),
Tom Steven (USGS) and coauthors demonstrated that the
calc-alkaline intrusive rocks of the Pioche-Marysvale and
Delamar-Iron Springs igneous belts (in southwestern Utah
and southeastern Nevada) are generally similar in age and
composition to the laccolith complexes of southeastern Utah
and to most other parts of the sublatitudinal igneous province
that spans the Great Basin, Colorado Plateau, and adjacent
areas. Nelson, Davidson, Rowley and coauthors inferred
that the calc-alkaline magmas of mostly intermediate
composition probably evolved from mantle-derived basaltic

magmas emplaced into the deep crust and modified by frac-
tional crystallization and subordinate assimilation of crustal
components; crustal melting (or, alternatively, large-scale as-
similation by mantle-derived magmas, according to other
workers) may have formed younger silicic rocks in the prov-
ince. They concluded that the Oligocene and Miocene
calc-alkaline part of the igneous province probably originat-
ed by subduction of oceanic lithosphere beneath western
North America and that east-northeast extensional deforma-
tion accompanied the magmatism.

The workshop ended on a thought-provoking, enigmat-
ic note with the suggestion by Felix Mutschler (E. Washing-
ton Univ.) and coauthors Edwin Larson (Univ. of Colorado)
and David Gaskill (USGS, Ret.) that the Colorado Plateau is
an isolated block of Proterozoic craton that was reduced in
size by the lateral encroachment of a series of Late Creta-
ceous to Holocene passive hotspots. They also see a modest
potential for alkaline-rock related gold mineralization in all
of the laccolith complexes, a point that was also made by
Michael Ross (UGS) in relation to the La Sal Mountains.

No attempt was made by the coordinators to achieve a
consensus on controversial points presented by different
authors.
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ABSTRACT

A Landsat 5 Thematic Mapper color-infrared composite
image highlights the geographic and geologic features of the
northern part of the Paradox Basin including the La Sal
Mountains laccolith complex. This image depicts the out-
crop pattern of Paleozoic, Mesozoic, and Cenozoic strati-
graphic units, using color distinctions based on spectral
characteristics of individual lithologies. Structures and
lithologies, presented in plan view, can be correlated with
geologic maps. Anticlinal and synclinal forms, surface
faults, domes and collapse structures, major river courses,
and intrusive laccolith centers align with major lineaments.
The image also yields evidence for the geologic processes of
superposition, antecedence, and subsurface salt solution with
concomitant valley floor subsidence, all of which have
shaped the region.

DESCRIPTION OF IMAGE

Many geographical and geologic features of the north-
ern part of the Paradox Basin are clearly visible on the ac-
companying satellite image (see frontispiece to this volume).
Feature locations are shown in the accompanying sketch map
(fig. 1).

The color-infrared composite (CIR) image was
acquired by the Landsat 5 Thematic Mapper (TM) on June
14, 1985 (Path 36, Row 33, Scene ID 45047017262x0). The
volume frontispiece is a subset of the TM scene. It has 4,834
scan lines and 4,673 pixels per scan line, and it covers an area
of 20,000 square kilometers at a resolution of 30 meters per
pixel. It has been saturation enhanced, using bands 4, 3, and
2 colored red, green, and blue, respectively, to increase its
color density. Saturation enhancement increases color purity
from pastel (colors with white added) to vibrant. The TM
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LANDSAT IMAGE, NORTHERN PARADOX BASIN 5

Figure 1 (facing page). Generalized geology of the northern part
of the Paradox Basin and the La Sal Mountains laccolith complex.
See frontispiece to this volume for color-infrared composite image
of the area.

image has been rectified and registered to a Universal Trans-
verse Mercator (UTM) grid, compatible with that used for
the USGS 1:250,000 geologic map series. However,
because of space restrictions, the image is reproduced here at
a scale of only 1:750,000. Crossticks on the image show
latitude and longitude coordinates at 30-minute intervals.

LITHOLOGY

Specific lithologies of the northern part of the Paradox
Basin (Williams, 1964; Williams and Hackman, 1971; Cash-
ion, 1973) correlate well with the color mapping on the TM
image. Shades of blue, green, and yellow are used to identify
various sedimentary units. Areas displayed in red delineate
regions with abundant vegetation; slightly vegetated regions
tend to be lighter in red. White and black areas are clouds
with shadows. Snow on the crests of the La Sal Mountains
is also mapped as white.

Sparsely vegetated shale, siltstone, mudstone, and
marlstone exposures of the Morrison Formation (Upper Ju-
rassic), Mancos Shale (Upper Cretaceous), Wasatch Forma-
tion (Eocene), and Green River Formation (Eocene) are
mapped in various shades of blue. Shale, siltstone, and mud-
stone exposures of the Morrison Formation appear as a
dark-blue mapped zone that trends east-west through the
mid-part of the image, marks the south side of the Grand
Valley, forms embayments in the Sagers Wash syncline and
the Courthouse syncline, and farther west, passes south of
the town of Green River, Utah. Further exposures of the
Morrison are present from the La Sal Mountains east into the
Uncompahgre uplift, although these exposures are mostly
masked (mapped red) by vegetation. Exposures of the Man-
cos Shale, mapped as light blue, trend east-west through the
north-central part of the image, following the Colorado Riv-
er and the south edge of the Uinta Basin, just north of the ex-
posures of the Morrison Formation, through Green River,
Utah. North of the outcrop area of the Mancos Shale, the
Wasatch and Green River Formations cover an extensive
region and are mapped as purple to dark blue.

Major sandstone units within this CIR image are
distinguishable according to the abundance of ferruginous
minerals in the rock, using the mapping colors green to
yellow. Ferric oxide-bearing red beds, such as the Cutler
Formation (Lower Permian), appear as green; less
ferruginous sandstones are mapped as green through
greenish yellow (Lower Jurassic Glen Canyon Group,
Middle Jurassic Entrada Sandstone, and the Upper
Cretaceous Dakota Sandstone and Mesaverde Group).
Non-ferruginous sandstones and unconsolidated sands are

mapped as light yellow to white. The color-infrared
composite image translates the visually red color of the
Cutler Formation into the bright-green image colors
immediately north, northeast, and west of the La Sal
Mountains. The Glen Canyon Group dominates the southern
half of the image; it includes the Wingate Sandstone and the
Kayenta Formation, which are usually dark to light olive
green in the image, and the Navajo Sandstone, which
appears light yellowish green. The Entrada Sandstone is
exposed in the San Rafael Desert, at the far southwest edge
of the TM image. It is partly covered by active sand dunes,
and appears light yellow to white. Both the Dakota
Sandstone, which forms thin hogbacks south of the Mancos
Shale, and the sandstone units in the Mesaverde Group,
exposed as dip slopes north of the Mancos Shale, are mapped
dull brownish olive-green.

STRUCTURE

Structurally controlled geomorphic features are promi-
nent in the TM image, and they clearly show the dominant
northwest and northeast trends found within the Paradox
Basin. Geomorphic features include salt-cored anticlines
and associated synclines, linear features in the clastic rocks,
doming around laccoliths, and collapse structures.

Baars and Stevenson (1981), Lee (1988), Friedman and
Simpson (1980), and Friedman and others (1994) have
mapped a series of northwest-trending lineaments using
Landsat Multispectral Scanner (MSS) data. The features
that compose these lineaments are visible on the TM image,
especially a prominent system of salt-cored anticlines and
associated synclines, which formed from late Paleozoic time
to the present. One conspicuous example, near the center of
the area, is the breached Salt Valley anticline, which is
flanked by the Courthouse syncline to the southwest and the
Sagers Wash syncline to.the northeast. Other principal
northwest-trending landforms north of the Colorado River
are the Moab anticline, the linear trend of the Green River,
and the eastern part of the Grand Valley. Just south of the
Colorado River are the Cane Creek, Spanish Valley, Castle
Valley, and Fisher Valley anticlines. Farther southeast, be-
yond the La Sal Mountains, red cultivated fields mark the
northwest-trending Paradox Valley anticline, and to the
north of it are two other northwest-trending features: the
Sinbad Valley anticline and the Dolores River alignment.
Also trending northwest are faults and joints produced dur-
ing Mesozoic and Cenozoic time by tectonic and halokinetic
processes, and by valley-floor subsidence over the axial
zones of salt-cored anticlines (Hite and Lohman, 1973).

Many of the northeast-trending lineaments represent
joints, faults, and other surface fractures (Lee, 1988; Fried-
man and others, 1994). These linear features are expressed
within the present TM image as small discontinuous trends
to the northeast. An exception is the Colorado River
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lineament, which trends northeast parallel to or coincident
with the Colorado River Valley throughout this image.

The La Sal Mountains laccolith complex was em-
placed at the intersection of major northeast- and north-
west-trending lineaments (Friedman and others, 1994).
The La Sal Mountain peaks trend along a line to the north-
east, whereas most of the individual laccoliths, as well as
the axes of folding in the overlying sedimentary rocks, fol-
low the underlying structural trend to the northwest (Hunt,
1983). The North La Sal Mountain laccolith center, now
exposed through erosion, is elongated along the Castle
Valley and Paradox Valley anticlines.

PROCESSES

Tectonic, sedimentary, erosional, and igneous process-
es have shaped the region. Tectonic uplift has created the
Uncompahgre Plateau northeast of the tectonic line marked
by the Uncompahgre fault, while crustal downwarping has
created the Paradox and Uinta Basins. The evolving marine
and lacustrine environments have controlled sedimentation
of facies ranging from evaporites to sandstone to shale. In
this area, the shallow northward regional dip and differential
erosion have resulted in a pattern that appears as a younging
of the formations from the south edge to the north edge of the
TM image area.

Uplift of the Colorado Plateau during the Laramide
orogeny has led to downcutting and differential erosion.
Antecedent cross-axial drainage is demonstrated by the
greater incision of streams and rivers to the southwest (Hunt,
1983), where the Green and Colorado Rivers join. Differen-
tial erosion has formed massive sandstone cliffs and mesas
to the south and has left the more readily eroded thick shale
units exposed in protected valley slopes and bottoms to the
north.

The locations of major river channels were controlled
by several processes. The Green, Colorado, and Dolores
Rivers, as well as the southwest-flowing streams that exhibit
a trellis drainage pattern north and east of the Ryan Creek
fault zone on the east-central part of the image area, have
been locked into position along zones of structural weakness
(Maarouf, 1983). These rivers follow deep-seated structures
but have local deviations. Locally, the meanders of the
Green River have been incised into the Glen Canyon Group
(southwestern part of image area); farther north, the Green
River’s course is horizontally displaced by faulting (south of
Green River, Utah). The Colorado River locally flows
around the noses of plunging anticlines (Case, 1991).
Erosion and downcutting by the Dolores River has breached
the Sinbad Valley salt-cored anticline, causing collapse of
the clastic rock beds over the anticlinal core and producing
vertical walls. Erosion has also exposed the laccolith com-
plex within the La Sal Mountains, stripping back the cover
of clastic rock units; this feature is especially prominent on

the northeast flank of the domal uplift of the North La Sal
Mountain laccoliths.

SUMMARY

The CIR image can be used to visualize, confirm, and
supplement features mapped by geologic field methods and
photogeology. In addition, many lithologies are distinguish-
able by spectral color differences, which also sharply outline
areas of regional dip, laccolithic doming, and anticlinal
collapse.
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ABSTRACT

Residual isostatic gravity and aeromagnetic total-inten-
sity maps of a 5°x10° region centered on the northern
Colorado Plateau reveal a first-order correlation of basement
anomalies with structural (topographic) relief on the surface
of Precambrian crystalline basement over the plateau’s inte-
rior. Anomaly trends reflect a mosaic of generally northeast
and northwest striking basement features. A pattern of arc-
uate structures peripheral to the plateau is interpreted as a
manifestation of radial outward tectonic extension super-
posed on Laramide structures and the mainly westerly to
southwesterly extension of neighboring provinces. The radi-
al component may be attributable to gravitational collapse
concomitant with mainly Neogene regional uplift. An earli-
er mid-Tertiary plateau uplift of lesser amount, accompanied
by voluminous peripheral magmatism, was probably related
to Laramide subduction, but Neogene activity is believed to
be a consequence of the rise and lateral spreading of anoma-
lously hot, low-density upper-mantle asthenosphere that is
the source of long-wavelength topographic, geoidal, and
Bouguer gravity anomalies of the U.S. western interior. This
relatively stationary mantle feature, perhaps indirectly a
product of several hundred million years of east-dipping
subduction, is also the cause of the Yellowstone hotspot and
the Alvarado Ridge of Colorado and New Mexico.

INTRODUCTION

Geophysical investigations of the Colorado Plateau and
its margins have utilized data from seismic reflection and re-
fraction profiles, earthquake traveltime studies, heat-flow
measurements, paleomagnetic studies, in situ stress mea-
surements, and regional stress analysis based on structural
data, magnetotelluric soundings, and reconnaissance poten-
tial-field surveys. Results of most work prior to about 1978
have been discussed by Thompson and Zoback (1979), and
comprehensive overviews of more recent work can be found
in a series of papers on the geophysical framework of the
conterminous United States (Pakiser and Mooney, 1989). In
this report we consider mainly the residual isostatic gravity
and aeromagnetic total-intensity anomaly fields plotted from
data of the North American Data Set (available from the Na-
tional Geophysical Data Center (NGDC), Boulder, Colo.)
for the northern Colorado Plateau and parts of adjacent prov-
inces in Colorado, Utah, Nevada, Arizona, and New Mexico
(roughly an area bounded by long 105°-115° W. and lat
36°-41° N.). First we describe the residual fields and
comment on some of the most prominent anomalies. We
compare plateau basement anomalies with known structural
(topographic) relief on the surface of the Precambrian
(Butler, 1991), searching for indications of deep-seated
influences on the disposition of Tertiary laccolithic centers.

Next we examine anomaly trends both on the plateau and in
surrounding regions. Finally, we remark on the possible
significance of these trends with respect to the tectonic evo-
lution of the region and mid- to late-Cenozoic magmatism.

For geologic interpretation of the potential-field data
we used State geologic maps published at scales of
1:500,000 (Wilson and others, 1969; Stewart and Carlson,
1978; Tweto, 1979a; Hintze, 1980) and 1:1,000,000 (Hintze,
1975; Stewart and Carlson, 1977; New Mexico Geological
Society, 1982; Tweto, 1987; Reynolds, 1988; Western
Geographics/Colorado Geological Survey, 1991; Western
Geographics/Geological Survey of Wyoming, 1991), as well
as regional geophysical maps at these scales (Sauck and
Sumner, 1970a, b; Zietz and Kirby, 1972a, b; Aiken, 1975;
Zietz and others, 1976, 1977; Cordell and others, 1982;
Cordell, 1984; Keller and Cordell, 1984; Saltus, 1988;
Hildenbrand and Kucks, 1988; Cook and others, 1989;
Abrams, 1993). These included maps of the Bouguer and
isostatic gravity anomalies, aeromagnetic total-intensity
anomaly, aeromagnetic anomaly reduced to pole, and select-
ed derivatives of these parameters. Smaller-scale maps that
were used include (1) wavelength filtered gravity maps of
Hildenbrand and others (1982) and Kane and Godson
(1989); (2) a wavelength terrain map of Kane and Godson
(1989); and (3) basement and tectonic compilations of
Bayley and Muehlberger (1968), Bayer (1983), Muehlberg-
er (1992), and Reed (1993). Reed’s (1993) basement com-
pilation is also overprinted on isostatic residual gravity and
magnetic anomaly maps of the conterminous United States
(Jachens and others, 1993, and Committee for the Magnetic
Anomaly Map of North America, 1993, respectively).
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GRAVITY FIELD

Residual isostatic gravity anomalies for the study area
are shown on the color-contour map of figure 1A. This
map is based on an Airy-Heiskanen isostatic model that
uses a crustal thickness of 35 km, a topographic load densi-
ty of 2.67 g/cm3, and a density contrast across the isostatic
root of 0.35 g/cm3 (Simpson and others, 1986), computed
at a grid interval of 4 km. This figure for crustal thickness
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is probably low, considering the average thickness of
4045 km determined from long-range seismic refraction
profiles (Prodehl and Lipman, 1989) and the 50- to 52-km
average derived from COCORP deep reflection data (Haus-
er and Lundy, 1989). However, the residual anomalies
over the plateau are only weakly model-dependent, so as a
matter of expediency we did not recompute using the larger
figure. On the other hand, the data supplied at 4-km grid
spacing were regridded at 2 km to improve the visual effect
of the contoured product. The map projection used for this
and for figures 1B, 2A, and 2B is Albers Conical Equal Ar-
ea, with standard parallels of 29.5° N. and 45.5° N.

The anomaly field as rendered in figure 1A, with a color
interval of 5 mGal, emphasizes only the most strongly posi-
tive (yellow and red) and most strongly negative (dark blue
and purple) areas; anomalies with amplitudes in the range
—25 to about +10 mGal are much less conspicuous, although
perhaps no less significant.

Figure 1B shows loci of maximum horizontal anomaly
gradients computed from data of figure 1A, using software
developed by Blakely and Simpson (1986). The gradient
maxima approximately coincide with surface projections of
steep upper-crustal density discontinuities. Notably strong
gradients are distinguished in the figure by hachures on the
side of lower anomaly values. This figure also provides se-
lected geologic and geographic information, as explained in
table 1. The thick dashed line on the figure is the outline of
the northern plateau according to Bayer (1983).

As expected, broad anomaly lows mark the principal
sedimentary basins of the northern Colorado Plateau—the
Uinta (UB), Piceance Creek (PB), Paradox (PXB), San
Juan (SJB), and Kaiparowits (KB) Basins (fig. 1B). The
lows are caused by thick, relatively low density sedimenta-
ry sections above structural depressions in the basement.
Major basins peripheral to the plateau, including the North
Park (NP), Salt Wash (SWB), Washakie (WB), and Bear
River (BRB) Basins, and basins of the Virgin River depres-
sion (VRD), also have associated gravity lows, presumably
of similar origin. However, two of the largest negative
anomalies, both in breadth and amplitude, are not over dep-
ositional basins but over mid-Tertiary volcanic fields—the
San Juan field (SJV) and the West Elk and Thirtynine Mile
fields (WEV and 39MV). These lows are at least in part
due to penecontemporaneous granitoid batholiths in the
substrate—the roots of the volcanic systems. To an un-
known extent, the lows probably also reflect the presence
of intrusions of Laramide and Proterozoic age (Steven,
1975; also see Case, 1965; Plouff and Pakiser, 1972; Tweto
and Case, 1972). The lows correspond closely to Phanero-
zoic “perforations” of the Precambrian basement as in-
ferred by Tweto (1987). Prominent lows in the upper
Sevier River basin region (USB), and in the Caliente
(CCCQ), Indian Peak (IPCC), and Marysvale (MV) volcanic
centers of the Pioche-Marysvale belt in southeastern
Nevada and southwestern Utah (see Rowley and others,

this volume) are probably also caused in part by concealed
intrusives of mid-Tertiary age.

Areas of exposed Precambrian rock generally coincide
with gravity highs. However, Precambrian rocks that crop
out along the southwest front of the Uncompahgre uplift
(UU) typically coincide with relative gravity lows, because
of the low-angle contact between overthrust crystalline rock
and low-density sedimentary rock of the Paradox Basin
(PXB). (For seismic evidence of this relationship see
Frahme and Vaughn, 1983.) Gravity is also relatively low in
the Needle Mountains (NM) of southwestern Colorado and
in much of the Front Range (FR) and Rampart Range (RR).
Anomalously low gravity values in Precambrian crystalline
terrane may reflect a predominance of silicic intrusive or
metaclastic rock in the section. Where the exposed Precam-
brian section consists of sedimentary rocks yet is associated
with an isostatic anomaly high, as in the Uinta Mountains
(UM) and in the Canyon Mountains (CYM) of the eastern
Great Basin, the residual isostatic high can be attributed to
undercompensation of the range (regional rather than local
compensation) or to a mean density of topography in excess
of the reduction density (2.67 g/cm?).

AEROMAGNETIC FIELD

A map of the anomalous aeromagnetic total-intensity
field of the region is shown in figure 2A. Data are from the
North American compilation (Committee for the Magnetic
Anomaly Map of North America, 1987) and were supplied
as Definitive Geomagnetic Reference Field (DGRF) residu-
als at a 2-km grid interval and subsequently reduced to the
north geomagnetic pole with the assumption of magnetiza-
tion parallel to the inducing field. Itis conceivable that some
anomalies that appear on the map are strictly artifacts, the re-
sult of errors introduced during digitization of analog
records (most data were obtained from surveys performed in
the 50’s and 60’s), for example, or during the manual
merging of data from blocks flown at different times with
different specifications, which can produce spurious anoma-
lies of any spatial wavelength. Also, anomalies with short

Figure 1 (following pages). [sostatic residual gravity features of
the northern Colorado Plateau and vicinity. A, Anomaly map.
Color interval 5 milligals. Reductions based on Airy-Heiskanen
model using the following parameters: crustal density (Ap)
(topography) = 2.67 g/lem?, density contrast (Ap) (crust/upper
mantle) = 0.35 g/cm?; crustal thickness (T) = 35 km (Simpson and
others, 1986). Data from Geophysical Data Center, National
Oceanic and Atmospheric Administration, Boulder, CO (North
American Data Set, 4-km grid, regridded at 2 km). B, Loci of
maximum horizontal gradients computed from isostatic residual
gravity anomaly data of A. Teeth point in direction of lower
anomaly values where gradients are strong. Symbols explained in
table 1.
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TABLE 1. Explanation of patterns and symbols used on figures 13 and 2B.

[Names of cities and towns in italics]

Fault

Outline of Colorado Plateau

Cenozoic and Mesozoic
intrusive rock

O

AM

BAF
BB
BDM
BMB
BRB
BRD
BVI

CCC
CCu
CcM
CMD
CR
CV
CYM
CZM

DB
DCA
DCR
DEN
DFU
DU

| Precambrian sedimentary rock
- Precambrian crystalline rock

City

Abajo Mountains

Bright Angel Fault
Blanding Basin

Beaver Dam Mountains
Black Mesa Basin

Bear River Basin

Black Rock Desert

Bull Valley intrusion

Caliente caldera complex
Circle Cliffs Uplift
Cricket Mountains

Cedar Mountains dikes
Confusion Range

Castle Valley

Canyon Mountains
Carrizo Mountains

Denver Basin
Douglas Creek Arch
Deep Creek Range
Denver

Defiance Uplift
Durango

EB
EHV
EM

FM
FR

G-GF
GJ

Escalante Basin
Elkhead volcanic field
Elk Mountains

Frenchman Mountain
Front Range

Grand Wash—Gunlock Fault
Grand Junction

GSLD Great Salt Lake Depression

HF
HM

IPCC
ISI

IC

KU
KV

LPM
LSM
LV

M
MBF
MBM
MD
MM
MMI

Hurricane Fault
Henry Mountains

Indian Peak caldera complex
Iron Springs intrusions

Jemez caldera complex

Kaiparowits Basin
Kaibab Uplift
Keetley volcanic field

Leadville

La Plata Mountains
La Sal Mountains
Las Vegas

Marysvale

Mesa Butte Fault

Medicine Bow Mountains
Mormon dome

Mineral Mountain

Mineral Mountains intrusion

MR  Mosquito Range

MS  Middle Sevier Valley
MU  Monument Uplift

MV  Marysvale volcanic field
NJM Navajo Mountain

NM  Needle Mountains

NP  North Park

P Pioche

PB Piceance Creek Basin

PF Paunsaugunt Fault

PKR Park Range

PP Pikes Peak batholith

PR Price

PRR Promontory Range

PVR Pavant Range

PXB Paradox Basin

PXV Paradox Valley

RB  Raton Basin

R-EHU Ruby-East Humboldt uplift
RGR Rio Grande Rift

RM  Rico Mountains

RR  Rampart Range

SCM Sangre de Cristo Mountains
SCR  Schell Creek Range

SF Sinyala Fault

SFM San Francisco Mountains
SG St George

SJB  San Juan Basin

SJV  San Juan volcanic field
SLC  Salt Lake City

SLV
SO
SP
SPV
SR
SRM
SRS
SRU
SUM
SV
SWB

WB
WEV
WM
WP
WRU

39MV Thirty-nine Mile volcanic field

4C

San Luis Valley

Sevier oval!

South Park

San Pitch Valley
Sawatch Range

Sheep Rock Mountains
San Rafael Swell
Snake Range Uplift
Sleeping Ute Mountain
Salt Valley

Salt Wash Basin

Taos

The Coxscomb
Tavaputs Plateau
Toroweap-Sevier Fault

Uinta Basin

Upheaval Dome

Uinta Mountains

Upper Sevier River Basin
Uncompahgre Uplift

Virgin Mountains
Virgin River depression

Washakie Basin

West Elk volcanic field
Wet Mountains
Wasatch Plateau
White River Uplift

Four Corners

! Informal designation by T.A. Steven, in Mabey and Budding (1987).
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wavelengths relative to the flight-line spacing (typically 2-5
km over the Colorado Plateau) probably do not accurately
reflect the areal extent of their source rocks; indeed, distur-
bances due to some intensely magnetized but very localized
and depth-limited sources may have been missed entirely,
depending upon source location with respect to the flight
path. A further filtering effect is imposed by the 2-km
gridding.

With these caveats, the map of figure 2A can serve to
illuminate many important structural and lithologic relations
not evident on the gravity map (fig. 14) nor on geologic com-
pilations. Color is a useful adjunct; the interval employed
here is 50 nanoteslas (nT). We caution, however, that choice
of any particular color scheme can result in visual emphasis
or de-emphasis of certain features.

Figure 2B shows trends of horizontal gradient maxima
of the magnetic field, as estimated by inspection of figure 2A.
The trends are depicted on the same geologic and geographic
base as used for figure 1B. We elected not to compute a new
gradient map, in view of the constraints of the initial data sets
and the compositing procedure, with their implied uncertain-
ties in gradient magnitudes. Figure 2B can be considered to
indicate approximate margins of major magnetic source
bodies, although, analogous to the gravity case, the maxi-
mum gradient will directly overlie the upper edge of the
boundary only where the magnetization boundary is vertical
(and magnetization is parallel to the Earth’s field). The de-
picted trends are commonly discontinuous, with many short
segments that in aggregate create a somewhat “noisy” pat-
tern overall, corresponding to the abundance of short-wave-
length anomalies on the total-intensity map. (See below.)
Aspects of this pattern are addressed in the section on region-
al trends.

Although the northern Colorado Platcau s
predominantly a region of essentially nonmagnetic rocks in
surface exposures (upper Paleozoic to Cenozoic sedimenta-
ry strata), it displays a remarkably rich and varied fabric of
aeromagnetic anomalies (fig. 24). Moreover, its mean
residual-intensity level is higher than that of neighboring
provinces to the west and east. (See fig. 2A.) Overall high-
er intensity here than in the Basin and Range province has
been attributed to a higher effective crustal susceptibility
or, alternatively, to a deeper regional Curie isotherm in the
Colorado Plateaus province (Shuey and others, 1973). A
regional magnetic-intensity boundary occurs well within
the physiographic province boundary of the west side of the
plateau, and approximately coincides with major lateral
changes in other geophysical parameters (seismic
refraction, geomagnetic variation) and geochemistry, as
pointed out by Shuey and others (1973). The magnetic
boundary also closely follows the Basin and
Range—Colorado Plateau structural boundary; that is, it is at
the eastern limit of basin-range-style extension. On the
map of figure 2A the magnetic boundary appears as a set of
en echelon color breaks that coincide, in part, with the

Hurricane  (HF)-Toroweap-Sevier (T-SF)-Paunsaugunt
(PF) family of high-angle normal faults that produce suc-
cessive down-to-the-west offsets of the Precambrian crys-
talline basement. “Basement” in much of the eastern Great
Basin probably consists of Mesozoic and Cenozoic grani-
toid batholithic rocks emplaced above the relatively more
magnetic Precambrian crystalline basement (Eaton and
others, 1978).

East of the plateau, in the Southern Rockies, a lower
mean intensity level is indicated by the prevalence of blues
and deep greens in figure 2A. The extensive areas of very
low field intensity in this province include areas inferred to
be underlain by granitic batholiths and the deep basins of the
northern Rio Grande Rift system (RGR). For example, con-
cealed mid-Tertiary batholiths are probably responsible for
low aeromagnetic intensity (as well as for low gravity anom-
aly values; see above) over much of the San Juan and West
Elk volcanic fields (SJV, WEV) in western Colorado, and
the partly concealed Proterozoic Pikes Peak batholith (PP)
produces a substantial acromagnetic anomaly depression.
Sources of less intense long-wavelength lows in the South-
ern Rockies include thick blankets of sedimentary and vol-
canic strata, and weakly magnetic metamorphic belts of the
Precambrian crystalline basement.

Comparison of the aeromagnetic and gravity anomaly
fields (figs. 1A and 2A) over exposed Precambrian terrain in
the Southern Rocky Mountains province shows that highs
and lows of the two sets most commonly do not coincide.
Several factors probably combine to account for this lack of
agreement: the magnetic data are reduced to the pole but are
not pseudogravity anomalies, and therefore depth-limited
sources should produce flanking negative anomalies; the ori-
entation of the magnetization vector is not necessarily paral-
lel to the present Earth’s field, due to remanence; anomalous
magnetic fields are more sensitive to source depths than are
anomalous gravity fields; and above all, magnetic heteroge-
neity obviously need not always correspond directly to den-
sity variations. The same general characteristics should also
apply to fields produced by the concealed basement complex
beneath the Colorado Plateau, and thus it is not surprising
that discrete acromagnetic and gravity anomalies on the
plateau also typically do not coincide. However, broad
zones of strong aeromagnetic anomaly relief on the plateau
roughly correspond to zones of high gravity, and both data

Figure 2 (following pages). Aeromagnetic features of the north-
ern Colorado Plateau and vicinity. A, Aeromagnetic residual
total-intensity map (data reduced to the pole). Color interval 50
nanoteslas. Data from Geophysical Data Center, National Oceanic
and Atmospheric Administration, Boulder, Colo. (North American
Data Set, 2-km grid). B, Loci of maximum horizontal gradients
visually estimated from residual aeromagnetic total-intensity data
of A. Teeth point in direction of lower anomaly values where
gradients are strong. Symbols explained in table 1.
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sets tend to reflect large-scale structural relief on the surface
of the crystalline basement, as will be documented in the
following section.

In general, high-frequency (short spatial wavelength)
subcircular anomalies are more conspicuous on the
aeromagnetic map than on the corresponding gravity map,
because of the widespread occurrence of surface or
near-surface rocks that have much stronger local magnetiza-
tion contrasts than density contrasts. The aeromagnetic map
itself can be subdivided on the basis of relative abundance of
short-wavelength anomalies. The field of the Colorado
Plateau south of about lat 39° N., for example, seems to con-
tain more fine structure than does the field of terrain farther
north. Short-wavelength anomalies with steep gradients in
the southerly domain suggest a relative abundance there of
strongly magnetic sources above the basement. Such
anomalies commonly coincide with hypabyssal intrusions,
including mafic volcanic rocks and plugs as well as granitoid
stocks and laccolithic bodies. Local anomalies in the Henry
(HM) and La Sal (LSM) Mountains can be unequivocally
attributed to exposed laccoliths, as can the anomaly over
Sleeping Ute Mountain (SUM) in southwestern Colorado.
Navajo Mountain (NJM), on the Utah-Arizona border, is
represented by only a weak local anomaly, even though it
also appears to consist largely of intrusive rock; the structure
of Navajo Mountain is domoform, and syenite is exposed
near the mountain crest (Condie, 1964). Strong residual
positive anomalies in northeasternmost Arizona (the
subcircular, short-wavelength features south and west of the
Carrizo Mountains, CZM) are due to intrusive basaltic plugs
near Canyon de Chelly and Monument Valley (Sumner,
1985). Many other examples can be cited to illustrate the
relation of local anomalies to exposed igneous bodies on the
plateau, yet many such sources are not exposed and remain
speculative. We consider that most supra-basement sources
that have no surface expression are likely to be highly
magnetic Tertiary hypabyssal intrusions that failed to breach
the level of the present erosion surface.

On the Colorado Plateau another, perhaps unexpected
source may contribute to the mapped field—namely clinker,
the remains of subterranean coal fires. Pyrometamorphism
of overlying sedimentary rocks (Cosca and others, 1989) has
been known to produce extremely strong local magnetic
anomalies (for example, see Hasbrouck and Hadsell, 1978;
Bartsch-Winkler and others, 1988, p. 11), which could reg-
ister on an airborne detector if the clinker is overflown.

Twin west-northwest-aligned, intense, subcircular
anomaly highs near the confluence of the Green and Colo-
rado Rivers in Utah (fig. 2A, B), are of special interest
among speculative sources because the more western of the
two almost exactly coincides with Upheaval Dome (UD),
which has been interpreted as an impact structure (Shoemak-
er and Henenhoff, 1984; also see Huntoon and Shoemaker,
unpublished manuscript, 1994 GSA Rocky Mountain Sec-
tion Field Trip no. 5). However, some workers attribute the

structure to salt diapirism or salt extrusion (see Mattox,
1975, and Schultz-Ela and others, 1994). In contrast to Up-
heaval Dome, terrane around the eastern (Grays Pasture)
anomaly is not structurally disrupted. Early (Joesting and
Plouff, 1958) and recent (V.J.S. Grauch and G.A. Swayze,
U.S. Geological Survey, oral commun., 1994) investigations
have indicated that the anomaly sources crest within the
sedimentary section, well above the general level of the
Precambrian crystalline basement. The alignment of the
dumbbell-shaped combined twin anomalies is parallel to the
regional structural grain. Thus they may be due to
fault-controlled, possibly laccolithic, intrusions and may
have only a fortuitous relation to Upheaval Dome if indeed
that structure is an astrobleme. Alternatively the structural
disturbance may prove to have been produced by salt
mobilization triggered by igneous intrusion.

BASEMENT OF THE COLORADO
PLATEAU

In figure 3 we reproduce part of a newly completed
map of the central and southern Colorado Plateau and vicin-
ity showing elevation on the surface of the Precambrian
basement (Butler and Kirkpatrick, in press). This map is an
updated version of an earlier release (Butler, 1991). In the
current version, basement elevations have been determined
at a total of 3,763 control points, using outcrops of Precam-
brian rock on the plateau periphery (about a quarter of all
data points), borehole data (340 out of 533 well logs exam-
ined yielded basement intercepts, and basement depths for
the remaining wells were estimated by extrapolation of the
stratigraphic data), seismic picks (from about 50 record sec-
tions), and depth estimated from a variety of published maps
and stratigraphic sections. The irregularly spaced data were
then gridded and computer contoured. As these maps were
prepared primarily for use in petroleum resource assess-
ment, elevations are shown in thousands of feet rather than
meters. The map scale for figure 3 is the same as for the
potential-field maps of figures 1 and 2, but coverage does
not extend north of the Paradox Basin and about 40 percent
more area to the south of the current study area is included.

A gentle overall northeasterly tilt of the plateau base-
ment can be discerned from the contours; this tilt conforms
to the structure of the plateau as a whole, which resembles a
tilted saucer. (See Hunt, 1969, fig. 62. Hunt’s structure con-
tour map was drawn on the top of the Lower Permian Kaibab
Limestone.) Where figure 3 overlaps with the geophysical
data, we find a convincing correlation of basement structural
highs with gravity anomaly highs, particularly in the
Defiance (DFU) and Monument (MU) Uplifts near the Four
Corners, the San Rafael Swell (SRS) in the north, and the
upthrown sides of major north-northeast-trending normal
faults on the west, such as the Hurricane and
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Toroweap-Sevier zones. Correlation of basement highs with
magnetic anomaly highs is less distinct, probably as a result
of significant lateral heterogeneity of magnetization in the
Precambrian section. However, the mapped southwestern
margin of the Uncompahgre crystalline block has a well-de-
fined aeromagnetic signature, even though this margin typi-
cally has a negligible gravity expression. (See discussion of
gravity anomalies, above.) The signature results from
strongly magnetized upper-plate crystalline rocks at or near
the surface. Most basement uplifts on the plateau originated
as Laramide compressional strucures (Coney, 1976), strong-
ly influenced however by the preexisting tectonic fabric. On
the western margins, where basin-range-style extension has
encroached on the plateau, basement uplifts have developed
as a result of tilting of large blocks on normal faults. Many
plateau uplifts were later beveled by erosion and then reju-
venated.

The influence of deep-seated basement structures on
the disposition of Tertiary laccolithic igneous centers of the
northern Colorado Plateau is at most only weakly expressed
at the map scale of figures 1-3. From these maps, we sur-
mise that most igneous centers are located on the flanks of,
or between, major basement uplifts rather than on their
crests, which suggests structural control by deep-seated
faults on the flanks of the uplifts rather than by flexure axial
planes. However, when more detailed aeromagnetic maps
are consulted, for instance maps at scales of 1:500,000 and
larger, the influence of older, regional structures on laccolith
emplacement is sometimes quite evident. For example, in-
trusions in the La Sal Mountains are elongated northwester-
ly, following the axial trend of the Castle and Paradox
Valleys (CV, PXV) and other trends in the anomaly field that
reflect the structural grain of the Precambrian basement
(Joesting and Case, 1960; Case and Joesting, 1972). Also,
centers in the Henry Mountains and dikes in the Cedar
Mountains complex (CMD) are aligned north-northwesterly,
in agreement with regional basement trends deduced from
the acromagnetics.

REGIONAL ANOMALY TRENDS

Loci of horizontal anomaly gradient maxima displayed
in figures 1B and 2B delineate relatively steep density and
magnetization contrasts, and therefore tend to highlight
lithologic boundaries such as those produced by high-angle
faults or steep-sided igneous intrusions. Where the causal
structures dip at significantly less than vertical angles, the
loci are nevertheless indicative of structural trends. In the
following paragraphs we discuss groups of anomaly trends
with more or less common orientation.

Northwesterly trends are conspicuous on both gravity
and aeromagnetic maps (figs. 1B and 2B; refer also to figs.
1A and 2A) and occur throughout the study area. They are
probably most prominent in the central part of the gravity

map (fig. 1B), particularly in the Southern Rockies. On the
Colorado Plateau, they are parallel to (or in some cases coin-
cide with) mapped faults of Paradox Valley and the Un-
compahgre Front, including structures on which the earliest
movement dates at least as far back as late Paleozoic time
(Stokes, 1982) and perhaps earlier (Larson and others,
1985).

Northeasterly trends are also found on both data sets
(figs. 1B, 2B) but are most strongly expressed in the aero-
magnetics (fig. 2B). In the southern and southeastern parts
of the study area, northeasterly aeromagnetic trends align
with the Sinyala, Mesa Butte, and Bright Angel fault zones
and their inferred extensions across southeastern Utah and
into Colorado (Case and Joesting, 1972; Shoemaker and oth-
ers, 1978; Sumner, 1985). These fault zones and their north-
eastern extensions, along with parallel but less prominent
structures, compose a broad northeast-trending belt (fig. 4)
referred to as the Colorado lineament (Warner, 1978, 1980).
Approximately at the southeast margin of the lineament belt
is the Laramide and post-Laramide Colorado mineral belt
(Lovering and Goddard, 1950; Tweto, 1968). Northeasterly
anomaly trends also track the Jemez (Springerville-Je-
mez-Raton) lineament of northern New Mexico (Chapin and
others, 1978; Aldrich, 1986; Lipman, 1980; see also Cordell
and Keller, 1984). The Jemez lineament (J, fig. 4; also see
fig. 6), about 200 km southeast of and parallel to the Colo-
rado lineament (Colorado mineral belt), consists of a north-
east alignment of several Neogene volcanic fields, including
the Jemez caldera complex (JC). The significance of the Je-
mez and other northeast-trending Neogene volcanic linea-
ments of the Cordillera will be addressed in the next section.
Sources of northeasterly anomaly trends on the Colorado
Plateau include rejuvenated Precambrian and Paleozoic
structures. (See, for example, Tweto and Sims, 1963.) Prob-
ably most structures delineated by trends of either northeast
or northwest orientation involve offset of plateau strata (See,
for example, Davis, 1978; Stevenson and Baars, 1986), but
many do not closely correspond to any mapped features and
may involve only rocks of the crystalline basement.

Northerly trends are present mainly in the eastern and
western marginal zones of the northern plateau and in bor-
dering domains, reflecting structures associated with the
northern Rio Grande Rift on the east (the source of both
gravity and aeromagnetic trends) and with Basin and Range
faulting on the west (especially well expressed by gravity
trends). On both sides of the plateau these trends tend to be
arcuate and concave inward, toward the medial region of the
plateau.

Trends oriented approximately east-west are well ex-
pressed by potential-field data over the east and west flanks
of the Colorado Plateau in belts that include the axis of the
San Juan volcanic field (Steven, 1975; Steven and others,
1984) and the Pioche-Marysvale igneous belt (P to M on fig.
2B) (Shawe and Stewart, 1976; Stewart and others, 1977;
Rowley and others, 1978). Broad, irregular but east-west
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Figure 4.

Index map of a part of western North America, showing location of some

large-scale tectonic features mentioned in the text. The Colorado lineament is sketched from
Warner (1980, fig. 3); eSRP (eastern Snake River Plain-Yellowstone), SG (St. George), and J
(Springerville-Jemez-Raton) lineaments (heavy dashed lines) are upper-mantle seismic low-ve-
locity zones that coincide with Neogene volcanic trends, as indicated by Humphreys and Dueker
(19944, fig. 2); the Reno—San Juans magmatic zone (hachured band, R-SJ MZ) is after Nelson
and others (1992, fig. 1); the 38th Parallel lineament (queried where highly uncertain) is after
Heyl (1972, fig. 1); and the Cascadia subduction zone, a surviving remnant of the Pacific sub-
duction zone after 30 Ma, is from Atwater (1989, fig. 9). The crestal province of the Alvarado
Ridge (shaded area bounded by solid line) is from Eaton (1986, fig. 1). Stippled areas denote
the central and southern sectors of the Intermountain seismic belt, after Smith and others (1989,
fig. 21). Base map with physiographic provinces is adapted from Stewart (1978, fig. 1-2).

elongated gravity lows are associated with root structures of
the San Juan volcanic field and the Pioche-Marysvale igne-
ous belt. The approximate alignment of these features with
igneous centers between Pioche and Reno, Nevada, and the
penecontemporaneity of their magmatic activity with that of
laccolithic centers in southern Utah have suggested to some
workers the existence of a more or less continuous,
Oligocene to early Miocene magmatic zone extending
east-west through Nevada, Utah, and western Colorado,
termed the “Reno-San Juans magmatic zone” (Sullivan and
others, 1991; Nelson and others, 1992; see also Rowley and

others, this volume). If the full width of this zone (fig. 4) can
be considered to approach two degrees of latitude (about
36°45' N. to 38°45' N.), then it encompasses all known lac-
colithic centers of the northern Colorado Plateau. Further, it
is aligned with the 38th Parallel lineament (fig. 4), a zone of
wrench faulting and other structural disturbances, locally ac-
companied by igneous activity and mineralization, which
extends westward through the Eastern and Central United
States and has been intermittently active from Cambrian
until at least early Tertiary time (Heyl, 1972, 1983; Lidiak
and Zietz, 1976). No clearly defined geophysical trends
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indicate structural continuity between either Marysvale and
the San Juans, or the San Juans and the 38th Parallel linea-
ment, however, and the implications of their alignment are
unclear. We note that the 1,000-km-long Reno—San Juans
magmatic zone 1is oriented roughly normal to the
mid-Tertiary to present Cascadia subduction zone (fig. 4)
and by inference, to the corresponding segment of the Pacific
subduction zone that preceded it, as well as to the orientation
of the associated mid-Tertiary magmatic arc. Thus it may be
an intracontinental analog to a leaky transform zone of
seafloor-spreading models.

Other prominent trends of the east-west set occur well
north of Colorado Plateau laccolith centers, in the
north-central part of the study area (Uinta Mountains, Uinta
Basin, and Tavaputs Plateau). Long, arcuate,
concave-to-the-south trends on the gravity map (fig 1B)
delineate master faults of the Uinta block, which have
produced substantial offsets of the Precambrian basement.
Faults of the Tavaputs Plateau and associated blocks (includ-
ing the southern margin of the Uinta Basin) are reflected in
strong magnetic trends that are less continuous than those
bounding the Uinta block, and mostly straight, with little
surface expression.

In sum, northeasterly (Colorado mineral belt) and
northwesterly (Paradox Basin) trends are prevalent over
large areas, both inside and outside the plateau margins;
northerly trends are best developed outside the plateau in the
extreme east (Front Range; Rio Grande Rift) and extreme
west (Basin-Range); and easterly trends are also most strong-
ly expressed outside the plateau (San Juan Mountains and
Pioche-Marysvale areas). However, in many areas no trend
dominates but, rather, trends are mostly curvilinear. Arcuate
anomaly trends form a swath that envelops the northern
plateau. The swath includes elements internal as well as
external to the plateau, but their arcuate character is much
less conspicuous in the interior. The center of curvature of
arcuate elements seems to be in a region west or southwest
of the Four Corners, near the Carrizo Mountains (CZM),
where gravity trends are weak and most magnetic trends are
northeasterly to northwesterly, reflecting the structural fabric
of the basement. This region is also near the geographical
center of the plateau.

The symmetry of the pattern of arcuate trends with
respect to the northern plateau, particularly those derived
from gravity data (fig. 14, B), suggests a genetic relationship
between the causal structures and the tectonic evolution of
the plateau. In many places, the sources are clearly identified
as mapped faults or fold axes. (For example, compare
Hamilton, 1988, fig. 1.) Steep density discontinuities
indicated by prominent horizontal gradients of gravity
commonly are located at or near mountain fronts (they are
produced by the contrast between basin fill and bedrock of
any lithology), and thus can be directly related to structural
margins of uplifts and basins, or horsts and grabens, that
make up the present topography. Sharply delineated grabens

in places merge along strike with less well delineated basinal
depressions, or with gaps within the Precambrian crystalline
basement that are inferred to be largely occupied by grani-
toid mid-Tertiary plutons concealed beneath volcanic cover.
In many such cases, the geophysical data suggest a structural
continuity not otherwise evident.

The north- to north-northwest-trending Rio Grande Rift
is illustrative. As a continuous system of grabens, it termi-
nates near Leadville, Colo. (L), although a narrower belt of
related block faulting continues north almost to the
Wyoming border (Tweto, 1979b, 1980). West-northwest to
westerly Neogene trends in northern and northwestern
Colorado and northeastern Utah have previously been
associated with a major east-west tectonic zone, rather than
with the predominantly north trending Rio Grande Rift
system. (See, for instance, Tweto, 1979b.) But elements of
these two tectonic zones are not necessarily unrelated. Near
Leadville, combined gravity and aeromagnetic trends
suggest structural linkage of the Rio Grande Rift with a
broad depression beneath the Sawatch Range (SR), the Elk
Mountains (EM), and the West Elk Mountains (coincides
with WEV). This depression, largely occupied by middle to
late Tertiary volcanic rocks and their subjacent plutons,
flares to the northwest; its gravity signature is contiguous
with that of the Piceance Creek Basin (PB). As noted previ-
ously, plutons in this region include granitoid rocks of Prot-
erozoic and Laramide as well as Tertiary age. Together
these rocks produce a composite regional gravity and aero-
magnetic anomaly low. The gravity lows of the volca-
nic-plutonic zone and the Piceance Creek Basin represent
generally northwest trending structural depressions and
probably imply significant southwest-directed Neogene
extension.

A nearly continuous system of gravity lows, interpreted
as structural depressions, links the following features in a
grand arc (clockwise from southwestern Utah; see fig. 14,
B): upper Sevier Basin (USB), Marysvale volcanic field
(MV), San Pitch-middle Sevier Valleys (between Pavant
Range (PVR) and Wasatch Plateau (WP)), Uinta Basin
(UB), Piceance Creek Basin (PB), West Elk volcanic field
(WEV), San Luis Valley (SLV), and northern Rio Grande
Rift (RGR). This system of depressions is interrupted by the
Douglas Creek Arch (DCA), a Laramide uplift whose subse-
quent structural development was related to differential sub-
sidence between the Uinta and Piceance Creek Basins
(Johnson and Finn, 1986). Other prominent arcuate struc-
tures that bound depressions, as inferred from the gravity
trends, include steep marginal faults of the Schell Creek
Range (SCR) in Nevada; the Confusion Range (CR), Uinta
Mountains (UM), Tavaputs Plateau (TP), and San Rafael
Swell (SRS) in Utah; and North Park (NP) and the Medicine
Bow Mountains (MBM), Front Range (FR), and Rampart
Range (RR) in Colorado.

Fault-bounded depressions on the east and west flanks
of the northern Colorado Plateau (grabens of the Rio Grande
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Rift and the Basin and Range province), which trend north to
north-northwesterly or north to north-northeasterly, respec-
tively, are well-known manifestations of late Tertiary
(Neogene) extension. Basement depressions or perforations
now occupied by plutons in the substrate of the Elkhead,
West Elk, and San Juan volcanic fields (EHV, WEV, and
SJV) of western Colorado also reflect Neogene extension.

The Uinta and Piceance Creek Basins and other
elements of the arcuate system in northwest Colorado and
northeast Utah are older structures with a complex history of
recurrent deformation. Surface mapping, well logs. and seis-
mic reflection data all support the interpretation that major
northwest-trending faults in this area are Laramide compres-
sional structures (high-angle reverse faults), many of which
have Neogene extensional overprints of lesser magnitude
(A.C. Huffman, written commun., 1994). Northwesterly to
northerly trending reverse faults comprise a northward-wid-
ening splay pattern (fig. 1A, B) from New Mexico into Col-
orado; the pattern has been attributed to a northerly increase
in total crustal shortening resulting from the clockwise rota-
tion of the Colorado Plateau of 4° or more about an Euler
pole in central New Mexico during the Laramide (Steiner,
1986; Hamilton. 1981, 1989; Van der Voo, 1989).

However, a tensional stress field has probably prevailed
in Neogene time. (For example, see Verbeek and Grout,
1993.) Normal faults with late Cenozoic movement tend to
be localized along zones of Laramide faulting that had move-
ment in the opposite sense (Izett, 1975). Axes of Miocene
uplifts and downwarps, as recorded in the distribution of
clastic sedimentary formations such as the Browns Park
(upper Oligocene and Miocene) and North Park (upper
Miocene) Formations (Izett, 1975), tend to be roughly
parallel to Laramide axes or, as in the eastern Uintas, to an
Archean-Proterozoic terrane boundary (Hansen, 1986;
Bryant and Nichols, 1988). In northwest Colorado and
northeast Utah, Neogene and older structures alike are
roughly parallel to the present northern margin of the
Colorado Plateau, which makes this segment of the overall
arcuate pattern difficult to resolve in terms of Neogene
extension. Nevertheless, on the basis of gravity data and
known structures, it appears that the northern plateau is
bordered by an envelope of extensional deformation, which
is variable in magnitude and possibly discontinuous.

Trends of acromagnetic anomaly gradient maxima (fig.
2B) tend to be less continuous than the gravity trends (fig.
1B), and less easily related to mapped structures. structural
trends, and topography. This lack of obvious correlation
with surface features is at least partly due to strong magneti-
zation contrasts within the concealed Precambrian crystal-
line basement of the plateau, as noted earlier. Therefore the
sources of most magnetic anomalies over the plateau are un-
identified. For example, one of the most prominent and con-
tinuous  gradient  trends—that  representing  the
east-west-striking anomaly step north of Grand Junction
(figs. 24, 2B)—corresponds to no surface feature. nor to any

major gravity trend, although it does coincide with very
weak gravity gradients (not shown on the trend map of fig.
1B). Parallelism of this step with gravity and magnetic
anomaly steps over the Tavaputs Plateau and Uinta Basin to
the north suggests that all of these east-west anomaly trends
are related: they may reflect intrabasement structures, but
they could also be produced by high-angle basement faults
(block faults) that did not propagate through the suprajacent
plateau strata.

North to northeasterly aeromagnetic trends predomi-
nate on the west side of the northern plateau and in the tran-
sitions to the eastern Basin and Range province. where, on
structures such as the Paunsaugunt fault, the anomaly offsets
are clearly related to offsets of crystalline basement rocks
that result from Neogene normal faulting. On the east side
of the plateau and in the Southern Rockies, north to north-
westerly trends predominate. Except in a few localities,
though, their interpretation as signatures of Neogene exten-
sional structures can be debated. However, the aeromagnet-
ic trend pattern for the region as a whole is very similar to
that of the gravity trends: an envelope of arcuate trends
encompasses the northern Colorado Plateau, and in most
places represents a system of Neogene high-angle normal
faults that have produced extensional displacements of the
crystalline basement.

DISCUSSION

The Colorado Plateau has been called an “enigmatic
crustal block.” or microplate, as it has survived nearly intact
though much of Phanerozoic time despite being translated,
rotated, elevated, and contiguous to provinces of volumi-
nous magmatism. Gravity and aeromagnetic anomalies of
the northern Colorado Plateau and vicinity delineate the Pre-
cambrian basement fabric and loci of Cenozoic magmatism.
In addition, they reveal the regional continuity of broadly
arcuate features that can be interpreted as horst-graben struc-
tures circumferential to the plateau interior, a pattern that
suggests a middle to late Cenozoic stress regime of radial
outward extension. To the east and west of the present
plateau margins, these structures include the Rio Grande Rift
and normal faults of the easternmost Basin and Range
province, respectively: in parts of northern Utah and north-
western Colorado, they include arcuate Laramide or earlier
structures reactivated in the Neogene with normal (exten-
sional) displacements. 4

Figure 5A (from fig. 3 of Zoback and Zoback, 1989; see
also fig. I of the same paper) depicts the generalized results
of a compilation of probable least-principal-stress directions
from various Quaternary indicators, including earthquake
focal mechanisms, elliptical well-bore enlargements
(“breakouts™), in situ stress measurements, and young vent
alignments and fault offsets. Tensile stresses are oriented
north-northeast near the northeastern and southwestern
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Figure 5. Generalized stress map for Western U.S.
Outward-pointing arrows indicate areas of extensional deforma-
tion; inward-pointing arrows show areas dominated by compres-
sional tectonics. Heavy lines are stress-province boundaries. CP,
Colorado Plateau interior; CC, Cascade convergent province;
PNW, Pacific Northwest; SA, San Andreas province; SGP, South-
ern Great Plains. From Zoback and Zoback (1989, fig. 3).

margins of the plateau and nearly east-west on the western
and eastern margins. Thus, at least on the basis of the
sparsely distributed data presently available, the late Ceno-
zoic stress field for the Colorado Plateau and its margins
seems to accord with radial extension, perhaps superimposed
on the predominantly east-west or southwest-northeast least
principal stress expressed in neighboring provinces.

Radial outward extension of the plateau, if it happened,
may simply indicate an ongoing process of gravitational
collapse and lateral spreading more or less concurrent with
uplift. The plateau is situated on the axial crest and west
flank of the regional elevation anomaly of the Western Unit-
ed States (the Cordilleran “geanticline” of Hunt, 1956). This
long-wavelength topographic feature corresponds very
closely to the 1,000-km low-pass Bouguer gravity anomaly
depicted on the map of figure 6 (modified from Hildenbrand
and others, 1982, and Kane and Godson, 1989; a color plate
accompanying the latter paper also displays a map of the
elevation anomaly). This map shows the deep low that
remains after removal from the Bouguer data set of all spec-
tral components with wavelengths less than 1,000 km. Also
shown on the map are an outline of the Colorado Plateau

(bold line) and three Neogene volcanic trends that coincide
with upper-mantle seismic low-velocity zones (after
Humphreys and Dueker, 1994a, fig. 2). These trends will be
discussed later.

The regional Bouguer anomaly (fig. 6) is seen as a
bulbous trough extending from Canada into Mexico; on
continent-scale maps it appears as a local widening of a
linear negative Bouguer anomaly that coincides with highly
elevated terrain along the full length of the Cordillera in
western North America inboard of the convergent plate
margin. The anomaly minimum in this wide zone in the U.S.
Cordillera is located in westernmost Colorado, over the
northeastern part of the Colorado Plateau, where it corre-
sponds to a regional elevation maximum of about 2.5 km.
The axis of the regional elevation high/Bouguer gravity low
approximately coincides with the axis of maximum flexural
subsidence and Late Cretaceous sedimentation in the Sevier
foreland. (See, for instance, Pang and Nummedal, 1995;
Bird, 1984.)

The plateau bears a similar relation to the regional
geoidal high of the Western United States, which also has a
local maximum in western Colorado (Milbert, 1991).
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Figure 6. Long-wavelength (A >1,000 km) regional Bouguer
gravity anomaly map of the Western United States, showing dispo-
sition of Colorado Plateau (bold outline) with respect to gravity
minimum (after Kane and Godson, 1989, fig. 4). Contour interval
is 20 milligals, but values higher than —140 milligals are not shown.
Dashed lines are Neogene volcanic trends that coincide with
upper-mantle seismic low-velocity zones (from Humphreys and
Dueker, 1994a, fig. 2). eSRP, eastern Snake River Plains trend; SG,
St. George trend; J, Jemez trend.
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However, the regional geoidal anomaly is more nearly equi-
dimensional than the other two anomalies and crests exactly
over the Yellowstone hotspot (Pierce and Morgan, 1992), a
point to which we shall return later in this section.

Various mechanisms of plateau uplift are reviewed in
McGetchin and Merrill (1979). It has been emphasized else-
where that in the case of the Colorado Plateau, uplift must be
considered in the context of tectonic evolution of the entire
western interior Cordilleran region. That is, uplift of the pla-
teau must be closely related to development of the huge
anomalous “root” zone responsible for the long-wavelength
gravity, geoid, and elevation anomalies (as in Bird, 1984;
Beghoul and Barazangi, 1989; Parsons and others, 1994).
Models that specifically seek to explain the 2-km average el-
evation of the Colorado Plateau include (1) those that require
the presence of a mantle plume (such as Wilson, 1973, and
Parsons and others, 1994; see also Parsons and McCarthy,
1995) or group of plumes (Sbar and Sykes, 1973) beneath
the plateau and its environs, resulting in thermal thinning of
the lithosphere and, possibly, crustal thickening by magmat-
ic underplating (as described by Morgan and Swanberg,
1985), and (2) those that ascribe the uplift to processes relat-
ed directly to subhorizontal subduction during the Laramide
orogeny. Models of this latter class generally require delam-
ination of the overriding North American plate (Bird, 1979)
or of the subducted Farallon plate (Bird, 1988; Beghoul and
Barazangi, 1989), leading to the replacement of lithosphere
by hot asthenosphere, and probable crustal thickening. Bird
(1988) proposed large-scale shear decoupling and transla-
tion of lithosphere eastward to the anomalous Cordilleran
“root” zone. However, simple buoyancy of a flattish Faral-
lon slab was invoked by Lowell (1974) and Gries (1983) to
explain the plateau uplift.

In support of the concept of low-angle subductions,
modern analogs with many characteristics similar to those of
the U.S. western interior have been documented for the An-
dean margin of South America, where terrane above a seis-
mically delineated low-angle slab far inboard of the
convergent plate margin has been uplifted, deformed. and
subjected to magmatism (Isacks and Barazangi, 1977). The
low subduction angle has been attributed to a high conver-
gence rate (Engebretson and others, 1984), to youthfulness
(and therefore relatively high temperature) of the slab, or to
a slab containing thick crustal elements such as aseismic
ridges or oceanic plateaus. (See Livaccari and others, 1981,
for instance.) Possibly all of these factors contributed to the
flattening.

Eaton (1986, 1987) investigated the highly elevated re-
gion between Wyoming and El Paso, Texas (in his terminol-
ogy, the Southern Rockies sensu lato), and noted that it
straddles a much broader, north-south elongated topographic
swell, for which he proposed the name “Alvarado Ridge”
(fig. 4; only the crestal province of the ridge is shown in the
figure). This swell appears to be virtually identical to the
long-wavelength Cordilleran elevation/Bouguer gravity

anomaly, although Eaton pointed out that axes of the two
features are somewhat displaced and have slightly different
orientations. The High Plains (part of the Great Plains phys-
iographic province, fig. 4) are on the east flank of the ridge,
the Colorado Plateau is on its west flank, and the Rio Grande
Rift coincides with its axial zone. Eaton showed that trans-
verse profiles of the Alvarado Ridge bear a striking resem-
blance to those of mid-ocean spreading ridges, which led
him to suggest that the ridge is, in fact, a “continental rise.”
From the sedimentary record, including age and distribution
of the Ogallala Formation (Miocene), he inferred that major
uplift of the Southern Rockies sensu lato occurred in the in-
terval from about 17 Ma to between 7 and 4 Ma. That is, the
rise of the Alvarado Ridge is mainly a late Cenozoic phe-
nomenon, although some uplift of the ridge, and initiation of
the Rio Grande Rift, probably occurred as early as mid-Oli-
gocene time.

Possible origins of the long-wavelength Cordilleran
anomaly, in consideration of gravity and seismic data, have
been discussed by Kane and Godson (1989). In their view
the Bouguer gravity low cannot be accounted for by crustal
variations alone and must involve a buoyant upper mantle
(75 percent of the buoyancy residing in the upper 160 km) in
order to maintain a condition of regional isostatic equilibri-
um as implied by near-zero average (long-wavelength)
free-air anomalies (as shown by Simpson and others, 1987,
for instance). Because the regional gravity low corresponds
to generally low velocities of both compressional (P,) and
shear (S) waves, Kane and Godson postulated the existence
of anomalously high mean upper mantle temperatures to ac-
count for the required low density.

In an analysis of all available teleseismic p-wave
travel-time residuals, Dueker and Humphreys (1990) and
Humphreys and Dueker (1994a, b) demonstrated that both
high- and low-velocity domains are present in low-density
upper mantle of the U.S. western interior. Humphreys and
Dueker (1944a, b) concluded that elevated mantle tempera-
tures locally produce partial melts that depress the P-wave
velocities and lead to observed lateral variations in velocity
structure.  Three principal low-velocity zones were
delineated (see figs. 4 and 6), each trending northeasterly
and each corresponding to a belt of generally northeast
younging Neogene (mainly) bimodal volcanism: the eastern
Snake River Plain—-Yellowstone zone (eSRP, figs. 4 and 6),
the St. George (Utah) zone (SG, figs. 4 and 6), and the Jemez
(Springerville-Jemez-Raton) zone (J, figs. 4 and 6) across
northwestern New Mexico (Humphreys and Dueker,
1994a). The latter two zones are on or near the northwest
and southeast borders, respectively, of the Colorado Plateau.
All three low-velocity zones are on the west flank of the
long-wavelength Cordilleran anomaly, and all three coincide
with belts of relatively steep crustal isopach gradients that
separate regions of thick crust (40 to 50 km in central Idaho
and western Montana and in the Colorado Plateau) from
regions of thinner crust, according to data from seismic
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refraction profiles. (See Allenby and Schnetzler, 1983, fig.
2.) Also, all three are parallel to or coincident with known
Proterozoic terrane boundaries (Bowring and Karlstrom,
1990), and lie on great circle arcs through the Eulerian pole
of relative motion between the North American and Pacific
tectonic plates (Eaton, 1979, fig. 1B). The significance of
these relations lies in the following: (1) ancient deep-crustal
flaws are implicated in the localization of late Cenozoic
magmatism over a large region of the Cordillera; and (2) the
parallelism of the zones and the general tendency for Neo-
gene volcanism to young northeastward within each zone
(see below) suggest common underlying factors in their tec-
tono-magmatic evolution. The common factors may be (1)
the presence of a mantle plume beneath the wide (transverse
axis >>1,000 km) central part of the long-wavelength
Cordilleran anomaly, and (2) dominantly southwestward
movement of the North American plate across the plume
head during Neogene time. In this scenario, late Cenozoic
uplift of the entire interior Cordilleran region is attributable
to the presence of a plume in the broadest sense—that is, a
vast convective upwelling of hot asthenosphere, regardless
of its relationship to subduction or the maximum depth of
mantle involved in the total convective system. The
Colorado Plateau remains high because it has been relatively
little extended.

Of the three Humphreys-Dueker zones, the eastern
Snake River Plain—~Yellowstone zone offers the most com-
pelling case for a hotspot track and underlying mantle plume
(Morgan, 1972; Pierce and Morgan, 1992; Smith and Braile,
1993; Parsons and others, 1994). The orientation of the vol-
canic axis and the migration of magmatism at a rate of about
3cm yr‘1 (well determined for the interval 10-2 Ma) in a
northeasterly direction (about N. 54° E.) to its culmination at
Yellowstone (Pierce and Morgan, 1992) are in good agree-
ment with independent global reconstructions that yield the
absolute motion of the North American plate. (For example,
see Stock and Molnar, 1988; Atwater, 1989.) Furthermore,
the pattern of deformation and the amplitude and wavelength
of the Yellowstone geoidal anomaly (about +10 m and 1,000
km, respectively) are similar to properties of hotspots world-
wide (Crough, 1983 Sleep, 1990; Duncan and Richards,
1991), although most known examples occur over oceanic,
rather than continental crust. The St. George zone is only
weakly delineated as a magmatic belt but, together with the
western Grand Canyon area, shows a distinct northeasterly
younging (as documented, for instance, by Nealey and
Sheridan, 1989, and by unpublished data of Nealey). This
zone follows the northeasterly trend of the Intermountain
Seismic Belt, which bifurcates in central Utah, one branch
continuing northeasterly (fig. 4); the zone may also mark a
mini-plate boundary (Suppe and others, 1975). The
Springerville-Jemez-Raton zone, which extends from near
the middle of Arizona’s eastern border across northern New
Mexico into southern Colorado (Chapin and others, 1978;
Smith and Luedke, 1984), exhibits no systematic age

migration as a whole (Lipman, 1980), but within each
discrete field of the zone the age progression is northeasterly
(Nealey, oral commun., 1995). Magmatism in these latter
two zones appears to be more diffusely distributed than on
the well-defined Snake River Plain axis, but in all three
cases, the fundamental structural control may consist of
first-order preexisting tectonic lineaments oriented approxi-
mately in the direction of absolute motion of the lithosphere.

Interpretation of the long-wavelength Cordilleran
topographic/gravity anomaly as an upwelling of hot astheno-
spheric material, or a very broad mantle plume, provides a
genetic  linkage for the three northeast-trending
Humphreys-Dueker low-velocity and magmatic zones, and
places the Yellowstone hotspot and its presumed source
plume in a wider context. The proposition that several
hotspots can be identified in the Cordillera is discussed else-
where in this volume (see Mutschler and others). Hotspot
magmatism is attributed to decompression melting of as-
thenospheric mantle ascending in a narrow conduit (“‘chim-
ney”) above a fixed plume (Duncan and Richards, 1991;
Richards and others, 1989; see also White and McKenzie,
1989). There is no apparent a priori reason why a broad
plume head should not produce multiple chimneys, provided
favorable structural environments are present. It seems pos-
sible that extensional faults peripheral to the Colorado Pla-
teau, particularly where they intersect major structural flaws
in the basement complex, could facilitate egress of magma.
For the Basin and Range province it has been shown that
magmatism is most closely related in space and time to crust-
al extension of 100 percent or more (Leeman and Harry,
1993). Thus the relatively weak magmatic activity on the
Colorado Plateau (in contrast to that on its periphery) may be
due to a lack of adequate crustal preconditioning. (See, for
example, Best and Christiansen, 1991.)

Whereas a very broad mantle upwelling (plume) may
be the ultimate source of Cordillera-wide Neogene uplift and
bimodal magmatism, the existence of such a feature prior to
about 17 Ma is highly speculative, and any connection with
earlier post-Laramide deformation and magmatism is tenu-
ous. The timing of early uplift on the plateau is also uncer-
tain (Lucchitta, 1979). Most workers agree that the
Colorado Plateau and its surroundings were uplifted only a
kilometer or so during post-Laramide Paleogene
time—probably in the Oligocene, coinciding with volumi-
nous magmatism in neighboring areas (Hunt, 1969; Bird,
1988). This amount of uplift contrasts with Neogene uplift
that has probably exceeded 3 km.

Products of Laramide (Late Cretaceous to early
Eocene) to mid-Tertiary magmatism peripheral to the pla-
teau typically have calc-alkaline affinities (Steven, 1975;
Lipman and others, 1978; Lipman, 1981; Rowley and others,
this volume) and are likely derived from partial melting of
the mantle lithosphere together with crustal anatexis, which
suggests a close association with Laramide subduction. In
contrast, many Neogene bimodal products throughout the
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Cordilleran region have asthenospheric signatures, particu-
larly those products emplaced within the last 6 million years.
(See Fitton and others, 1991, for example.) This suggests a
deeper origin of the later products, and a temporal evolution
of crust-mantle plutonism related to the evolution of the
postulated mantle plume. The plume need not have originat-
ed as deep as the core-mantle boundary (see Anderson, 1994;
but also see Grand, 1994, and Zhong and Gurnis, 1995), but
seems likely to have involved large-scale overturning in a
deep-mantle convection system in conjunction with several
hundred million years of east-dipping subduction (as
reviewed by Atwater, 1989) beneath what is now western
North America.

SUMMARY AND CONCLUSIONS

1. Regional gravity anomalies and, less distinctly,
regional aeromagnetic anomalies over the Colorado Plateau
primarily reflect relief on the surface of the Precambrian
basement as determined from stratigraphic data, borehole
data, and seismic reflection picks, rather than basement
inhomogeneity. In the plateau interior, this relief is a result
mainly of Laramide compression.

2. Gravity and aeromagnetic anomaly fields of the
northern Colorado Plateau and vicinity delineate northwest-
and northeast-trending structures that correspond to the
well-known Paradox Basin and Colorado lineament trends,
respectively, and transect the plateau and its environs.

3. The nearly east-west Pioche-Marysvale and San
Juan anomaly trends strike into the plateau from either side
but do not appear to transect the plateau interior, although
they are essentially collinear with one another and with the
38th Parallel lineament. The plateau thus may represent a
major hiatus in east-west-trending magmatic and hydrother-
mal activity brought about through a lack of adequate “tec-
tonic conditioning.”

4. Other anomaly trends in the vicinity of the north-
ern plateau delineate arcuate structures that wrap around
the plateau and its margins. Many of these structures were
initially compressional but have subsequently been
reactivated with normal (extensional) movement; others are
purely extensional. Taken together they suggest a radial
outward extension of the plateau as a whole relative to the
plateau interior. A northwest-trending structural depres-
sion connecting the northern Rio Grande Rift with the
Piceance Creek Basin is a key element of the circumferen-
tial pattern.

5. Radial outward extension is in general agreement
with least-principal-stress orientations for the late Cenozoic
as determined from other indicators.

6. The Colorado Plateau is situated near the crest of
the long-wavelength topographic high and Bouguer gravity
anomaly low of the U.S. western interior. Radial outward
extension of the plateau may be primarily a manifestation

of gravitational collapse and lateral spreading penecontem-
poraneous with some 3 km of Neogene uplift.

7. The preceding (mid-Tertiary) uplift amounted to
only about a third as much but may have initiated radial
extension; the swath of arcuate normal faults around the
northern plateau includes loci of voluminous mid-Tertiary
magmatism in crust that perhaps has been “tectonically con-
ditioned” on the plateau periphery.

8. The interior Cordilleran topographic high/gravity
low, in turn, is probably caused by upwelling of relatively
hot, light asthenosphere—a broad mantle “plume.” Rise of
the plume produced the Alvarado Ridge of Colorado and
New Mexico and the Yellowstone hotspot in the Neogene,
and the changing character of the plume promoted the
evolution of crust-mantle magmatism from calc-alkaline to
bimodal in character during middle to late Cenozoic time, as
subduction-related processes came to be dominated by
deep-mantle convection.
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Isotopic Ages of Igneous Intrusions in Southeastern Utah
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Previously determined ages for the Abajo, Henry,
and La Sal Mountains in southeastern Utah (table 1) lack
consistency and reflect the problems associated with K-Ar
age determination on certain materials (such as
hornblende, pyroxene, whole rocks, or altered mafic
minerals). To provide a more consistent geochronology of
these laccolithic centers, samples were collected from mul-
tiple intrusive bodies in each range. Zircon and sphene
were separated, prepared, and analyzed according to stan-
dard fission-track techniques (Naeser, 1978). The result-
ing ages (table 2) show that these laccolithic centers were
emplaced between about 30 and 20 Ma, making them
contemporaneous with the Reno-Marysvale and San Juan

1 Department of Geology, Brigham Young University, Provo, Utah
84602.

volcanic zones to the west and east. Ranges of zircon
ages for these intrusions are as follows: 22.6+2.2 to
28.643.4 Ma (Abajo Mountains); 20.0x1.9 to 29.2+2.3
Ma (Henry Mountains); 28.742.7 Ma (La Sal Mountains,
one sample). These data suggest the existence of an essen-
tially continuous, intracontinental magmatic zone extend-
ing from Reno to the San Juan Mountains during the
Oligocene and early Miocene. The length of this zone
(more than 1,000 km) and its orientation perpendicular to
the trend of the subduction zone along the western coast of
North America are additional constraints on the subduction
models generally used to explain mid-Cenozoic igneous
activity in the western United States.
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Table 1. Previous age determinations of Utah laccolithic centers

[All K-Ar ages corrected for new age constants (Dalrymple, 1979). Do., ditto (same as above)]

Laccolithic center Lithology Material dated Method Age (Ma) Reference
Abajo Mountains  Altered homblende-diorite ~ Altered mafic rock K-Ar 28.1 Armstrong (1969).
porphyry. (chlorite).
Whole rock minus K-Ar 289 Do.
heavy fraction.
Henry Mountains ~ Hornblende-monzodiorite =~ Hornblende (17 K-Ar 14438 Deo.
porphyry. percent rock).
Whole rock minus K-Ar 49.2 Do.
heavy fraction.
La Sal Mountains ~ Homblende-diorite Pyroxene-hornblende K-Ar 24.1 Do.
porphyry. (5 percent rock).
Soda syenite porphyry ---  Aegerine augite -------- K-Ar 26.1£2.6  Stern and others (1965).
21770 | U-Pb? 32 £2 Deo.
Monzonite porphyry ----- Aegerine augite -------- K-Ar 23.14£3.3 Do.
Zircon ------=--=----==-== U-Pb? 32 £2 Do.
Diorite porphyry ---------- Homblende ------------- K-Ar 3 56.2+1.5 Do.
Zircon =--=-e-=mncmncnmaue U-Pb? 494 £20 Do.

! Armstrong notes the possibility of xenolithic contamination in hornblende diorites from other intrusive centers on the Colorado Plateau but does not
suggest the same explanation for this older age (Armstrong, 1969, p. 2082).

2 Pb20/U238 ages reported here. Pb207/U% and Pb28/132 ages were also obtained but were not concordant for any sample.

3 Stern and others (1965, p. 1503) interpret this age as "due to incomplete degassing of Precambrian hornblende and the presence of Precambrian zircon

xenocrysts."
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Table 2. New fission-track age determinations for Colorado Plateau laccoliths

[All samples from diorite porphyry except as noted. No. = number; tr = tracks; n = neutrons. Fision-track constants (Naeser and others, 1981): A;=
1.55x10-10yr-1; Ar=7.03x10 -10yr-1; U235/238=0.00725]

35

Fossil-track Induced-track Neutron
Sample Field North West . Age £ 20 density density fluence No. of
number  number latitude longitude Mineral (Ma) rains
g tr/em?2  (No. tr/em2  (No. nem2 (No. &
x106  of'tr) x106  oftr) x1015  of n)

Al MONT-1 37°48'11" 109°27'09" Zircon 28.1£2.1 5.82 (2049) 5.02 (3534) 0.8114 (3204) 6
Sphene  26.8+3.7 0.438 (290) 1.56  (2068) 3.202 (2484) 8

A2  MONT-2 37°5042" 109°29's8"  Zircon 28.6+3.4 2.84 (671) 241 (1138) 0.8114 (3204) 7
Sphene  32.3%4.6 0.906 (288) 2.68 (1706) 3.202 (2484) 8

A3 MONT-3 37°51'08" 109°27'09" Zircon 22.642.2 2.59 (892) 2.77 (1914) 0.8114 (3204) 9
A4  MONT-4 37°51'08" 109°28'33"  Zircon 24,722 5.55 (1155) 544 (2264) 0.8114 (3204) 4
AS LIN-1 37°49'34" 109°30'12"  Zircon 24242 4 5.62 (966) 5.63 (1938) 0.8114 (3204) 7
Sphene  26.9+3.8 0.623 (273) 222 (1942) 3.202 (2484) 6

H1 ELLN-1 38°03'55" 110°4722"  Zircon 20.0+1.9 387  (979) 470 (2376) 0.8114 (3204) 9
H2  PENL-1 37°59'43" 110°48'05"  Zircon 23.9+2.1 3.38 (1276) 344 (2592) 0.8114 (3204) 6
Sphene  26.442.5 1.07 (673) 3.88 (4880) 3.202 (2484) 9

H3 HIL-1 37°57'11" 110°34'36"  Zircon 292423 1.37  (1790) 1.14 (2978) 0.8114 (3204) 22
H4 HIL-2 37°55'06" 110°36'00"  Zircon 21.2+424 3.99 (655) 4.56 (1496) 0.8114 (3204) 4
Sphene  25.6+3.3 0.394 (332) 1.47 (2480) 3202 (2484) 10

H5 BULL-1 38°08'34" 110°43'31"  Zircon 28.6+2.4 532 (1356) 523 (1334) 0.9620 (3555) 5
111 CSTV=2 38°32'36" 109°1624"  Zircon 28.7+£2.7 890 (1122) 7.52  (1896) 0.8114 (3204) 7
Sphene  30.3%£3.2 0.831 (567) 2.63 (3582) 3202 (2484) 10

212 LAS-1 38°28'S7" 109°17'05" Sphene  28.5+3.8 0.583 (322) 1.96 (2160) 3.202 (2484) 6

! Biotite from this sample also yielded a K—Ar date of 28.21::1.16 Ma, based on determinations of 0.51-0.52% Na,0, 6.30-6.32% K;0, 2.5826
moles/g 40Ar (49.1% of total Ar), and the following decay constants: A=0.581x10-10yr—1; A5=4.962x10-10yr-1; 40K/K=1.167x10-4. Age obtained by

Harald Mehnert, U.S. Geological Survey, Denver, Colo.

2 Sample from monzonite porphyry.






Reevaluation of the Central Colorado Plateau Laccoliths in the
Light of New Age Determinations
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This report summarizes the work of Nelson, Heizler,
and Davidson (1992) and of Nelson, Davidson, and Sullivan
(1992). It has been included in this volume to provide a com-
plete record of the proceedings of the laccolith conference.
The new 40Ar/39Ar ages presented here for the laccoliths of
the Henry and La Sal Mountains (fig. 1; table 1) give much
tighter constraints on the age of magmatism. Also, the new
40Ar/39Ar data allow the assessment of processes that dis-
turb apparent K-Ar systematics.

K-Ar (Stern and others, 1965; Armstrong, 1969; Dubiel
and others, 1990) and fission-track (Sullivan and others,
1991) ages for laccoliths of the Henry and La Sal Mountains
appear to be contradictory (fig. 1). The K-Ar ages are bimo-
dal (41-56 and 24-29 Ma), although the fission-track ages
range exclusively from 20 to 30 Ma. It appears that either
some fission-track ages are too young, some K-Ar ages are
too old, or a sampling problem exists.

The Eocene K-Ar ages imply an episode of
magmatism at 40-56 Ma during Laramide deformation and

1 Department of Geology, 673 WIDB, Brigham Young University,
Provo, Utah 84602.
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Figure 1. Histogram of age determinations for intrusive rocks of

the Henry and La Sal Mountains, Utah. Fission-track data include
sphene and zircon age determinations where available from the
same sample. The 40- to 60-Ma ages, all determined by the K-Ar
method, are interpreted to be the result of excess argon and partial-
ly outgassed hornblende xenocrysts in samples that are actually
20-30 Ma. From Nelson, Davidson, and Sullivan (1992, fig. 2).
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Table 1. “CAr/3Ar age determinations from the Henry and La Sal Mountains intrusions, Utah.

[n.d., not determined. See Nelson, Heizler, and Davidson (1992) for further details of age determinations]

Intrusive North West 40 A 136 40 1 39 1 , Age(Ma) Sample Lithol-
center Sample latitude longitude At/ Ar Ar/"Ar J MSWD +1s.d3 type* ogy’ Comments
Henry Mountains
Mount BULL-1 38°9'6" 110°4423" n.d. n.d. 0.0050261 n.d. <31.9+0.4 HB PHP  Xenocryst contamination: Fission-track
Ellen age of 28.6+1.2 Ma is considered best
estimate of crystallization age.
ELLN-4 38°4'39" 110°4521" n.d. n.d. 0.0050319 n.d. <39.0+0.7 HB PHP  Xenocryst contamination.
ELLN-10°6 38°429"  110°4526" 32015 3.30863 £ 0.03171 0.0049700 173 29.4+0.3 HB PHP
ELLN-7 38°0'10"  110°47'36" n.d. n.d. 0.0047909 n.d. <28.4+0.5 HB PHP  Xenocryst contamination.
302.3x2.2 270879 x 0.02869 0.0047909 0.75 23.3+0.2 HB PHP  Results from laser fusions.
Mount PENL-14 37°57'58"  110°45'33"  690+51 2.61151 +£0.23623 0.0048134 148 22.5+1.9 HB PHP  Age of PENL-14 must be greater than
Pennell PENL-13 © 37°57'0"  110°46'11"  293.1x1.7  2.82955 + 0.00656 0.0049043 7.5 24.9+0.1 HB PHP about 25 Ma based on crosscutting
PENL-12© 37°57'1"  110°47'50"  283+12 2.72196 + 0.05494 0.0050004 9.7 24.4+0.5 HB SP relationships. This is concordant within
PENL-9 ¢ 37°57'13"  110°47'50"  305.5+£3.3  2.79397 + 0.00445 0.0050738 10.8 25.4+0.1 AF SP analytical error.
PENL-3 ¢ 37°56'54"  110°46'44"  300.4+4.8  2.74228 +0.02704 0.0050156 36 24.6+0.2 HB SP
Mount HILL-10KRS 37°51126" 110°42'10"  464+11 3.44632 + 0.03944 0.00480005 0.64 29.6+0.4 HB PHP  Two sets of data are reported because of
Hillers 316.8+9.9  3.28337 +0.03468 0.0048005 73 29.1+0.3 HB PHP two distinct trapped excess argon com-
ponents in the sample. Interpreted age
is 29.35+0.33 Ma.
Mount ELL-1KRS 37°44'50"  110°37'19"  310.8+2.4  3.44058 +0.11118 0.0050770 6.97 31.2+1.0 HB PHP  Excess argon.
Ellsworth
La Sal Mountains
North MW-13 38°32'34"  109°14'5" n.d. n.d. 0.0049390 n.d. 27.9-31.5 HB PHP  Xenocryst contamination. Age con-
Mountain strained by crosscutting relationships
with MW-2 and MW-17.
n.d. n.d. n.d. n.d. 27.5x1.4 HB PHP  Results from laser fusions. Mean of three
Oligocene ages.
MW-2 6 38°32'19"  109°14'46"  302+10 3.08077 £ 0.02991 0.0050530 23 27.9+0.3 AF SP
MW-17 ¢ 38°31'19"  109°1329"  296.7+4.9  2.13906 + 0.00122 0.007287 0.9 27.9+0.03 AF SP
Middle TUK-16 38°27'23"  109°15'57"  285%5.9 2.94181 +0.01607 0.0050676 3.7 26.7+0.2 AF SP
Mountain TUK-2 38°2825"  109°16'5" n.d. n.d. 0.0048854 n.d. <62.9+2.7 HB PHP  Xenocryst contamination.
n.d. n.d. n.d. n.d. 25.1+4.1 HB PHP  Results from laser fusions. Mean of nine
Oligocene ages.
South TUK-6 38°24'51"  109°15'45" n.d. n.d. 0.0049223 n.d. <56.5+0.3 HB PHP  Xenocryst contamination.
Mountain n.d. n.d. n.d. n.d. 26.0+2.4 HB PHP  Results from laser fusions. Mean of two

Oligocene ages.

Urradiation parameter J.
2Mean square of weighted deviations.
Ages determined by weighted linear regression (York, 1969) of inverse correlation data.

“HB = hornblende; AF = alkali feldspar.
PHP = plagioclase-hornblende porphyry; SP = syenite porphyry.
6Samples with flat age spectra and well-correlated inverse correlation plots.
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accompanying flat subduction (as suggested by Bird, 1988;
Hamilton, 1988). However, Oligocene-Miocene igneous
activity in the Henry and La Sal Mountains could be related
regionally to contemporaneous voluminous calc-alkaline
magmatism of the ignimbrite flareup. Therefore, it is im-
portant to determine the true age of magmatism in order to
understand the laccoliths in their tectonic context.

The results reported here indicate that igneous activity
in the Henry and La Sal Mountains was exclusively middle
to late Oligocene (fig. 1; table 1). Magmatism was contem-
poraneous and appears to have spanned several million
years in the Henry (31.2-23.3 Ma) and La Sal (27.9-25.1
Ma) Mountains. About half of the samples make up a well-
correlated data set: they define a linear array on inverse
correlation diagrams, give flat age spectra, and have a
trapped component of argon that is atmospheric in
composition. Many of the other samples, however, are dis-
turbed as a result of either excess “OAr or contamination by
xenocrysts. Both processes result in the incorporation of
40Ar that does not result from the in situ decay of 40K in the
sample, thereby increasing the sample’s apparent age.

Excess 40Ar is easily recognized by the 40Ar/3%Ar in-
verse correlation technique (Heizler and Harrison, 1988).
Moreover, the 4CAr/39Ar method could also be a powerful
tool in identifying late-stage xenocrystic contamination of
magmas by just a few weight percent, especially if the
xenocrysts are much older than their host, and provided
they retain a modest proportion of their radiogenic 40Ar.
Xenocrysts were identified by single-crystal laser fusion
analysis and by electron microprobe analysis of horn-
blendes from the laccoliths. Mixing calculations based
upon the known K content of igneous and xenocrystic horn-
blende and the age of the basement rocks (=1,800 Ma) indi-
cate that only a small proportion of xenocrysts (1-4
percent) is required to increase the apparent age of the sam-
ple from Oligocene to Eocene, even if the xenocrysts are
outgassed by 75 percent. Greater age, greater K concentra-
tion, and a smaller degree of degassing of the xenocrysts all
tend to maximize the effect of contamination. Calculations
for diffusion over short length scales (80 pum) indicate that
at magmatic temperatures of 850°-900°C, xenocrysts could
retain as much as 10 percent of their radiogenic “OAr after
25-100 yr. Therefore, it is not unreasonable to expect
hornblende xenocrysts to have retained some radiogenic

40Ar, given their inherent retentivity and the fact that
diffusion rates would have decreased exponentially as the
laccoliths began to cool.
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Recent interpretation of more than 3,500 km of seismic
lines in the San Juan and southeastern Paradox Basins has en-
abled us to map a large number of faults that have measurable
offset at the top of the basement and to speculate about pos-
sible structural control on intrusive activity. Basement faults
throughout the region form an orthogonal pattern: in the San
Juan Basin they have average trends of N. 60°~70° W. and
N. 30°-40° E. and a typical spacing of 6-16 km, whereas
those in the southeastern Paradox Basin are more closely
spaced and are rotated 10°-15° clockwise. Apparent vertical
displacement in the plane of section is commonly 50-75 m,
measured at the top of the basement. Strike-slip movement
on many faults is also suggested by the map pattern, but no
reliable measurements have yet been made.

The faults probably originated in the Precambrian but
had major episodic movement again in the late Paleozoic, in
Jurassic to Early Cretaceous time, in Late Cretaceous to early
Tertiary time, and perhaps in mid-Tertiary time. The present
basement offset represents the sum of all previous move-
ments, but the actual sense of movement on any particular
fault was governed by its orientation in the stress field exist-
ing at the time. The offset of most faults is not detectable
above Permian strata on the available seismic sections; how-
ever, the sections do show draping, measurable differences in
thickness, and lithologic changes in Mesozoic rocks above
many fault zones.

Basement fault patterns and fault movement are reflect-
ed by depositional patterns throughout the Phanerozoic
section. Many of the Pennsylvanian through Jurassic depo-
sitional patterns can be explained as a result of differential

movement on large blocks, which typically are 50-80 km on
a side and are bounded by dominant faults. Basin subsidence
in the Late Cretaceous was apparently controlled to some ex-
tent by movement along some of the northwest-trending
faults, as sandstone buildups marking many of the transgres-
sive and regressive shorelines overlie and parallel the base-
ment faults. Recent seismicity and present-day drainage
patterns suggest that the basement faults still influence tec-
tonics, sedimentation, and erosion in the San Juan Basin.
Fault patterns and movement histories in the southeastern
Paradox Basin are nearly identical to those of the San Juan
Basin, and we believe that this is also true throughout the re-
mainder of the Paradox Basin, although we do not have suf-
ficient data to fully document such an argument.

Baars (1966) first called attention to the large north-
west-trending structures (Grenadier and Sneffels Horsts) in
the San Juan Mountains north of the San Juan Basin and pro-
jected them into some of the large salt structures of the Para-
dox Basin. There is little direct evidence in the outcrops of
the San Juans to define the geometry of the bounding faults
of these structures, so many of the published reconstructions
are somewhat speculative. Although the extensions of these
fault systems to the northwest in the central Paradox Basin
are better known because of seismic surveys-and drilling for
oil and gas, the fault geometries and movement histories are
still poorly understood. In both areas, available information
can be interpreted in several different ways; the late Paleozo-
ic stress field remains ambiguous.

Farther to the northwest along the basin margin, in the
vicinity of Cisco, Utah, Frahme and Vaughn (1983) showed
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that the Uncompahgre uplift had a large southwestward
thrust component from late Desmoinesian time through
Wolfcampian time. They concluded that this thrusting
caused folding and faulting in the Paradox Basin and
coincided with major salt movement. Even in this area, how-
ever, the actual movement on the faults has not yet been
demonstrated adequately.

Movement on these fault systems during the
mid-Tertiary period of laccolith emplacement is even more
conjectural because of the lack of Oligocene and younger
sedimentary deposits in the Paradox and San Juan Basins.
Recent analyses of the Oligocene stress field based on dike
orientations and other criteria (Delaney and others, 1986;
Ren and others, 1987; Tingey and others, 1990) suggested
that the least principal horizontal stress was oriented north-
west to nearly east-west in the Colorado Plateau and
north-south to north-northeast in the eastern Basin and
Range province and the Wasatch Plateau. Delaney and oth-
ers (1986) discussed the difficulties inherent in this type of
analysis and noted that the magnitudes of the horizontal
regional stresses may have been nearly equal in the vicinity
of Ship Rock in northwestern New Mexico. A similar con-
clusion was reached by Marie Jackson (USGS, oral com-
mun., 1992) for the stress field during emplacement of the
Henry Mountains laccoliths. Without more information, itis
difficult to determine whether the area of the Paradox and
San Juan Basins was under compression or extension in
mid-Tertiary time, but the presence of large numbers of
dikes, as on the Wasatch Plateau, argues for extension.

Under extensional conditions, particularly north-south
or east-west directed, nearly any of the mapped basement
faults and especially their intersections would be appropriate
sites for intrusive activity. Compression would limit the
likely areas of intrusion, as would any significant wrench
component. The master faults that bound the large blocks
would have been the most likely sites in any stress regime.
Figure 1 suggests possible correlations of laccolithic centers
with major lineaments and with the extended Sneffels and
Grenadier structures proposed by Stevenson and Baars
(1986).

Our interpretation of the seismic data has not yet pro-
ceeded far enough into the Paradox Basin to evaluate many
of the proposed lineaments or fault zones properly. We
have found little evidence to suggest major movement on the
southeastern end of the Four Corners lineament, but the
Hogback lineament has been a major structure, intermittent-
ly active, at least since Pennsylvanian time (Taylor and
Huffman, 1988). Work is currently underway to evaluate
several of the other structures.

REFERENCES CITED

Baars, D.L., 1966, Pre-Pennsylvanian paleotectonics—Key to
basin evolution and petroleum occurrences in Paradox Basin,
Utah and Colorado: American Association of Petroleumn Geol-
ogists Bulletin, v. 50, no. 10, p. 2082-2111.

Delaney, P.T., Pollard, D.D., Ziony, F.I., and McKee, E.H., 1986,
Field relations between dikes and joints—Emplacement pro-
cesses and paleostress analysis: Journal of Geophysical
Research, v. 91, no. BS, p. 4920-4938.

Frahme, C.W., and Vaughn, E.B., 1983, Paleozoic geology and
seismic stratigraphy of the northern Uncompahgre front, Grant
County, Utah, in Lowell, J.D., ed., Rocky Mountain foreland
basins and uplifts: Denver, Colo., Rocky Mountain Associa-
tion of Geologists, p. 201-211.

Ren, X., Kowallis, B.J., and Best, M.G., 1987, Stress rotation in the
eastern Basin and Range, Utah and Nevada from healed micro-
crack orientation data: Geological Society of America
Abstracts with Programs, v. 19, no. 7, p. 816.

Stevenson, G.M., and Baars, D.L., 1986, The Paradox—A
pull-apart basin of Pennsylvanian age, in Peterson, J.A., ed.,
Paleotectonics and sedimentation: American Association of
Petroleum Geologists Memoir 41, p. 513-539.

Taylor, D.J., and Huffman, A.C., Jr., 1988, Overthrusting in the
northwestern San Juan Basin, New Mexico—A new interpre-
tation of the Hogback Monocline, in Carter, LM.H., ed.,
USGS research on energy resources, 1988: U.S. Geological
Survey Circular 1025, p. 60-61.

Tingey, D.G., Christiansen, E.H., and Best, M.G., 1990, Late Oli-
gocene and Miocene Minette and olivine nephelinite dikes,
Wasatch Plateau, Utah: Geological Society of America
Abstracts with Programs, v. 22, no. 3, p. 88.






Coincidence of N. 50°-58" W. Trends in Geologic Mapping,
Magnetic and Gravity Anomalies, and Lineaments in the
Northern Paradox Basin, Utah and Colorado

By Jules D. Friedman

CONTENTS

Selected References........oooeevvvviiiiiiiiiiciiinnns

FIGURES

1. Map showing tectonic features of the northern part of the Paradox Basin,
southeastern Utah and southwestern Colorado .........cccoovviieviiiiiiieiiiieeeieeiee e 46
2. Rose diagrams showing frequency of azimuthal trends of linear features in the
northern part of the Paradox Basin, southeastern Utah and southwestern

(@1110] 3 (3 [ [ ———————— P

3. Map showing distribution of known faults and fractures in the

northern Paradox Basin .........cccccooevennnenn.

Previous attempts to explain the coincidence and
near-coincidence of structural, geophysical and lineament
trends in the region of salt-cored anticlines in the Paradox
Basin (fig. 1) relied heavily on concepts of propagation of
older (Precambrian) structural patterns through a thick se-
quence of Paleozoic and Mesozoic sedimentary rocks (in-
cluding the salt units of the Paradox Formation). Propagation
of fault patterns by reactivation of Precambrian structures has
been widely suggested to explain both northwest- and north-
east-trending fault systems (Case and others, 1963; Case and
Joesting, 1973; Shoemaker and others, 1978; Friedman and
others, 1994).

The presence of salt units within the Paradox Formation
has provided the basis for a major objection to this concept.
The incompetent salt units, most likely, would not effectively
transmit stress from the lower strata into overlying beds.

Here, I attempt to explain the coincidence of some struc-
tural trends in the sedimentary strata overlying the Paradox

Formation by means of a passive form of structural control
exerted by block faulting of the Precambrian basement and
resulting differential concentration and solution of salt in the
northern part of the Paradox Basin. This model does not
depend on the transmission of stress by incompetent salt
units to explain the reiteration at the surface of older
structural patterns. Rather, it credits this effect to deforma-
tion due to the differential thickness of salt controlled by the
reactivation of earlier structures.

Several types of linear features in this area show strong-
ly correlated azimuthal trends toward the northwest (fig. 2).
Lineaments in both the gravity and magnetic-field data have
peak distributions at N. 55° W., and major throughgoing lin-
eaments have a sharp defined peak at N. 50° W. These peaks
also coincide with the N. 50°-58° W. peak distribution of
geologically mapped faults. Because the magnetic field rep-
resents the orientation of Precambrian basement discontinu-
ities, the congruence or coincidence of magnetic trends with
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EXPLANATION
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geologically mapped structures is strong evidence for base-
ment control of mapped faults. It further suggests that the
Precambrian crystalline basement has been involved in
pre-Laramide, Laramide, and post-Laramide tectonic
episodes. The northwest alignment of the salt anticlines of
the Paradox Basin suggests that the crystalline basement,
already block-faulted in the late Paleozoic, may have been
further deformed during Laramide compression. It is
possible, but less likely, that northwest-trending, parallel
antiforms and synforms were then formed in the Precam-
brian crystalline rocks and that the synforms provided the
locus for enhanced thickening of the deep-seated keels of the
salt anticlinal cores (Friedman and others, 1994).

I suggest here that a multistage process controlled the
azimuth and position of fault blocks in the Precambrian
basement. The steep and relatively continuous magnetic and
gravity gradients along the subsurface Uncompahgre Fault
Zone, which underlies the northeastern boundary of the Par-
adox Basin, suggest that this zone marks a fundamental
boundary within the Precambrian basement. This boundary,
here termed the proto-Uncompahgre tectonic line (Cashion
and others, 1990), has been the site of recurrent thrusting
(Frahme and Vaughn, 1983). Movement along this zone

may have been the earliest discernible event in the multi-
stage process culminating in the tectonic development of
parallel fault blocks in the Precambrian basement.

Stone (1977) placed the first recognizable tectonic
activity along the proto-Uncompahgre line of structural
weakness in late Precambrian time. The resulting faults,
bounding the proto-Uncompahgre uplift, probably deter-
mined the trend of the deep-seated northwest-striking faults
bounding blocks in the Precambrian basement rocks. The
structural position of the basement blocks in turn controlled
the positions and northwest trends of the major salt-cored
anticlines of the Paradox Basin (Witkind, 1991; Friedman
and others, 1994).

The coincidence of azimuthal trends in magnetic data,
gravity data, surface faults, and lineaments (longer than 20
km) is the result of a threefold sequence of structural and
tectonic events: (1) basement block faulting (as reflected in
the magnetic field), (2) parallel alignment of the thick keels
of salt-cored anticlines along the downdropped fault blocks
(as reflected in the gravity field), and (3) listric and exten-
sional faulting as a result of differentially greater salt solu-
tion and subsidence of clastic-rock units overlying the
thicker salt keels of the anticlines, parallel to basement
fault-block margins (Doelling, 1985). The resulting faults
and folds are mapped at the surface, where they make up part
of a northwest-trending lineament system. Many of the
northwest-trending lineaments and extensional faults (fig.
3), and some shorter ones trending northeast, terminate
approximately at the zero isolith of subsurface salt of the
Paradox Formation. This coincidence is hardly fortuitous.

The emplacement of the laccolith complex and domal
uplift of the La Sal Mountains and several other laccolith
complexes at intersections of some of the major northwest
and northeast lineaments of the Paradox Basin is of special
tectonic significance (Friedman and others, 1994). The La
Sal, Henry, and Abajo Mountains laccolith complexes,
among others, may have been intruded at nodes of a north-
west-northeast lineament grid. Recent studies indicate a
mantle source for the laccolith magmas (Friedman and
others, 1994), and this finding suggests faulting down to the
depth of the crust and the deep-seated nature of the N.
40°-60° W. and N. 40°-50° E. discontinuities.
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A sequence of sedimentary rocks about 4 km thick was
bent, stretched, and uplifted during the growth of three igne-
ous domes in the southern Henry Mountains (fig. 1). Mount
Holmes, Mount Ellsworth, and Mount Hillers are all about
12 km in diameter, but the amplitudes (total uplifts) of the
domes are about 1.2, 1.85, and 3.0 km, respectively (fig. 2).
These mountains record successive stages in the growth of
near-surface magma chambers. . K-Ar dating of Henry
Mountains diorite porphyry by Armstrong (1969) gives
Eocene ages (40—48 Ma). Sullivan (1987), however, has
found younger ages for these rocks (20-29 Ma), using
fission-track methods.

! 114 North San Francisco Street, Suite 108, Flagstaff, AZ 86001
email: mjackson@futureone.com

New geologic mapping (Jackson and Pollard, 1988)
demonstrates that the sedimentary strata over the domes
have a doubly hinged shape, consisting of a concave-upward
lower hinge and a concave-downward upper hinge (fig. 2).
A limb of approximately constant dip connects these two
hinges and dips 20° at Mount Holmes, 50°-55° at Mount
Ellsworth, and 75°-80° at Mount Hillers. The distal portion
of each dome is composed of a gently dipping peripheral
limb 3-4 km long, presumably underlain by sills and minor
laccoliths. The host rocks deformed along networks of out-
crop-scale faults or along deformation bands marked by
crushed grains, consolidation of the porous sandstone, and
small displacements of the sedimentary rocks (Jackson and
Pollard, 1990). Zones of deformation bands oriented
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parallel to the beds and formation contacts subdivided the
overburden into thin layers that slipped over one another
during doming.

Measurements of outcrop-scale fault populations at the
three mountains reveal a network of faults that strikes at high
angles to the sedimentary beds, which themselves strike tan-
gentially about the domes (Jackson and Pollard, 1990).
These faults have normal and reverse components of slip
that accommodated bending and stretching strains within the
strata. An carly stage of this deformation is observed at
Mount Holmes, where states of stress computed from mea-
surements on three faults correlate with the theoretical dis-
tribution of stresses resulting from the bending of thin,
circular, elastic plates. Bedding-plane slip and layer flexure
were important components of the early deformation, as
shown by field observations, by analysis of frictional driving
stresses acting on horizontal planes above an opening-mode
dislocation, and by paleostress analysis of the faulting. As
the amplitude of doming increased, radial and circumferen-
tial stretching of the strata and rotation of the older faults in
the steepening limbs of the domes increased the complexity
of the fault patterns. Steeply dipping map-scale faults with
dip-slip displacements indicate a late-stage jostling of major
blocks over the central magma chamber. Radial dikes
pierced the dome and accommodated some of the circumfer-
ential stretching.

At all three domes, porphyritic diorite sills are concor-
dantly interleaved with the outward-dipping, arcuate beds of
sedimentary host rock (fig. 2). More than 10 of these sills
crop out at Mount Hillers, where they dip nearly vertically.
Thermal demagnetization of cored specimens from five of
these sills reveals that their partial thermoremanent magne-
tization has a broad range of blocking temperatures, ranging
from 20°C to 590°C (Jackson and Champion, 1987). Figure
3 shows an example of the typical demagnetization data
from one of the sills. When rotated to correct for the strike
and dip of the beds, the high-temperature component of
magnetization (450°C to 590°C) of these sills has about the
same orientation as the expected Oligocene declination and
inclination (358° and 56°, respectively (Irving and Irving,
1982)). This finding indicates that the sills were emplaced at
nearly horizontal orientations and were later tilted. At inter-
mediate blocking temperatures, between 377°C and 194°C,
the paleomagnetic vectors recorded by the sample show a
range of orientations, indicating that the sill was being rotat-
ed as it cooled, during growth of the central intrusion. At
lower blocking temperatures, the stability and direction of
the magnetization of the samples in their current position
suggests the Oligocene magnetization rather than a recent
viscous overprint. Apparently, the originally rotated low-
temperature magnetization was reset by an in situ thermal
remagnetization when the main intrusion at the center of the
dome reheated the sills. The sills closest to the contact with
the main intrusion show this reheating to a greater extent
than sills higher in the section.

Whether the central intrusions underlying the domes
are laccoliths or stocks has been the subject of controversy.
According to G.K. Gilbert (1877), the central intrusions are
direct analogs of the much smaller floored intrusions
exposed on the flanks of the domes, which grew from sills
by lifting and bending of a largely concordant overburden
(fig. 4). Gilbert (1877) hypothesized that the intrusion of
numerous sills preceded the inflation of an underlying
laccolith, as shown by his cross section of Mount Hillers
(fig. 4B). According to Hunt and others (1953), the central
intrusions are cylindrical stocks, sheathed with a zone of
shattered sedimentary rocks, and the small flanking sills and
laccoliths grew laterally as tongue-shaped masses from the
discordant sides of these stocks (fig. 5).

Although geologic cross sections and aeromagnetic
data for the three domes are consistent with floored, lacco-
lithic intrusions, these data do not rule out the possibility of
a stock at depth (Jackson and Pollard, 1988). The paleo-
magnetic data from Mount Hillers (as in fig. 3, for example)
indicate that the sills intruded during the first stages of
doming, as Gilbert suggested. The sills cooled through their
high blocking temperatures while horizontal and were then
tilted with their host rock on the flanks of the growing dome.
This sequence of events is not consistent with the emplace-
ment of a stock and subsequent or contemporaneous lateral
growth of sills and laccoliths. Growth in the diameter of a
stock from about 300 m at Mount Holmes to nearly 3 km at
Mount Hillers, as Hunt and others suggested (fig. 5), should
have been accompanied by considerable radial shortening of
the sedimentary strata and a style of folding that is not
observed.

The following concepts define the difference between
stocks and laccoliths (Jackson and Pollard, 1988, p. 117):

1. Laccoliths may be low in height relative to their
horizontal dimensions, and they range from circular to
tongue-shaped in plan form. Stocks have greater height
relative to a roughly constant diameter, and they approxi-
mate a tall upright cylinder.

2. Laccoliths have a local feeder, such as a dike or
stock, which has a very different size and mechanism of
formation from those of the laccolith. Stocks do not have a

Figure 2 (following pages). Interpretive radially oriented cross
sections through Mounts Holmes, Ellsworth, and Hillers. See
figure 1 for lines of sections. Cross sections are based on a lacco-
lithic model of the central intrusions. Roof contacts are drawn at
base of the Triassic section, the deepest rocks exposed on these
mountains. True shapes of these contacts are probably much more
complex than the concordant shapes we extrapolated from the
surficial geology. The tapered peripheries of the central intrusions
are zones where satellite diorite dikes, sills, and thin laccoliths are
distributed through the stratigraphic section. Sill marked A (in
cross section C—C”’) was the source of the sample plotted in figure
3. From Jackson and Pollard (1988, fig. 10).
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DECLINATION

INCLINATION

Figure 3.  Zijderveldt plots showing the progressive demagneti-
zation of a diorite porphyry sample from sill A in cross section
C-C’ (fig. 2). Axis=2.36 emu/g. From the NRM (natural remanent
magnetization) to the 194°C demagnetization step, declination is
332° and inclination is 70°. From 374°C to 600°C declination is
17° and inclination is -9°. When corrected for strike and dip of ad-
jacent beds, these components become 6° and 77°, respectively.

local feeder; they are continuous to great depth, perhaps
extending to a deep magma reservoir.

3. Stocks grow upward, perhaps by stoping, zone melt-
ing, and (or) diapiric piercement, so they are not floored and
may be largely discordant. Laccoliths grow from a thin sill
that thickens into a floored body, and so they are largely con-
cordant. Distinguishing between laccoliths and stocks is
made more difficult because laccoliths can attain great
height by peripheral faulting. This process produces
bismaliths, bodies that have discordant sides but are floored.

Geologic and geophysical data and mechanical models
suggest the following sequence of events for the formation
of the domes (Jackson and Pollard, 1988). The first stage in-
volved the intrusion of many horizontal diorite sills, some of
which grew to be small laccoliths (fig. 64). Many of these

sills were elliptical or tongue shaped and formed a radiating
pattern around the incipient dome. The feeders for the sills
may have been radially oriented dikes that were distributed
around the incipient dome much like the conspicuous
minette dikes that form a radiating pattern around the Ship
Rock volcanic neck in northwestern New Mexico (Delaney
and Pollard, 1981). At some point, one such sill grew to
sufficiently great radius, probably between 1 and 3 km, to
thicken by bending the overburden. The growth of this
laccolith was enhanced by its great radius, its circular plan
shape, local heating of the host rock by the older sills, and a
continuing supply of magma.

As the central intrusion began to inflate (fig. 6B),
host-rock flexure passed through an early bending stage of
deformation, such as that observed at Mount Holmes (fig.
2, A-A"). The overburden behaved as a stack of layers that
slipped over one another on bedding-plane faults, and the

Sea level

C

Figure 4. G.K. Gilbert’s concept of laccoliths in the Henry

Mountains (modified from Gilbert, 1877). A, Geologic cross
section of Mount Hillers, striking N. 35°W. Diorite in black.
B, Gilbert’s interpretation of subsurface structure of Mount Hill-
ers. C, Idealized laccolithic intrusion with a narrow feeder at
its base.
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200 ft (=60 m).

sills were gently rotated. In addition the layers of host rock
were slightly stretched over the dome as the amplitude of
deflection increased. Multiple injections of dikes and sills
extended laterally beyond the sides of the central intrusion.
With continuing growth (fig. 6C), the hinges of the
host-rock flexure tightened and the central limb steepened,
as at Mount Ellsworth and Mount Hillers. Radial and
circumferential stretching of the overlying layers became

more important, relative to bending. Radial dikes cut
across steeply dipping sills on the flanks of the dome. At
the edge of the dome, the cumulative effect of continued
intrusion of satellitic sills and laccoliths was to incline the
overburden over the length of the long outer limb. During
the entire intrusive episode, brecciation and disruption of
the host rock were limited to a thin zone at the immediate
contact with the central intrusion.
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thicken as the dome grows in amplitude. Beds steepen and stretch on flanks of the dome, numerous faults lift the roof rock, zone of periph-
eral intrusion enlarges, and radial dikes cut upward through overburden. P, R, J, K, T: Permian, Triassic, Jurassic, Cretaceous, and Tertiary

sedimentary host rocks. From Jackson and Pollard, 1988, figure 19.
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ABSTRACT

The results of geologic mapping and subsurface data
interpretation, combined with previous regional gravity and
magnetic surveys, define the structural setting and emplace-
ment history of the late Oligocene intrusive centers of the La
Sal Mountains, Utah. The La Sal Mountains contain three
intrusive centers: northern, middle, and southern; they are
located on a broad dome, which has about 600 meters of
relief across a diameter of about 32 kilometers. The intru-
sions are estimated to have been emplaced at shallow levels
ranging between 1.9 and 6.0 kilometers. The intrusions are
holocrystalline and porphyritic and have a very fine to fine-
grained groundmass. Each of the centers consists predomi-
nantly of hornblende plagioclase trachyte emplaced as
laccoliths, plugs, sills, and dikes. The northern mountains
intrusive center contains additional bodies of quartz
plagioclase trachyte, peralkaline trachyte and rhyolite, and
nosean trachyte that intrude the earlier hornblende
plagoclase trachyte.

The northern and southern intrusive centers were
emplaced into preexisting anticlines cored by salt diapirs.
Geophysical and drill-core data suggest that older rocks
beneath these salt diapirs are offset by northwest-striking,
high-angle faults that influenced the location and
development of the diapirs during the late Paleozoic and ear-
ly Mesozoic. These northwest-striking en echelon faults
may be connected by a northeast-striking fault or ramp-mon-
ocline structure. The northwest-striking faults and north-
east-trending connecting structures form a structural
boundary that separates a southern region of shallower level
pre-salt rocks from a northern region of deeper level pre-salt
rocks. The intrusions of the La Sal Mountains were
emplaced along a kink in the structural boundary that sepa-
rates these two parts of the late Paleozoic Paradox Basin.
The ascending magmas for the La Sal Mountains intrusions
appear to have exploited the preexisting zone of structural
weakness in the upper crust during their ascent.

Most surface faults in the area around the La Sal Moun-
tains postdate magma emplacement: the surface faults
formed during late Tertiary to Quaternary collapse of the
crests of the salt-cored anticlines. The collapse of the salt-
cored anticlines was caused by dissolution of the salt and salt
flowage.

INTRODUCTION

The La Sal Mountains of southeastern Utah are one of
several mountain ranges in the central Colorado Plateau that
contain hypabyssal intrusion-cored domes (fig. 1). In gener-
al, these intrusions have similar morphologies, lithologies,
and chemical compositions (Eckel and others, 1949; Hunt
and others, 1953; Hunt, 1958; Witkind, 1964; Ekren and
Houser, 1965). A common form for these shallow intrusions

is a laccolith, as initially described by Gilbert (1877) in the
Henry Mountains. Therefore, the intrusive centers are com-
monly referred to as laccolithic centers. Previous workers
(Kelley, 1955; Hunt, 1956; Shoemaker, 1956; Witkind,
1975; Warner, 1978) have speculated about whether struc-
tures represented by lineaments may have influenced the
distribution and form of the conspicuous and prominent in-
trusive centers of the Colorado Plateau. The problem I will
address in this report is: Did northwest-striking subsurface
faults and associated salt-cored anticlines of the northern
Paradox Basin control the location and form of the La Sal
Mountains intrusive centers? If so, what is the geological
and geophysical evidence to support this hypothesis?

Peale (1877; 1878) originally described the La Sal
Mountains. Gould (1926) and Hunt (1958) mapped the
mountains at a reconnaissance scale and studied the mineral
deposits. Uranium and petroleum exploration during the
1950’s and 1960’s prompted additional geologic mapping
(1:24,000 scale) in the middle and southern La Sal Moun-
tains (Carter and Gualtieri, 1957, 1958; Weir and Puffet,
1960; Weir and others, 1960). Case and others (1963) con-
ducted regional gravity and magnetic surveys in the area.

This report presents some of the results of recent
(1988-92) 1:24,000-scale geologic mapping of the northern
La Sal Mountains by the Utah Geological Survey and a syn-
thesis of the previous investigations. The report will focus
on the general structural geology of the La Sal Mountains in-
trusive centers and the possible influence of subsurface
faults and salt-cored anticlines on the emplacement and
morphology of the intrusions.
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REGIONAL GEOLOGIC SETTING

Geophysical studies suggest that the Colorado Plateau
is underlain by 40- to 50-km-thick Precambrian cratonic
crust (Thompson and Zoback, 1979; Alimendinger and
others, 1987). Surface exposures of the Precambrian base-
ment in the plateau region suggest that it consists of gneissic
rocks of Early Proterozoic age (1,800 to 1,600 Ma) and
granitoid rocks of Middle Proterozoic age (1,400 to 1,500
Ma) (Tweto, 1987; Bowring and Karlstrom, 1990; Case,
1991). East-northeast of the La Sal Mountains, on the
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Figure 1.  Selected magmatic and structural features of the Colorado Plateau (modified from Woodward-Clyde Consultants, 1983,
figure 6-1, p. 136).

Uncompahgre Plateau, the basement rocks contain north- Colorado, Proterozoic rocks contain both northwest-striking
west-striking faults that show evidence of Proterozoic shear- and northeast-striking fault zones that also show evidence of
ing (Case, 1991). Farther east, in the mountains of central Proterozoic movement (Hedge and others, 1986; Tweto,
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1987). In the southwestern part of the Colorado Plateau the
basement rocks are faulted by northeast-striking Proterozoic
shear zones (Bowring and Karlstrom, 1990). Subsurface
data indicate that a 600-m-thick sequence of Cambrian to
Mississippian epicontinental sedimentary rocks overlies the
Proterozoic basement rocks of the central Colorado Plateau
(Hintze, 1988).

During the late Paleozoic, regional tectonism formed
the ancestral Rocky Mountains and associated basins
(Woodward-Clyde Consultants, 1983). The Paradox Basin
formed on the southwest side of the ancestral Uncompahgre
Uplift during this tectonism (fig. 1). The basin is asymmet-
ric, having its northwest-trending axis along its northeastern
margin adjacent to the faulted ancestral uplift. Drilling and
seismic data show that the uplift is bounded along the Para-
dox Basin by a high-angle reverse fault (Uncompahgre
fault). The fault accommodated approximately 6,100 m of
vertical offset and 9 km of horizontal offset during the late
Paleozoic (Frahme and Vaughn, 1983; White and Jacobson,
1983; Potter and others, 1991). The amount of subsidence
and sedimentation was greatest in the northeastern part of the
basin adjacent to the uplift.

During the Middle Pennsylvanian, a sequence of cyclic
evaporites (chiefly halite, gypsum, and anhydrite), fine-
grained siliciclastics, and carbonates of the Paradox Forma-
tion were deposited in the basin. In the northeastern part of
the basin, later flowage of the evaporites formed northwest-
trending elongated salt diapirs, which may be referred to as
salt walls (Jackson and Talbot, 1991). In the vicinity of the
La Sal Mountains, the salt diapirs form three near-parallel
rows: the Moab Valley—Spanish Valley—Pine Ridge salt di-
apir system, the Castle Valley—Paradox Valley salt diapir
system, and the Salt Valley—Cache Valley—Fisher Val-
ley—Sinbad Valley salt diapir system (fig. 2). Some early
workers in the Paradox Basin suggested the existence of
faults and (or) folds in the underlying rocks that controlled
the locations and development of the salt diapirs (Harrison,
1927; Stokes, 1948). Data from drilling and geophysical sur-
veys in the region strongly suggest the existence of high-an-
gle, large-displacement, northwest-striking faults in the
Pennsylvanian and older rocks below some of the salt diapirs
(Shoemaker and others, 1958; Case and others, 1963; Baars,
1966; Woodward-Clyde Consultants, 1983). These faults
strike subparallel to the Uncompahgre fault.

The growth of the Paradox Basin salt diapirs affected
the deposition of synkinematic Upper Pennsylvanian to Up-
per Triassic sediments and caused considerable variation in
the stratigraphic thickness of these units (Shoemaker and
others, 1958; Cater, 1970; Doelling, 1988). Localized salt
flowage along some of the diapirs continued until the Late
Jurassic (Shoemaker and others, 1958; Cater, 1970; Tyler
and Ethridge, 1983). Synkinematic Upper Pennsylvanian to
Upper Jurassic formations are thin or absent over some salt
diapirs, but are significantly thicker in the rim synclines that
formed adjacent to the salt diapirs during salt flowage. The

piercement, thinning, and folding of strata over the salt dia-
pirs produced the salt-cored anticlines.

Northeast-southwest compressive stress of the Lara-
mide orogeny affected the region during the Late Cretaceous
to Eocene (McKnight, 1940; Cater, 1970; Baars and Steven-
son, 1981; Heyman and others, 1986). Some structures were
reactivated and formed large uplifts. The Uncompahgre Pla-
teau, for instance, rose on the site of the Paleozoic Un-
compahgre Uplift.  North-northwest-striking high-angle
faults and monoclines formed in association with these up-
lifts (Cater, 1970; Jamison and Stearns, 1982). North-north-
west-trending gentle folds are also interpreted to have
formed during this orogenic period (Cater, 1970; Johnson,
1985). Broad folds may have been superimposed on the pre-
existing salt-cored anticlines and adjacent rim synclines (fig.
2) (Cater, 1970; Doelling, 1988). The crustal structural fab-
ric produced during these periods of deformation may have
influenced the emplacement of the Colorado Plateau intru-
sive centers.

Even though the Colorado Plateau intrusive centers
have structural and geochemical similarities, recent isotopic
dating (Sullivan and others, 1991; Nelson, Heizler, and
Davidson, 1992; Nelson, Davidson, and Sullivan, 1992)
combined with previous studies (Armstrong, 1969; Cunning-
ham and others, 1977) indicates that the centers form two
temporally and spatially distinct belts (fig. 1). A northeast-
southwest-trending belt of Late Cretaceous to early Tertiary
intrusive centers extends from the Four Corners region into
Colorado. An east-west-trending belt of late Oligocene to
early Miocene magmatic centers extends across the Colorado
Plateau from the Marysvale volcanic field to the San Juan
volcanic field (fig. 1), including several intrusive centers
(Best, 1988; Nelson, Davidson, and Sullivan, 1992). The La
Sal Mountains magmatic activity occurred in the late Oli-
gocene and is part of the east-west belt (Nelson, Davidson,
and Sullivan, 1992).

The Colorado Plateau has undergone epeirogenic uplift
during the late Cenozoic (Hunt, 1956; Lucchitta, 1979;
Johnson and Finn, 1986), and regional erosion has been pro-
nounced. However, the salt-cored anticlines remain distinct
physiographic features because of late Cenozoic collapse
along their crests. The collapse transformed most of them
into steep-walled valleys, which are generally floored by
Quaternary deposits (figs. 2 and 3). Collapse of the crests
along marginal faults of the salt-cored anticlines was caused
by salt dissolution or salt flowage.

Figure 2 (facing and following pages). Geologic and geographic
features of the La Sal Mountains, Utah, and vicinity. A, Simplified
geologic map, modified and reduced from the 1:250,000 map of
Williams (1964). For the locations of geologic features not labeled,
compare this to the geographic map on page 67, which is at the same
scale. B, Notable geographic features in and near the La Sal
Mountains, Utah.
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EXPLANATION

Q Quaternary deposits (includes some Pliocene
fan gravels)

Tertiary rocks
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GEOLOGY OF THE LA SAL
MOUNTAINS

The La Sal Mountains consist of three distinct clusters of
peaks separated by high passes: the northern, middle, and
southern La Sal Mountains (fig. 4). Each of the mountain
clusters is an intrusive center consisting of hypabyssal
intrusions of trachyte and rhyolite porphyries emplaced as
laccoliths, plugs, sills, and dikes.

The three intrusive centers in the La Sal Mountains in-
truded upper Paleozoic and Mesozoic sedimentary rocks and
have a north-south alignment (fig. 2). As first recognized by
Gould (1926), both the northern and southern mountains are
cored by large elliptical igneous intrusions elongated
northwest-southeast. The northern mountains are elongated
along the Castle Valley—Paradox Valley salt-cored anticline
system. The southern mountains are elongated along the
Moab Valley—Spanish Valley—Pine Ridge salt-cored anticline
system. The elongation of these intrusive centers suggests
that shallow-level magma emplacement was influenced by
the preexisting salt-cored anticlines. The intrusions of the
middle mountains form several laccoliths, plugs, and sills in a
circular cluster arrangement. These were emplaced into sub-
horizontal sedimentary rocks between the two salt-cored an-
ticline systems.

The La Sal Mountains intrusive centers are on a broad
dome that has approximately 600 m of relief across a diameter
of about 32 km. Regional magnetic data suggest there is no
large intrusion in the subsurface below the La Sal Mountains
from which the intrusive centers were supplied. The magnet-
ic low at the La Sal Mountains indicates that no such intrusion
is present within 11-14 km beneath the mountains (Case and

others, 1963). Itis possible, though, that one could be present
at greater depth.

Hunt (1958) interpreted each of the La Sal Mountain in-
trusive centers as consisting of a central stock surrounded by
outward-radiating laccoliths. In his view, the stocks forced up
the individual domes and the laccoliths were injected laterally
from the stocks. This interpretation is identical to his conclu-
sions on the physical injection of stocks and laccoliths for the
Henry Mountains. The mechanism of emplacement of the
Henry Mountains laccoliths is disputed. Research by Johnson
and Pollard (1973), Pollard and Johnson (1973), Jackson and
Pollard (1988a), and Corry (1988) in the Henry Mountains in-
dicates that a large central laccolith, not a discordant stock,
formed the intrusive domes of the Henry Mountains. The lac-
coliths were probably fed by a network of radiating dikes, but
the data do not rule out the possibility of a stock at depth
(Jackson and Pollard, 1988a). Jackson and Pollard (1988a,b),
Hunt (1988), and Corry (1988) discuss the two opposing in-
terpretations at length. No field evidence demonstrates con-
vincingly that any of the La Sal Mountains centers are cored
by discrete central stocks that have fed magma outward to ra-
diating laccoliths. Surficial deposits, frost wedging, hydro-
thermal alteration, and poor bedrock exposures make detailed
structural analysis of the La Sal Mountains intrusives prob-
lematic.

Igneous rocks of the La Sal Mountains are holocrystal-
line and porphyritic and have a very fine to fine-grained
groundmass. Chemically, the igneous rocks are mildly subal-
kaline to alkaline and contain 59-71 percent SiO,. Based on
the Total Alkali-Silica classification of LeBas and others
(1986), rocks of the La Sal Mountains consist of various types
of trachyte and some rhyolite (Ross, 1992). Mapping (figs. 2
and 5) shows the following lithologic units in the La Sal
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Figure 3. View to the southeast up Castle Valley, Utah, showing the northern La Sal Mountains. Note the high cliffs along the valley
margins. Round Mountain is in the center of the valley (foreground).

Figure 4. The La Sal Mountains, Utah, as seen from Dead Horse Point State Park, about 40 km west of the mountains. Northern
mountains are on the left, middle mountains are in the center, and southern mountains are on the right. Photograph by Craig Morgan, Utah
Geological Survey.
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Mountains (in order from oldest to youngest): hornblende
plagioclase trachyte (Ttp), quartz plagioclase trachyte
(Tgp), peralkaline trachyte (Tpt), peralkaline rhyolite
(Trp), and nosean trachyte (Tnt).

Hornblende plagioclase trachyte is the predominant
igneous rock type in the La Sal Mountains. It contains
phenocrysts of plagioclase (20-50 percent) and horn-
blende (<15 percent), = clinopyroxene (<5 percent). The
plagioclase phenocrysts are subhedral to ecuhedral laths,
some complexly zoned, ranging from 1 to 8 mm. The
hornblende phenocrysts are subhedral to euhedral and gen-
erally range from 2 to 7 mm. The clinopyroxene forms
equant microphenocrysts. Accessory minerals are apatite,
opaque oxides, sphene, * biotite, and * zircon. The horn-
blende plagioclase trachyte also contains many conspicu-
ous amphibolite xenoliths, and some of the hornblende
crystals are xenocrysts derived from disintegration of those
xenoliths (Nelson, Davidson, and Sullivan, 1992). Quartz
plagioclase trachyte is largely similar to the hornblende
plagioclase trachyte, except that its phenocryst assemblage
includes <10 percent anhedral (resorbed?) quartz.

The peralkaline trachyte contains 20-70 percent
phenocrysts  of alkali feldspar, plagioclase, and
microperthite, along with aegirine-augite (<10 percent), +
hornblende (<5 percent). The alkali feldspar forms large
(0.5-2.0 cm) equidimensional euhedral crystals that are
complexly zoned and twinned. Some crystals have
plagioclase cores. Aegirine-augite forms euhedral
microphenocrysts (€3 mm) scattered in the groundmass,
which consists of alkali feldspar and minor quartz, apatite,
opaque oxides, and zircon. The texture of the peralkaline
trachyte varies from seriate to porphyritic. Conspicuous pro-
toclastic(?) and filter-pressing textures are locally present.

The peralkaline rhyolite contains 5-40 percent
phenocrysts of subhedral to euhedral feldspar. Feldspar
phenocrysts are commonly plagioclase, but some are
complexly zoned, having plagioclase cores and alkali
feldspar rims. Sanidine forms phenocrysts in certain rhyolite
intrusions. Quartz (<10 percent) and aegirine-augite (<5 per-
cent) may be phenocrysts. The groundmass is feldspar-rich
and also includes some quartz, clinopyroxene, apatite,
zircon, and opaque oxides.

The nosean trachyte is a distinct rock because it con-
tains abundant large (0.5-5.0 cm) equidimensional mul-
tiphase feldspar megacrysts and glomerocrysts.  The
megacrysts are complexly zoned albite, perthite, and alkali
feldspar. Besides the megacrysts, the rock contains 30 per-
cent euhedral plagioclase and alkali feldspar (0.2-1.0 cm),
10 percent subhedral to euhedral nosean (€2 mm), and 2-5
percent subhedral to euhedral aegirine-augite (€4 mm) as
phenocrysts.  Microphenocrysts of anhedral melanite
garnet, commonly in small clusters with aegirine-augite and
opaque oxides, compose about 2 percent of the rock.
Sphene, biotite, and opaque oxides are accessory minerals.
The groundmass is feldspar-rich and trachytic.

Based on “9Ar/39Ar, K/Ar, and fission-track geochro-
nology, magmatic activity in the La Sal Mountains ranged in
age from 25.1 to 27.9 Ma (Nelson, Heizler, and Davidson,
1992). This timing is contemporaneous with magmatic
activity in the Henry and Abajo Mountains (Nelson, David-
son, and Sullivan, 1992).

FIELD RELATIONSHIPS OF THE
LA SAL MOUNTAINS
INTRUSIVE CENTERS

NORTHERN LA SAL MOUNTAINS
INTRUSIVE CENTER

The northern La Sal Mountains intrusive center
consists of a large composite pluton forming an elliptical
structural dome, 13.7x4.8 km, surrounded by several smaller
satellite laccoliths and sills (fig. 5). The main intrusive dome
shows about 1,520 m of structural relief along the base of the
Lower Jurassic Glen Canyon Group sandstones across the
short axis of the dome (fig. 5, section A-A"). Preliminary
restoration of the cross section A—A’ prior to intrusion sug-
gests about 300 m of relief was present on the base of the
Glen Canyon Group over the preexisting salt-cored
anticline.  The salt diapirs in the core of the Castle
Valley—Paradox Valley salt-cored anticlines have near-
vertical margins and height-to-width ratios greater than one.
The estimated height of the Castle Valley salt diapir is be-
tween 2,700 and 3,000 m. The estimated height of the Para-
dox Valley salt diapir is between 2,400 and 4,600 m
(Shoemaker and others, 1958; Case and others, 1963; Cater,
1970).

Hornblende plagioclase trachyte is the oldest and
most voluminous igneous rock type at the northern intru-
sive center. The exact shape and size of the hornblende
plagioclase trachyte intrusion or intrusions that form the
main pluton (within the preexisting salt-cored anticline)
are poorly understood. Field observations and petrograph-
ic and geochemical analyses have not produced sufficient
information to determine if the main pluton is formed by
one or several intrusions. Even the pluton’s shape and
original size cannot be determined because its roof rocks
have been removed by erosion, its floor is not exposed,
and only a few outcrops show its marginal contacts.
Though conclusive evidence is lacking, the main horn-
blende plagioclase trachyte pluton probably consists of
several coalesced laccoliths that were emplaced in the
upper part of the salt diapir below its contact with the
overlying country rock.

Hunt (1958) used flow banding, linear hydrothermal
alteration zones, sheeted joints, xenolithic blocks of contact-
metamorphosed country rock, and the eroded shape of
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EXPLANATION FOR MAPS AND CROSS SECTIONS

Q Quaternary deposits

QTag | Pleistocene and Pliocene alluvial fan gravels

Tertiary rocks

Geyser Creek Fanglomerate (Pliocene?)
™ youngest

Hornfels

Nosean trachyte
Peralkaline rhyolite
Breccia r (Oligocene)
Peralkaline trachyte

Quartz plagioclase trachyte

Hornblende plagioclase trachyte P
Mesozoic rocks, undifferentiated
Cretaceous strata

Mancos Shale (Upper Cretaceous)

Dakota Sandstone (Upper Cretaceous) and
Burro Canyon Formation (Lower Cretaceous)

mountain peaks of igneous rocks to define the axial trends of
“laccoliths that radiate from the central stock.” However, in
remapping the area I have found that (1) the hydrothermal
alteration and fractures are peripheral to and related to the
emplacement of later peralkaline trachyte and rhyolite intru-
sions and breccia pipes; (2) the metamorphosed xenolithic
blocks are small isolated roof pendants that have no
systematic distribution; and (3) the conical eroded peaks in
the core of the northern mountains are not the tops of
individual laccoliths.

On the southwest flank of the northern mountains
dome, the sedimentary rocks are abruptly folded from a dip
of 5° to dips of 60°-90° southwest, forming a northwest-
trending monocline (fig. 5, section A-A"). Triassic strata
are in near-vertical contact with the hornblende plagioclase
trachyte pluton along the entire flank. A thin contact-meta-
morphic aureole of hornfels indicates minimal baking of
the country rock along the contact. At several locations,
Triassic strata adjacent to the pluton form thin breccia
zones. This clast-supported breccia has well-indurated
clasts in a matrix of calcite and crushed rock. Many of the
frost-heaved Lower Jurassic Glen Canyon Group sandstone
blocks that cover the large flatiron ridge of the monocline
have slickenside surfaces and cataclastic shear bands. The
breccia zones, slickensides, and shear bands suggest near-
bedding-plane faulting and stretching of the sedimentary
rocks as they were arched across the main igneous pluton.
Similar features have been described on the flanks of the
laccolithic domes in the southern Henry Mountains
(Johnson and Pollard, 1973; Jackson and Pollard, 1988a).

J Jurassic strata
Jm Morrison Formation (Upper Jurassic)
Je Entrada Sandstone (Middle Jurassic)
Jge Glen Canyon Group (Lower dJurassic; includes

Navajo Sandstone, Kayenta Formation,
Wingate Sandstone)

Triassic strata
Chinle Formation (Upper Triassic)

Moenkopi Formation (Middle and Lower Triassic)

P Cutler Formation (Lower Permian)

Pp Paradox Formation (Middle Pennsylvanian)

Contact

— Normal fault—Dashed where approximate; dotted where

covered; bar and ball on downthrown side

Strike and dip

f23

—3—— Anticline axial trace—Dashed where approximate

or covered

—l— Syncline axial trace—Dashed where approximate

or covered

Along most of the northeast flank of the northern
mountains, Triassic and Jurassic strata dip about 45°-50°
and 45°-60° northeast, respectively (fig. 5). The plu-
ton—country rock contact along this flank appears to be near-
ly vertical or to dip slightly northeast. At La Sal Peak, the
structure is complex because the hornblende plagioclase tra-
chyte intrusion breached the flank of the anticline and was
injected as much as 1.7 km into the flanking rocks (fig. 5,
section A—A"). Exposures in this area (fig. 6) show that horn-
blende plagioclase trachyte cuts discordantly across the Tri-
assic and Glen Canyon Group strata. Small dikes and sills
penetrate several meters into the country rock beyond the
main contact. Triassic strata are unmetamorphosed to vari-
ably baked, forming an irregular hornfels zone. Some areas
of well-developed hornfels may be partially stoped blocks.

The elevation of the floor of the hornblende plagio-
clase trachyte pluton in the northern mountains is problem-
atic. Case and others (1963) suggested, on the basis of
gravity and magnetic data, that the northwest part of the
main pluton (Grand View Mountain area) and the southeast
part (Mount Tomasaki area) both extend outward over
thickened masses of salt (fig. 5). By modeling the geo-
physical data, they suggested that the floor of the pluton is
approximately 2,700 m above sea level at the northwest
and southeast ends and drops to about 2,100 m near the
center. Hunt (1958) estimated that the maximum thickness
of the laccoliths in the northern mountains is about
600-900 m, indicating that the floor of the main pluton is
at an elevation of 2,400-2,700 m. However, outcrops of
hornblende plagioclase trachyte are present at elevations as



Figure 6. La Sal Peak (left) and Castle Mountain (right) in the northern La Sal Mountains, Utah. View is to the east from Horse Mountain. Castle Mountain and the flanks of La Sal
Peak are composed of hornblende plagioclase trachyte (Ttp) and several dikes of nosean trachyte and peralkaline rhyolite (not labeled). La Sal Peak is capped by Mesozoic strata.
Dashed lines mark approximate locations of contacts between the Triassic (R) strata (Chinle and Moenkopi Formations), the Jurassic (Jgc) strata (Glen Canyon Group), and the intrusive
rocks.
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low as 2,100 m at the base of Grand View Mountain. The
outcrop thickness of hornblende plagioclase trachyte at
Grand View Mountain is about 1,000 m. At the southeast
end of the main pluton, the lowest hornblende plagioclase
trachyte outcrops are at about 2,700 m, but colluvium and
glacial deposits cover bedrock below this elevation.

The best inference for the elevation of the pluton’s
floor may be one that derives from the observation that the
underlying salt diapir does not appear to have dissolved. If
it had, it would have caused collapse of the extended parts
of the pluton. In the adjacent Castle Valley, late Cenozoic
dissolution of the upper part of the salt diapir has lowered
the upper surface of the diapir to elevations between 1,200
and 1,900 m for most of the valley (based on drilling
records from water wells and on well cuttings and geophys-
ical logs from two petroleum wells: Gold Bar Resources,
Castle Valley #1 and Grand River Oil & Gas, Sid Pace #1,
sec. 16, T.25S., R. 23 E.). An elevation of 2,400-2,700 m
for the floor of the main pluton would be significantly high-
er (>500 m) than the level of collapse and the upper surface
of the salt diapir in adjacent Castle Valley. If the pluton’s
floor were that much higher, then the salt dissolution in
Castle Valley would have undermined the northwestern
part of the pluton, and the igneous rocks there should show
collapse structures, such as faults, folds, and open-fracture
zones, like those in adjacent sedimentary strata that were
subject to salt-dissolution-induced collapse. In fact, col-
lapse appears to wrap around the intrusion at Grand View
Mountain (fig. 5). These data suggest that the base of the
pluton is at an elevation below the current level of salt dis-
solution. Thus, I estimate that the floor of the hornblende
plagioclase trachyte pluton in the northern mountains is at
an elevation of about 1,800 m (fig. 5, section B-B’), which
is slightly lower than the lowest igneous outcrops at Grand
View Mountain and the upper surface of the diapir in the
upper part of Castle Valley. Assuming the pluton’s contact
with the underlying salt diapir is generally subhorizontal
and yet locally complex, then its minimum thickness is
about 1,800 m at the center of the northern mountains. At
Grand View Mountain the pluton is estimated to be 1,400
m thick.

If this interpretation of the main hornblende plagio-
clase trachyte pluton is correct, then in cross section the
pluton may resemble a cluster of coalesced mushrooms
(laccoliths) with thin vertical feeder stalks rooted through
the salt diapir (fig. 5, sections). As the laccoliths grew, the
intervening evaporite rocks were pushed aside until the in-
trusions coalesced and the margins of the individual lacco-
liths became indistinguishable. A concentrated network of
stalks would be located at the center of the northern moun-
tains, where additional intrusions were emplaced.

Hornblende plagioclase trachyte samples from the
northern, middle, and southern La Sal Mountains have
similar weight-percent concentrations of Na,O, K,O, total
alkalies, CaO, and Rb. These data suggest that during

emplacement into the salt diapir and coalescence of the in-
trusions, the magma assimilated little or no material from
the evaporite rocks.

Several satellite hornblende plagioclase trachyte
laccoliths and sills are present around the northern La Sal
Mountains dome. The satellite intrusions may connect at
depth to the feeder system of the main pluton or may have
their own feeder systems. Field observations and geophys-
ical data are inconclusive about their relations to the main
pluton. Round Mountain consists of an intrusion of horn-
blende plagioclase trachyte in contact with the contorted
cap rock of the salt diapir in Castle Valley (fig. 5). Several
small roof pendants of cap rock are preserved on its top.
The base of the intrusion is not exposed and the marginal
contacts are nearly vertical. Chill-zone rock at its margin
locally shows randomly oriented slickensides, suggesting
that the intrusion is fault bounded. Hunt (1958) and Corry
(1988) interpreted the faults as having formed during em-
placement. I believe the faulting postdates emplacement
and occurred during salt dissolution of the diapir and col-
lapse of cap rock and country rock around the rooted
Round Mountain intrusion (fig. 3).

Northeast of the northern mountains dome are two
small, poorly exposed laccoliths(?) of hornblende plagio-
clase trachyte that are elongated to the northeast (fig. 5,
section A—A"). A thin sill probably connects them. These
laccoliths(?) were emplaced in gently dipping Cretaceous
strata (fig. 5).

To the southwest, the Haystack Mountain laccolith was
emplaced in Upper Jurassic and Cretaceous strata at the low-
er hinge of the monocline that marks the steep southwest
flank of the northern mountains dome (fig. 5). At the base
of the mountain along its south side are scattered outcrops of
strata that dip steeply away from the laccolith (Carter and
Gualtieri, 1958; Weir and Puffet, 1960), suggesting that the
floor of the laccolith is not exposed. Two thin sills are also
present in the Upper Cretaceous strata in this area.

The later trachytes, rhyolites, and breccia pipes in the
northern La Sal Mountains either intrude or are in gradation-
al(?) contact with the hornblende plagioclase trachyte (fig.
5). Quartz plagioclase trachyte forms a bulbous or sill-like
mass in gradational(?) contact with hornblende plagioclase
trachyte. Peralkaline trachyte and peralkaline rhyolite in-
trude hornblende plagioclase trachyte as plugs and dikes and
lie at the center of a synmagmatic hydrothermal alteration
system that also includes calcite-quartz breccia pipes (Ross,
1992). The breccias found in the intrusive pipes range from
crackle breccia to matrix-supported breccia. The matrix is
predominantly calcite and includes subordinate amounts of
quartz, crushed rock, and opaque grains. Quartz veins,
stockworks, and pods are locally present. Hematite pseudo-
morphs after various sulfides are common. At the northwest
end of the northern mountains, other discrete areas of similar
breccias are present near the margins of the main pluton and
adjacent to the quartz plagioclase trachyte body. In these
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breccias clast types are variable: some contain only frag-
ments of either Triassic rock and (or) Glen Canyon Group
sandstone, some have only fragments of hornblende plagio-
clase trachyte or quartz plagioclase trachyte, and at least one
contains a mixture of both sedimentary and igneous rock
fragments. The breccia formed at the sedimentary-igneous
contact because of either forceful emplacement of magma or
the release of volatile-rich fluids. The hydrothermal alter-
ation mineral assemblages that formed during emplacement
of the later intrusions and breccia pipes range from mainly
argillic to propylitic to locally phyllic.

Several late-stage peralkaline rhyolite and nosean tra-
chyte dikes, trending generally northward (N. 15° W. to N.
10° E.), cut most of the intrusive phases (fig. 5). Previous
studies (Price and Henry, 1984; Best, 1988) have used the
orientation of dikes in slightly older host rocks to determine
the paleostress orientations at the time of dike emplacement.
Following the assumptions used in these studies, the orienta-
tion of the late-stage rhyolite and nosean trachyte dikes sug-
gests an overall east-west direction of horizontal least
principal stress during their emplacement. The overall
north-south alignment of the La Sal Mountains intrusive cen-
ters also supports an east-west direction of horizontal least
principal stress during their emplacement in the late Oli-
gocene. Best (1988) suggested that a northerly least-princi-
pal-stress orientation for the Western United States rotated to
an east-northeast direction during the latest Oligocene to ear-
ly Miocene. Even though the La Sal Mountains data set is
small and only qualitative, the observations are worth noting.

Determining the depth of emplacement for the intru-
sions in the northern mountains is problematic due to episod-
ic growth on the Castle Valley—Paradox Valley salt diapirs.
(See Shoemaker and others, 1958; Cater, 1970; Doelling and
Ross, 1993.) Surface geologic mapping and subsurface pe-
troleum well data indicate that only the Middle to Upper
Pennsylvanian, Permian, and Triassic strata show significant
variations in stratigraphic thickness in the area around the
northern La Sal Mountains, Castle Valley, and Fisher Valley
(Shoemaker and others, 1958; Goydas, 1990; Doelling and
Ross, 1993; H.H. Doelling, unpublished data; M.L. Ross,
unpublished data). Jurassic and Cretaceous strata in the
same area have relatively uniform stratigraphic thickness,
with some local variation. Construction of preliminary re-
stored cross sections across the salt diapir at Castle Valley
and the northern La Sal Mountains (prior to emplacement of
the intrusions) suggests that Upper Pennsylvanian and Per-
mian strata were not preserved across the crest of the diapir.
A relatively thin section of Triassic strata rested on the cap
rock. Supporting this hypothesis is the fact that Triassic
rocks are the oldest strata continuously exposed along the
margins of the northern mountains dome.

Taking into account the effects of salt diapir movement,
the reconstructed stratigraphic section of Lower Triassic
(base of the Moenkopi Formation) to Upper Cretaceous (top
of the Mancos Shale) strata (compiled from Hintze, 1988;

Doelling and Ross, 1993; M.L. Ross, unpublished data; and
Willis, 1991) is approximately 1.9 km thick near the La Sal
Mountains. When the northern La Sal Mountains intrusions
were emplaced, this section was probably overlain by a se-
quence comprising the Upper Cretaceous Mesaverde Group
through the Eocene Green River Formation. This sequence
would have added about 0.76 km to the section, based on its
present thickness in the Book Cliffs, about 70 km north of
the area (compiled from Willis, 1991; Willis, unpublished
data; and Franczyk and others, 1992), and on thickness mod-
ifications suggested by G.C. Willis (oral commun., February
1993). According to these estimates, approximately 2.7 km
of sedimentary rocks covered the crest of the salt diapir at the
time the main intrusions and the Round Mountain intrusion
were emplaced. The other satellite intrusions have an
estimated depth of emplacement of about 1.9 km. These
estimates assume a minimal amount of erosion from post-
Green River Formation time to the late Oligocene.

SOUTHERN LA SAL MOUNTAINS
INTRUSIVE CENTER

The southern La Sal Mountains intrusive center is struc-
turally similar to that of the northern mountains in that it was
emplaced into a salt-cored anticline (fig. 2). However, the
intrusive dome is smaller (8.0 x 4.4 km), and hornblende pla-
gioclase trachyte is the only igneous rock exposed.

Salt-dissolution-induced collapse of the Moab—Spanish
Valley salt-cored anticline formed the northwest-trending
Pack Creek syncline and many high-angle normal faults that
terminate near the margin of the pluton. Wells drilled in the
Pine Ridge salt-cored anticline southeast of the southern in-
trusive center (fig. 2) indicate that strata as young as the
Chinle Formation locally rest on Paradox Formation cap
rock (Hite and Lohman, 1973). The southwest margin of the
dome is a steep (40°-85°) southwest-dipping monocline in
Permian to Lower Cretaceous strata. The hornblende plagio-
clase trachyte pluton is in apparent discordant contact with
the Lower Permian Cutler Formation along this side. (See
Weir and Puffet, 1960, and Weir and others, 1960, for de-
tails.) Carter and Gualtieri (1958) and Hunt (1958) interpret-
ed the intrusion to be in concordant contact with the Cutler
along part of its northeast flank, forming a 45°-60° north-
east-dipping monocline. Along the northeast flank the sedi-
mentary rocks have been breached by several small sill-like
intrusions that cut discordantly across the Upper Jurassic and
Cretaceous strata (Hunt, 1958; Weir and Puffet, 1960). I es-
timate that the structural relief on the base of the Lower Ju-
rassic Glen Canyon Group across the short axis of the
southern mountains dome is 1,500-1,700 m. Taking into
consideration the effects of salt diapir growth on the post-
Paradox strata, the estimated depth of emplacement for the
southern La Sal Mountains intrusions is between 2.60 and
2.74 km.
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MIDDLE LA SAL MOUNTAINS
INTRUSIVE CENTER

The middle La Sal Mountains consist of three promi-
nent mountains: Mount Mellenthin, Mount Peale, and
Mount Tukuhnikivatz, each underlain by hornblende plagio-
clase trachyte intrusions (fig. 2). Smaller satellite intrusions
of hornblende plagioclase trachyte are adjacent to the three
larger ones. Mount Mellenthin is capped by a laccolith em-
placed in the Mancos Shale. The floor of the laccolith is
about 60 m above the underlying Burro Canyon Formation
and the Dakota Sandstone. Several irregular feeder dikes to
the laccolith, striking N. 20°-25° E., are exposed in a glacial
valley on the southwest side of the mountain (Gould, 1926;
Hunt, 1958; Corry, 1988). Northeast of the mountain a
smaller discordant intrusion was emplaced in the Upper Ju-
rassic Morrison Formation (Carter and Gualtieri, 1958;
Hunt, 1958).

Mount Peale consists of a large laccolith, which has
faulted marginal contacts that are discordant with the
country rock (Carter and Gualtieri, 1958). The level of em-
placement for the Mount Peale laccolith is uncertain. Hunt
(1958) showed the laccolith as being emplaced into the Mor-
rison Formation; however, Carter and Gualtieri (1958)
mapped the floor of the laccolith as being at the Kayenta
Formation—Navajo Sandstone contact. They also mapped
the Navajo Sandstone, Entrada Sandstone, and Morrison
Formation in a large roof pendant.

The intrusions at Mount Tukuhnikivatz appear to have
a complex morphology. The main intrusion, which forms
the highest peak, cuts discordantly across Jurassic strata
along its margins, and its floor is not exposed (Hunt, 1958;
Weir and Puffet, 1960). Because of the lack of information
on the base of this intrusion, its form has been interpreted
as a plug (Gould, 1926), a bysmalith (Hunt, 1958), or a
“punched laccolith” (Corry, 1988). On the northwest flank
of the mountain are two intrusions previously described as
laccoliths. Hunt (1958) and Weir and Puffet (1960) show
the intrusions as having floors (basal contacts) that cut dis-
cordantly across northwest-dipping strata and extending
laterally from the main Mount Tukuhnikivatz intrusion.
(See cross section B-B' in Weir and Puffet, 1960.) As
mentioned previously, recent work by Jackson and Pollard
(1988a) in the Henry Mountains and by Corry (1988) indi-
cate that the intrusive relations illustrated and discussed by
Hunt (1958) and Weir and Puffet (1960) for the Mount
Tukuhnikivatz intrusion(s) are unlikely and difficult to rec-
oncile with current mechanical models. The level of em-
placement of the Mount Tukuhnikivatz intrusion(s) is also
uncertain. Hunt (1958) showed the intrusion(s) as being
emplaced into the Morrison Formation. Weir and Puffet
(1960) showed the intrusion(s) as being emplaced at differ-
ent horizons within Jurassic strata.

An intrusion of nosean trachyte in the Morrison
Formation is located in the northwest part of the middle

mountains. The contact between the intrusion and the
Morrison Formation is poorly exposed. The intrusion
appears to be sill-like with a northwest dip subparallel to the
dip of the Morrison Formation exposures nearby.

Exxon Corporation drilled the Gold Basin Unit #1 well
(sec. 15, T. 27 S., R. 24 E.) near the center of the middle
mountains (fig. 7). Geophysical and drilling logs indicate
multiple levels of intrusions in the subsurface down to about
1,100 m below sea level. The lowest intrusions appear to be
near the base of the Paradox Formation. The maximum
thickness of an individual igneous rock horizon in the well
is about 300 m. The intrusions in the middle mountains ap-
pear to have been emplaced at multiple stratigraphic
horizons from the Paradox Formation to the Mancos Shale,
resulting in a Christmas tree-like appearance in cross sec-
tion. Using the data from the Exxon well and the structural
relationships of Weir and Puffet (1960) the estimated overall
range for depth of emplacement of the intrusion of the
middle La Sal Mountains is 1.9-6.0 km.

STRUCTURAL CONTROL FOR THE
LA SAL MOUNTAINS
INTRUSIVE CENTERS

The northern and southern La Sal Mountains intrusive
centers were emplaced into preexisting salt-cored anticlines.
The salt-cored anticlines influenced the form of the main
hornblende plagioclase trachyte plutons. Northwest-trend-
ing faults that offset the Paradox Formation and older rocks
controlled the localization, linear form, and northwest-trend-
ing parallel belts of the salt diapirs that core the folds of the
northern Paradox Basin. Northwest-trending high-angle
faults, which displace Pennsylvanian and older rocks, have
been identified in the subsurface beneath several of the salt-
cored anticlines (Shoemaker and others, 1958; Case and oth-
ers, 1963; Cater, 1970; Parker, 1981, Woodward-Clyde
Consultants, 1983). Baars (1966) interpreted west-north-
west-trending fault blocks of Proterozoic and Paleozoic
rocks in the San Juan Mountains as southeastward continua-
tions of the northwest-trending subsurface faults of the Par-
adox Basin. The west-northwest-trending basement faults in
the San Juan Mountains show evidence for episodic move-
ment from the Late Proterozoic to the Late Permian. The
subsurface faults of the northern Paradox Basin are believed
to have a similar history of repeated movements (Baars,
1966; Stevenson and Baars, 1987). Many northwest-strik-
ing and several east-west-striking faults cutting Proterozoic
and Phanerozoic rocks have been mapped in the Uncompah-
gre Plateau and the eastern Paradox Basin region (Tweto,
1987; Case, 1991). The predominance of northwest-striking
faults indicates a pervasive northwest-trending structural
fabric for the region.

Geophysical data (Joesting and Byerly, 1958; Joesting
and Case, 1960) and well data (Case and others, 1963)
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indicate that one of the Paradox Basin subsurface faults is
along the southwest flank of the Paradox Valley salt-cored
anticline (fig. 7). Steep northeastward gradients in both
gravity and magnetic data (Paradox Valley regional gradient
of Case and others, 1963) coincide with a vertical offset of
about 1,800-2,100 m in the Proterozoic and Paleozoic rocks
(Elston and others, 1962; Case and others, 1963). The zone
of steep geophysical gradients extends northwestward to a
point just beyond the northern La Sal Mountains. Figure 7
shows the estimated location and trend of the subsurface
fault. The fault may continue northwestward along the
southwest flank of Castle Valley, where the estimated verti-
cal offset decreases to about 300 m (Doelling and Ross,
1993). Case and Joesting (1972) suggested that basement
faults having as much as 300 m of displacement could exist
in the salt-cored anticline region without causing an obvious
gravity or magnetic anomaly.

Another pair of coincident northwest-trending gravity
and magnetic gradients occurs subparallel to the southwest
flank of the Moab—Spanish Valley salt-cored anticline (fig.
7) (Case and Joesting, 1972). Termed the Spanish Valley
regional gradient, it trends west-northwest from Spanish
Valley to the area between the Colorado and Green Rivers.
Elevations of the tops of the Mississippian strata in the wide-
ly separated petroleum wells around Spanish Valley indicate
an elevation difference of at least 1,100 m on pre-Paradox
Formation rocks across the steep geophysical gradients,
which most likely results from a subsurface fault or faults
along the flank of the salt-cored anticline. However, the
distance between wells is about 11.3 km, and a north-north-
east dip of 6° on pre-Paradox Formation rocks could produce
the same amount of elevation difference. If a fault does
exist, geophysical data and well information suggest that
displacement on the fault decreases gradually to the south-
east of Spanish Valley.

At the southeast end of Spanish Valley the geophysical
gradients change direction and trend northeast for 16-24 km
along the west-northwest flank of the La Sal Mountains,
transverse to the northwesterly regional gravity and magnet-
ic trends. This segment of steep northeast-trending gradients
(termed the Wilson Mesa gradient of Case and others, 1963)
connects the Spanish Valley and Paradox Valley regional
gradients. Both gravity and magnetic values decrease to the
northwest along the Wilson Mesa gradient, and information
from wells drilled since the geophysical study indicate a pos-
sible offset, down to the northwest, of about 300 m in the
pre-Paradox Formation rocks across the Wilson Mesa
gradient (fig. 7). The presence of the geophysical gradients
and the apparent offset in pre-Paradox rocks suggest a buried
fault, but the data are inconclusive. The distance between
wells is large enough (22.5 km) that a northwest dip of about
2° in pre-Paradox Formation strata could also produce the
same amount of elevation difference.

Case and others (1963} interpreted the Wilson Mesa
gradient to be a major structural and lithologic discontinuity

in the Proterozoic basement rocks. Other workers (Hite and
Lohman. 1973; Hite. 1975) interpreted the coincidence of
the Wilson Mesa gradient and the apparent left-lateral offset
of both the Moab—Spanish Valley—Pine Ridge salt-cored
anticline system and the Fisher Valley-Sinbad Valley salt-
cored anticline system (fig. 2) as indications of a northeast-
striking basement fault with left-lateral displacement. How-
ever, the Castle Valley—Paradox Valley salt-cored anticline
system crosses the inferred basement fault with no offset,
suggesting that the alignment of features is coincidental.
Permian and younger strata in the area do not show any evi-
dence for lateral offset. No large northeast-striking faults
have been mapped in the Proterozoic basement or younger
rocks on the Uncompahgre Plateau (Heyman, 1983;
Heyman and others, 1986; Tweto, 1987; Case, 1991).

In summary, the coincidence of the geophysical
gradients with displacement of the Paradox Formation and
older rocks strongly supports the existence of a subsurface
fault beneath Paradox Valley that extends to the northern La
Sal Mountains (fig. 7). In the Moab—-Spanish Valley area,
the coincidence of steep geophysical gradients, a salt-cored
anticline, and a large elevation difference for pre-Paradox
rocks also suggests that a subsurface fault exists. Evidence
for the existence of a subsurface fault coincident with the
Wilson Mesa gradient is less conclusive. However, a fault
or flexure in the pre-Paradox rocks along the Wilson Mesa
geophysical gradient cannot be ruled out. Case and others
(1963) suggested that (1) the subsurface faults are high-
angle; (2) they separate a southern region of shallower,
uniformly magnetized Proterozoic basement from a
downthrown northern region of deeper, more heterogeneous
Proterozoic basement; and (3) the geophysical gradients are
manifestations of these faults. The sparse well data do
support the correlation with geophysical gradients and the
separation of a southern region of shallower Proterozoic
basement from a northern region of deeper basement (fig. 7).

The locations of the La Sal Mountains intrusive centers
along the trend of subsurface faults and possibly at the inter-
sections of these faults suggest that the faults were avenues
of weakness for the ascent of magma in the upper crust. This
is especially true for the northern and southern centers.

SURFACE FAULTS IN THE LA SAL
MOUNTAINS REGION

Most of the exposed faults around the La Sal Mountains
strike northwesterly and formed by salt-dissolution-induced
collapse after emplacement of the intrusions (fig. 2). The
collapse-related faults are closely spaced, discontinuous to
splaying, and generally short, and they form swarms or net-
works on or near the salt-cored anticlines. The fault net-
works form narrow, fault-block slivers that trend parallel to
the length of the collapse valley. Most fault blocks are
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successively downdropped toward the valley. At several
locations. seismic data show that the faults die out in the salt
diapirs and do not displace pre-Paradox Formation strata.
Previous studies (Colman, 1983; Harden and others, 1985;
Oviatt, 1988; Goydas, 1990) and recent field mapping and
geochronology (Doelling and Ross, 1993; Ross, unpublished
data) suggest that salt-dissolution-induced collapse and
faulting are Pliocene to Quaternary age for the Castle Valley,
Moab—Spanish Valley, Fisher Valley, and Cache Valley salt-
cored anticlines (fig. 2) and also for the Salt Valley salt-
cored anticline (just northwest of area of fig. 2). Most col-
lapse-related faults, like those at Moab and Spanish Valley,
strike northwesterly. However, some collapse-related faults
strike northeasterly, such as the Cottonwood graben at Fisher
Valley (fig. 2). The amount of displacement on the graben
boundary faults increases toward the Fisher Valley collapsed
salt diapir, indicating that collapse of the diapir produced the
graben (Goydas, 1990).

Some faults in the La Sal Mountains region are not re-
lated to salt tectonic movements. The Ryan Park fault zone,
along the southwest flank of the Uncompahgre Plateau
(northeast corner of the area of fig. 2), is part of a network of
faults that formed during the Laramide orogeny and the late
Cenozoic uplift of the Uncompahgre Plateau (Shoemaker,
1956; Cater, 1970; Heyman, 1983). The location and orien-
tation of the Ryan Park fault zone were controlled by the late
Paleozoic Uncompahgre fault(s), which formed during uplift
of the ancestral Uncompahgre Uplift (Heyman and others,
1986).

Two northwest-striking normal faults near the La Sal
Mountains, which are at the surface, offset strata across the
crests of two salt-cored anticlines and are the result of re-
gional extension and not late Cenozoic salt-dissolution-in-
duced collapse. The Moab fault (western edge of the area
of fig. 2) and the Lisbon Valley Fault (southern edge of the
area of fig. 2) are both long (32-39 km) and have large dis-
placements (800-1,800 m) (Parker, 1981; Doelling, 1988).
Both have been interpreted as high-angle northeast-dipping
listric faults that die out in the underlying salt diapirs. This
interpretation was based on surface and well data for the
Lisbon Valley fault (Parker, 1991) and on surface and seis-
mic data for the Moab fauit (D.M. Rawlins, Exxon Corp.,
oral commun., 1993). Both faults approximately overlie
subsurface faults in pre-Paradox Formation rocks but are
separated from them by the salt diapirs. In addition, both
faults offset Upper Cretaceous and older strata, suggesting
they are Tertiary age. McKnight (1940) interpreted the
Moab fault to be a tectonic fault that formed in response to
post-Laramide Tertiary extension. The Moab and Lisbon
Valley faults may have formed in response to movement on
the subsurface faults and salt diapirs during late Tertiary
epeirogenic uplift of the Colorado Platcau. However, Hite
and Lohman (1973) and Woodward-Clyde Consultants
(1983) interpreted the Moab and Lisbon Valley faults as
salt-dissolution-induced collapse structures because they

believed the faults did not extend below the salt diapirs
(now known to be the case).

In summary, most of the numerous surface faults
around the La Sal Mountains intrusions postdate emplace-
ment of the intrusions and represent shallow structural
deformation resulting from salt dissolution or salt flowage of
the diapirs.

CONCLUSIONS

No field evidence supports the hypothesis of Hunt
(1958) that the individual La Sal Mountains intrusive centers
consist of discrete central stocks surrounded by outward ra-
diating laccoliths. Evidence once believed to define the cen-
tral stock in the northern mountains is now interpreted to be
the result of later emplacement of trachyte and rhyolite por-
phyry intrusions and breccia pipes. The main plutons in both
the northern and southern La Sal Mountains probably con-
sist of coalescent laccoliths of hornblende plagioclase tra-
chyte. Intrusions in the middle La Sal Mountains were
emplaced between salt-cored anticlines; surface structures
and subsurface data suggest these laccoliths and sills are ver-
tically stacked at various stratigraphic horizons from the
Paradox Formation to the Mancos Shale.

Intrusions of the La Sal Mountains were probably em-
placed at depths ranging between 1.9 and 6.0 km. These
depths of emplacement are consistent with emplacement
depths for the Henry and Abajo Mountains laccoliths (Wit-
kind, 1964; Jackson and Pollard, 1988a).

The elliptical shape of the northern and southern La Sal
Mountains intrusive centers and their positioning along two
salt-cored anticline systems indicates that magma emplace-
ment was controlled, in part, by the preexisting salt diapir
and anticline. Geophysical data (Case and others, 1963)
suggest that the extremities of the main pluton in the north-
ern mountains overlie a thickened mass of salt. Field
mapping in the northern mountains supports the geophysical
data, indicating that thickened salt is present around the
Grand View Mountain intrusion. The intersections between
a possible concealed northeast-striking fault and the north-
west-striking faults that underlie and controlled the salt-
cored anticlines of the Castle Valley—Paradox Valley system
and the Moab Valley—Spanish Valley—Pine Ridge system
appear to have been magma conduits for the La Sal Moun-
tains intrusions. The northeast-striking fault (or fold ramp)
may be a connecting structure between the two northwest-
striking en echelon faults. The La Sal Mountains intrusive
centers are located along the structural boundary between
deepest part of the Paradox Basin and slightly shallower area
to the south.

Most surface faults in the area around the La Sal Moun-
tains postdate magma emplacement and formed during late
Tertiary to Quaternary salt-dissolution-induced collapse of
the crests of the salt-cored anticlines.
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ABSTRACT

The petrogenetic processes that formed the Henry
Mountains, Utah, may be the same as those responsible for
other laccolithic intrusions in the Colorado Plateau, specifi-
cally the La Sal and Abajo Mountains. Each range consists
of small separate intrusive centers where magma was em-
placed into Phanerozoic sediments at shallow crustal levels.
Two major rock suites, plagioclase-hornblende porphyry (95
volume percent) and syenite porphyry (5 volume percent),
exist in both the Henry and La Sal Mountains, whereas pla-
gioclase-hornblende porphyry alone is found in the Abajo
Mountains. Plagioclase-hornblende porphyry evolved from
mantle-derived magma, which was ponded in the deep crust
and assimilated amphibolite crust during open-system differ-
entiation before being emplaced at shallow crustal levels.
Plagioclase-homblende porphyry also shows isotopic pro-
vinciality at each intrusive center, which may, in part, reflect
the isotopic diversity of the basement rocks.

Geochemically, the laccoliths and contemporaneous
volcanic rocks outside the plateau appear to have strong
affinities to arc rocks, although their volume is much less
than that of a typical volcanic arc. We contend that the lac-
coliths are part of an east-west-oriented magmatic belt, itself
a portion of a larger mid-Tertiary magmatic system in west-
ern North America, and that the minor volume of the lacco-
liths reflects the inability of large volumes of magma to
penetrate the thick, strong, stable crust of the Colorado
Plateau.

INTRODUCTION

The laccolithic intrusions of the Henry, La Sal, and
Abajo Mountains of southwest Utah (fig. 1) represent much

!Depart of Geology, 673 WIDB, Brigham Young University, Provo,
Utah 84602.

“Department of Earth and Space Sciences, University of California,
Los Angeles, CA 90024-1567.

of the igneous activity of the Colorado Plateau interior
during mid-Tertiary time. Understanding the origin of the
laccoliths will help clarify the fundamental differences in
contemporaneous magmatism on and off the plateau, crust-
mantle dynamics involved in the formation of the magmas,
and regional tectonomagmatic processes.

We review existing data and present new data for all
three of the laccolithic ranges (fig. 1) and contemporaneous
rocks in adjacent regions of the Western United States, to
address the following topics:

1. We compare the geochemistry of the rocks from all
three mountain ranges in order to assess their differences,
their similarities, and their possible tectonic affiliation.

2. We outline the petrogenesis of the Henry Mountains
laccoliths, which we propose as a model system to illustrate
the interactions between mantle-derived melts and continen-
tal crust in the Colorado Plateau. A detailed study is given
in Nelson and Davidson (1993).

3. We consider the regional relationships of the lacco-
liths to roughly contemporaneous and similarly evolved
volcanic rocks in the vicinity of the Colorado Plateau in
order to evaluate the origins of mid-Tertiary magmatism.

REGIONAL GEOLOGIC SETTING

Deformational and magmatic events have left the Colo-
rado Plateau interior relatively unaffected during the entire
Phanerozoic Eon (Allmendinger and others, 1987). Howev-
er, the Colorado Plateau (fig. 1) is bounded by areas of in-
tense Mesozoic and Cenozoic deformation and magmatism.
Cretaceous to Eocene Laramide shortening may have been
the result of shallow or flat subduction (Bird, 1988; Hamil-
ton, 1988) and an accompanying magmatic lull in the region
of ‘the laccoliths and farther west (Armstrong and Ward,
1991). Mid-Tertiary andesitic to dacitic volcanism in the
Reno-Marysvale, San Juan, and Mogollon-Datil belts pro-
duced great volumes (=5x10° km3; Johnson, 1991) of ignim-
brite and similar rocks, whereas contemporaneous (middle to
late Oligocene) magmatism in the Henry, La Sal, and Abajo
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Figure 1.

Locations of the Henry, La Sal, and Abajo Mountains, the Colorado Plateau, basement terrane boundaries, and other
geographic and tectonomagmatic features of interest. A, General setting of the Southwestern United States: Numbers labeling
hachured contours show the age (in millions of years) of the onset of mid-Tertiary magmatism as it swept through the Cordillera from
the north and from the south (adapted from Cross and Pilger, 1978; Burke and McKee, 1979; and Glazner and Bartley, 1984).

Proterozoic basement terrane boundaries from Bowring and Karlstrom (1990). B, Detail of the Henry, La Sal, and Abajo Mountains
in the central part of the Colorado Plateau.
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Mountains was volumetrically minor (69, 50, and 20 km3, re-
spectively) (Hunt, 1953; 1958; Witkind, 1964). The lacco-
liths may have been part of a large east-west-oriented late
Oligocene magmatic belt extending from Reno, Nev., to the
San Juan field in Colorado (Best, 1988; Sullivan and others,
1991; Nelson and others, 1992). This activity was followed
by late Cenozoic (<17 Ma) basaltic magmatism around the
margins of the Colorado Plateau. Crustal uplift and exten-
sion of terranes bordering the Colorado Plateau on the east
(Rio Grande Rift) and on the west and south (Basin and
Range province) were synchronous with the late Cenozoic
volcanism. However, the interior of the Colorado Plateau
has had little extension although it has been uplifted in Cen-
ozoic time at rates exceeding those of the Basin and Range
province (Lucchitta, 1979). To summarize, crustal deforma-
tion and magmatism in the Colorado Plateau have not been
as intense as elsewhere in the Cordillera. The structural and
rheological characteristics of the plateau may have inhibited
large-scale upper-crustal magmatism and deformation.

COLORADO PLATEAU STRUCTURE,
GEOPHYSICS, AND COMPOSITION

Geophysical data indicate that the Colorado Plateau is
underlain by thick (45-50 km) stable crust (Thompson and
Zoback, 1979; Allmendinger and others, 1986, 1987; and
Beghoul and Barazangi, 1989) and is covered by a =6-km ve-
neer of Late Proterozoic to Tertiary sedimentary rocks.
Basement terranes range from about 1.6 to 1.9 Ga in age
(Bennett and DePaolo, 1987; Karlstrom and others, 1987;
Bowring and Karlstrom, 1990). Crystalline rocks beneath
the laccolithic ranges formed a terrane termed the Yavapai
province (fig. 1) (Condie, 1982; Karlstrom and others, 1987,
Bowring and Karlstrom, 1990) along an east-northeast-
trending convergent margin.

Some of the exposed Proterozoic basement rock to the
east of the Colorado Plateau consists of metabasalt and other
meta-igneous rocks (Knoper and Condie, 1988; Boardman
and Condie, 1986), with mafic rocks making up as much as
80 percent of the assemblage in places (Robertson and
Condie, 1989). The orientation of Proterozoic terrane
boundaries and structural grain (fig. 1) indicates that the
same mafic lithologies may form the basement to much of
the Colorado Plateau. However, in New Mexico, much of
the Proterozoic basement consists of granitoid rocks exposed
in uplifts flanking the Rio Grande Rift (see Condie, 1978, for
instance); therefore, much of the Mazatzal province (fig. 1)
could be composed of silicic crust. Because quartz-rich crust
is more easily strained than quartz-poor crust, one would ex-
pect deformation to be preferentially concentrated in quartz-
rich regions during regional deformation. Thus, the lack of
exposures of Proterozoic basement rock in the Colorado Pla-
teau not only masks direct evidence of its composition, but
could reflect a relatively mafic bulk composition and

physical properties that distributed strain into surrounding
terranes. Lower crustal P, velocities of 6.8 km/s or greater
in the Colorado Plateau (Smith and others, 1989; Wolf and
Cipar, 1993) are appropriate for mafic rocks (Fountain and
Christiansen, 1989). Velocities of 6.5-6.7 km/s or lower in
the adjacent Basin and Range province (Smith and others,
1989; Wolf and Cipar, 1993) are more consistent with inter-
mediate to silicic compositions (Fountain and Christiansen,
1989). More recently, Zandt and others (1995) measured
poisson’s ratio of the bulk crust and found values of
0.28-0.29 for the Colorado Plateau, consistent with an aver-
age mafic composition. In the Basin and Range province,
values are about 0.20-0.25, indicating that the crust there is
less mafic on average.

Some direct evidence indicates that the plateau is com-
posed of mafic crust. Amphibolite inclusions, ranging from
1 to about 20 cm in diameter, are present in all intrusions and
locally compose 1 percent of the laccoliths. They are prob-
ably from the Proterozoic Yavapai basement. Most are xe-
noliths of amphibolite-facies metabasalt, though some
consist of hornblende gabbro (textural distinction). A statis-
tical study of 200 randomly collected xenoliths from the
Henry and La Sal Mountains showed that >95 percent of
them were mafic (Hunt, 1953; 1958). McGetchin and Silver
(1972) reported that >65 percent of crustal xenoliths in the
Moses Rock dike, a mid-Tertiary diatreme in the Four Cor-
ners region of the Colorado Plateau, are basaltic. They esti-
mated an average anhydrous composition for the crystalline
portion of the plateau’s crust that is surprisingly mafic (54
percent Si0,, 8 percent MgO).

FIELD RELATIONS

The Henry, La Sal, and Abajo Mountains are cored by
hypabyssal intrusions, with separate intrusive centers (5, 3,
and 2, respectively) that were emplaced as multiple lacco-
liths, invading Mesozoic and upper Paleozoic sedimentary
rocks. Structurally, individual mountains represent discrete
intrusive loci composed of a central laccolith with radial sills
and laccoliths and intervening sedimentary screens. Jackson
and Pollard (1988) estimated the maximum depth of intru-
sion at 3 to 4 km (=1 kbar) on the basis of the laccoliths’ po-
sition within regional stratigraphic sequences. However,
magmatic amphibole would be unstable at pressures less
than 1 kbar, and yet breakdown textures are rare in the am-
phibole of the laccoliths. Thus the maximum intrusion depth
given by Jackson and Pollard (1988) is close to the minimum
depth based on petrographic considerations. One exception
may be the middle La Sal Mountains, which show some
breakdown of hornblende and are emplaced at a higher level
in the stratigraphic section (Hunt, 1958; Michael Ross, Utah
Geological Survey, oral commun., 1992).

The dominant rock type (95 volume percent) of the
intrusions is plagioclase-hornblende porphyry (termed
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“diorite” by Hunt, 1953; 1958; Engel, 1959; Witkind, 1964;
Irwin, 1973; and Hunt, 1988). It typically consists of 20-25
volume percent phenocrysts of plagioclase and about 10 vol-
ume percent hornblende in a fine-grained groundmass. The
plagioclase is euhedral to subhedral, 0.5 to 5 mm in cross
section, ranges from Ans, to Anys, and shows complex zon-
ing patterns. The hornblende is also euhedral to subhedral
and is generally <1 mm in length, but can be as long as 5 mm.
The remainder of the rock generally consists of an equigran-
ular aphanitic groundmass of plagioclase, quartz, and alkali
feldspar with trace quantities of apatite and sphene. Some
plagioclase-hornblende porphyry, especially in the La Sal
Mountains, contains clinopyroxene in subequal quantities to
hornblende. At the Henry and La Sal Mountains, small vol-
umes (5 volume percent) of fine-grained nepheline- to
quartz-normative Na-rich syenite and rhyolite porphyries
were emplaced as small stocks, laccoliths, and dikes that
crosscut the plagioclase-hornblende porphyry. These rocks
are described in detail in Nelson (1991) and are petrographi-
cally and geochemically diverse, especially in the La Sal
Mountains. Syenite porphyry is restricted to Mount Pennell
in the Henry Mountains and to North Mountain and the
Brumley Ridge laccolith in the La Sal Mountains; it is
apparently absent in the Abajo Mountains.

GEOCHEMICAL CHARACTERISTICS
OF THE LACCOLITHS

In terms of major-element chemistry, the porphyries of
the Abajo Mountains show considerable similarity to the
plagioclase-hornblende porphyry of the Henry Mountains as
determined from a small sample set (fig. 2A, B; table 1). The
remaining compositional range shown in figure 2B repre-
sents data from Witkind (1964), who attributed at least some
of the variation in total alkali contents to hydrothermal alter-
ation. The trace-element systematics of the Abajo laccoliths
are virtually identical to those of the plagioclase-hornblende
porphyry of the Henry Mountains, which are summarized in
figure 3A. Overall, the laccoliths have trace-element patterns
similar to those of calc-alkaline basalt, although they have
higher absolute elemental abundances except for titanium
and phosphorus (fig. 3B). Fresh porphyry from the Abajo
Mountains is, in general, somewhat more radiogenic than the
plagioclase-hornblende porphyry of the Henry Mountains in
terms of strontium isotopes (fig. 4). Given the similar age,
tectonic and structural setting, and geochemical characteris-
tics of the Henry and Abajo Mountains, it is our opinion that
they reflect nearly identical igneous histories.

Despite locally pervasive alteration, the porphyries of
the La Sal Mountains have primary geochemical differenc-
es that distinguish them from the Henry and Abajo Moun-
tains. These rocks are also divided into a plagioclase-
hornblende porphyry suite and a syenite-alkaline rhyolite
suite (fig. 2C) on the basis of major-element criteria and
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Figure 2. Total alkalies versus silica (Le Bas and others, 1986)
for the Henry (A), Abajo (B), and La Sal (C) Mountains, Utah.
Shaded fields represent the reported ranges of compositions from
data in Nelson (1991), Hunt (1953; 1958), Engel (1959), Hunt
(1988), and Witkind (1964).

petrographic characteristics. The plagioclase-hornblende
porphyry is more alkali-rich than rocks of the Henry and



Table 1. Representative geochemical data and sample localities for rocks of the La Sal and Abajo Mountains, Utah.

[Analytical details are the same as reported by Nelson and Davidson (1993). LOI, loss on ignition; n.d., not determined]

06

Syenite porphyry samples Plagioclase-hornblende porphyry of La Sal Mountains

Sample No. ........... CSTV-3KRS MW-2 MW-6 MW-18 MW-17 LAS-1KRS TUK-1 MW-3 MW-13 MW-14 WLKE-1
North latitude ...... 109°16'34"  109°14'46"  109°14'48"  109°13'31"  109°13'29"  109°17'05" 109°15'57"  109°14'47"  109°14'05"  109°12'19"  109°15'55"
West longitude .... 38°32'56" 38°32'19" 38°32'17" 38°31'19" 38°31'19" 38°28'57" 38°27'23" 38°32'36" 38°32'34" 38°30'08" 38°3021"

Major oxides in percent

61.89 67.17 71.03 69.82 60.32 59.62 61.43 64.55 62.39 62.86 61.98

55 27 .20 .08 .16 17 ald 42 52 46 .50

16.89 16.86 12.55 15.01 19.54 19.08 19.70 17.24 16.90 L7239 17.76

3.75 2.06 2.87 1.14 1.82 1.71 1.67 3.71 4.03 3.77 4.01

1.01 41 23 .09 10 13 .16 1.23 1.47 94 1.17

.14 .14 .14 13 13 .14 .14 .14 .14 A3 .16

2.78 92 41 25 1.17 1.22 1.10 219 3.46 2,95 4.11

6.93 7.26 3.42 6.91 9.33 8.94 9.07 6.78 7152 6.54 6.94

4.68 5.56 8.29 4.28 5.46 5.34 5.33 291 3.42 3.30 2.99

.19 .08 .08 .02 .03 .02 .02 .18 24 .20 21

1.18 29 .06 1.38 1.09 3.40 1.60 .00 .59 A9 1.07

99.80 100.94 99.20 99.18 99.12 99.75 100.35 100.17 100.44 99.12 100.69

Trace elements in parts per million (analyzed by X-ray fluorescence, except as noted) !

7 14 13 82 34 36 35 10 13 10 26
128 135 246 69 149 138 135 49 80 83 76
172 556 183 724 211 424 361 757 969 719 837
23 2.30.0 2 165.6 15 25 21 2194 252 8 7 2 89

9 2 69 2 31.6 4 13 12 2105 222 1 4 233
16 14 18 21 13 15 14 11 12 10 15
57 2165 2 335 19 36 43 2 354 2 30.0 43 26 2435
737 910 242 165 916 1416 1207 1043 1027 1197 1562
268 279 540 136 265 230 276 240 227 174 286
31 12 18 7 10 12 12 21 21 18 21

4 n.d. n.d. n.d. n.d. n.d. n.d. 2 2 3 1
10 7 7 5 5 8 7 8 8 6 8

Isotopic analyses (Pb ratios corrected for fractionation)

8781/368r £ 20 ... 0.704938 0.705061 0.704806 0.704574 0.704293 0.704226 0.704325 0.704174 n.d. 0.704262 0.704199
+0.000028  +0.000011 +0.000011 +0.000013 +0.000013 +0.000010  +0.000010  +0.000011 +0.000010  £0.000010
I5Nd/Nd 26 0.512525 0.512427 0.512450 0.512443 0.512489 0.512490 n.d. n.d. n.d. 0.512367 0.512352
+0.000010  £0.000008  +0.000010  +0.000010  +0.000009  +0.000016 +0.000008  +0.000016
ENd ..o -2.21 —4.12 —3.67 -3.80 -2.90 —2.89 n.d. n.d. n.d. =5.29 -5.58
206pp/204py .. n.d. 19.411 n.d. 18.685 18.781 18.856 n.d. n.d. n.d. 18.574 n.d.
207pp/204ph ....... n.d. 15.650 n.d. 15.585 15.614 15.627 n.d. n.d. n.d. 15.582 n.d.

208pp204ph ... n.d. 38.790 n.d. 38.261 38.303 38.389 n.d. n.d. n.d. 37.971 n.d.

HV.LN NYHLSVHHLNOS 40 SAXdTdNOD HLI'TODDVT



Plagioclase-hornblende porphyry of La Sal Mountains

Plagioclase-hornblende porphyry of Abajo Mountains

Sample: NO. seessns WLKE-3 WLKE—4 TUK-2 PEAL-2 TUK-5 LASE-1 MONT-1KRS MONT-2KRS MONT-3KRS MONT-4KRS  LIN-1KRS
North latitude ...... 109°21'44" 109°1527" 109°16'15" 109°14'15"  109°15'10"  103°13"23" 109°27'09" 109°29'58" 109°27'09" 109°28'33" 109°30'12"
West longitude .... 38°36'46" 38°31'00" 38°31'36" 38°26'12" 38°2427" 38°22'00" 37°48'11" 37°50'42" 37°51'08" 37°51'08" 37°49'34"
Major oxides in percent
65.50 64.70 61.60 61.97 61.08 61.27 63.52 61.57 59.17 62.23 68.99
40 .30 49 46 .58 .55 43 47 54 48 .20
17.06 16.06 17.88 17.88 17.70 17.50 17.47 17.62 17.12 17.51 15.38
2.33 2.90 3.81 3.98 5.06 4.68 3.70 3.82 4.48 3.92 1.75
1.42 91 .99 95 1.51 1.32 1.12 1.03 1.44 1.16 52
.14 sl .14 .10 15 13 .14 .16 15 .14 14
4.83 2.34 4.61 4.48 5.07 3.90 5.12 5.51 5.63 4.39 2.30
8.11 6.77 7.36 6.14 5.18 6.14 5.88 6.07 6.26 5.48 5.61
.81 3.27 2.48 2.67 3.65 2,73 2.50 257 2.44 2.24 3.42
.19 15 .19 .20 28 27 17 :J7 22 18 .07
1.51 .63 1.31 .99 .67 1.00 .00 .64 4.30 .00 1.60
102.11 98.01 100.67 99.61 100.90 99.50 100.05 99.63 101.75 97.73 99.98
Trace elements in parts per million (analyzed by X-ray fluorescence, except as noted) !
7 8 13 13 13 7 16 15 13 11 3
20 58 44 54 92 41 42 51 45 42 64
274 940 780 773 996 921 767 964 721 724 958
2 31 3 2 8.6 6 11 9 3 5 4 3 2
2 1.7 4 239 4 3 2 1 2 1 1 2
n.d. 10 n.d. 8 8 8 17 16 16 17 14
2214 17 2 41.0 31 51 32 23 3D 29 24 13
925 1035 1728 1393 1287 10004 827 964 864 1011 882
170 160 284 194 179 191 153 153 143 157 105
14 15 24 24 26 27 30 26 35 30 18
0 5 1 4 6 4 1 n.d. 2 n.d. n.d.
7 9 8 6 6 6 8 8 8 8 7
Isotopic analyses (Pb ratios corrected for fractionation)
87Sr/86Sr £ 25 ... 0.703928 n.d. 0.704426 0.704443 0.704810 n.d. 0.705463 0.705513 n.d. n.d. 0.705976
+0.000010 +0.000010 +0.000011 +0.000010 +0.000010 +0.000010 +0.000010
143Nd/144Nd + 20 n.d. n.d. 0.512419 0.512466 0.512436 n.d. 0.512333 0.512353 n.d. n.d. 0.512367
+0.000009 +0.000008 +0.000007 +0.000026 +0.000007 +0.000007
o3 o (——— n.d. n.d. —4.27 -3.36 -3.94 n.d. -5.94 -5.55 n.d. n.d. -5.28
206Ph/204Ph ......... n.d. 18.430 n.d. 18.828 18.945 n.d. 18.309 n.d. n.d. n.d. 18.601
207ph/204Ph ......... n.d. 15.557 n.d. 15.584 15.624 n.d. 15.533 n.d. n.d. n.d. 15.586
208Pp/204Ph ......... n.d. 37.721 n.d. 38.267 38.378 n.d. 37.772 n.d. n.d. n.d. 37.977

1 X-ray fluorescence determinations below 10 ppm should be considered semiquantitative.

2 Determined by instrumental neutron activation analysis (INAA).
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Figure 3. Relative trace-element abundances (normalized to
primitive mantle, after Sun, 1980) of plagioclase-hornblende por-
phyry and syenite porphyry from the Henry and La Sal Mountains,
Utah (A), compared to those of typical calc-alkaline basalts (Sun,
1980) and intraplate basalts of the Basin and Range province (Orm-
erod and others, 1988; Fitton and others, 1988) (B). Note the simi-
larity of the porphyries to the calc-alkaline basalts and their
dissimilarity to the Basin and Range basalts.

Abajo Mountains, and mostly ranges from 60 to 63 percent
SiOy. In fact some of the plagioclase-hornblende porphyry
is sufficiently enriched in alkalies that it is nepheline-
normative.

Syenitic to rhyolitic rocks of the La Sal Mountains are
divided into subtypes on the basis of petrographic and
geochemical criteria. A small group of phonolitic or
feldspathoid- (nosean-) bearing syenite porphyry (fig. 2C)
occurs in a large dike at North Mountain and in the

Brumley Ridge laccolith (Hunt, 1958) of Middle Mountain.
These nosean-bearing rocks are strongly undersaturated
(nepheline £ nesosilicate normative). A second group con-
sists of slightly nepheline- to quartz-normative and com-
monly peralkaline (acmite-normative) syenite porphyry,
which is richer in silica and poorer in alkalies than the
feldspathoid-bearing syenite (fig. 2C). A last group
consists of quartz-phyric low-silica peralkaline rhyolite
porphyry, which we interpret to be a differentiate of
peralkaline syenite.

Trace-element patterns of the porphyries of the La Sal
Mountains show some significant deviations from the
patterns of the Henry and Abajo Mountains, although there
is still a distinct relative depletion in Nb (figs. 34, 5), sug-
gesting an affinity to orogenic magmatism. 43Nd/144Nd
and 87Sr/86Sr are more restricted in the La Sal porphyries
(fig. 4).

The lack of trends in the La Sal Mountains major-
element data set (fig. 6; table 1) and the distinct geochemi-
cal differences relative to the porphyries of the Henry and
Abajo Mountains may be the result of some combination of
major element mobility during alteration, different magma
sources, and different petrogenetic processes. Because of a
lack of correlation (fig. 6), the data are not amenable to ex-
tensive interpretation, and this lack of correlation extends to
trace-element and isotope systematics as well. Therefore,
petrogenetic processes in the Henry Mountains must serve
as a general model for the La Sal Mountains, despite the
geochemical differences.
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Figure 4. €Nd versus 87Sr/%08r in rocks of the Henry, La Sal, and
Abajo Mountains, Utah. Note the isotopic provinciality of each of
the intrusive centers of the Henry Mountains.
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Figure S. Barium versus niobium in syenite porphyry (sp) and
plagioclase-hornblende porphyry (php) of the Henry and La Sal
Mountains, Utah, and in contemporaneous magmatic rocks from
the High Plateaus of Utah (Mattox, 1991), the San Juan field, Col-
orado (Colucci and others, 1991; Lipman and others, 1978), and
the Indian Peak field, Nevada (Best and others, 1989). All of these
show a general affinity to subduction-generated andesites. The
field for orogenic andesite and the combined field for MORB (mid-
oceanic-ridge basalt) and OIB (oceanic-island basalt) are modified
from Gill (1981).

MAGMA CHEMISTRY AND
PETROGENESIS IN THE

HENRY MOUNTAINS

Fortunately, the major-element variations in the Henry
Mountains are much more orderly and amenable to interpre-
tation than those of the La Sal Mountains (fig. 6). As the
syenite porphyry represents <5 percent of the volume of the
Henry Mountains, we will focus on the origin and evolution
of the plagioclase-hornblende porphyry, which, we suggest,
will also serve as a model for the evolution of similar rocks
in the other ranges. The following review is based on a de-
tailed examination of the petrogenesis of both the syenite
and the plagioclase-hornblende porphyry of the Henry
Mountains, which can be found in Nelson and Davidson
(1993).

Plagioclase-hornblende porphyry for each intrusive
center has a distinct range of strontium, neodymium, and
lead isotopic compositions. Meta-mafic rocks of the Yava-
pai and Mazatzal provinces and crustal xenoliths from the
laccoliths show extreme variations, which are reflected in
the isotopic diversity of the magmas (Nelson and Davidson,
1993; Nelson and DePaolo, 1984). The porphyries at Mount
Ellen show systematic major-element, trace-element, and
isotopic trends that allow the evaluation of petrogenetic pro-
cesses. €Nd is negatively correlated with rubidium among
the plagioclase-hornblende porphyries at Mount Ellen, con-
straining the nature and extent of open-system behavior.

I I

MgO, IN PERCENT

o
I

oo
I

o

Ca0, IN PERCENT
T

MSEOZ IN PERCENT
EXPLANATION

Henry Mountains plagioclase-hornblende porphyry

Henry Mountains syenite porphyry

La Sal Mountains plagioclase-hornblende porphyry

> o b [

La Sal Mountains syenite porphyry

Figure 6. Harker variation diagrams comparing rocks of the
Henry Mountains to those of the La Sal Mountains, Utah. The gen-
eral lack of correlation in major-element data of the La Sal porphy-
ries is also observed in their trace-element and isotope systematics.

AFC (assimilation and fractional crystallization; DePaolo,
1981) models indicate 4045 percent crystallization and
deep crustal magmatic evolution (rate of mass assimilation/
mass fractionation (r) =0.7-0.5; Nelson and Davidson,
1993).

Given the isotopic provinciality of the data set, hetero-
geneity of the crust, and the dominance of plagioclase-
hornblende porphyry with 60-63 percent silica (fig. 24),
the following model is proposed. A flux of mantle-derived
magmas impinged upon the base of the crust, and those
magmas that penetrated into the crust ponded in deep-crust-
al magma reservoirs in which there was sufficient recharge
or underplating for AFC to proceed with a high rate of
mass assimilation to crystallization (r >0.5). Isotopic pro-
vinciality is attributed to heterogeneity in the net assimilant
at each igneous center or mantle source region. The narrow
range of SiO, concentrations and the general lack of mafic
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rocks in most laccoliths suggest that the magmas were able
to rise to a shallow crustal level only when a critical density
had been reached sufficient to overcome a strength or buoy-
ancy barrier in the crust. Because magmas are so much
more compressible than solid rock, the density contrast be-
tween magma and wall rock will be much smaller in the
lower crust than at the surface, even though the magma is
mafic. Based on a model by Herzberg (1987), a basaltic
magma at 1,200°C and 10 kbar is only on the order of 0.15
g/cm? less dense than solid amphibolite, whereas the densi-
ty contrast may double to 0.3 g/cm? at the surface. At 10
kbar and 850°C, a magma composition representative of the
laccoliths (63 percent silica) is much more buoyant, having
a density contrast of =0.35 g/cm3. In this light, it may be
perfectly reasonable to expect mafic magmas to pond deep
in the crust, especially when they are surrounded by high-
strength mafic wall rock.

The presence of isotopically primitive mafic rocks (in
a relative sense) at Mount Ellen requires the source of the
magmas to lie dominantly in the mantle. In addition, the
trace-element  systematics of both the plagioclase-
hornblende porphyry, and especially the syenite porphyry,
seem to require that apparent geochemical similarities to arc
magmas (Nelson and Davidson, 1993) were probably
inherited from the mantle rather than by contamination
from continental crust.

QUARTZ

Melts derived from
undersaturated or
dehydration melting of
mafic crust

San Juan

Melts derived from
saturated melting of
mafic crust

REGIONAL TECTONOMAGMATIC
CONSIDERATIONS

There is little disagreement that mid-Tertiary magma-
tism in the laccoliths and other areas of the Western United
States, such as the Great Basin and the San Juan field, is
fundamentally basaltic. In the rhyolitic magma, however,
the primary tie to basaltic magma may be through (1)
fractional crystallization accompanied by assimilation of
crust or (2) crustal melting due to underplating of basalts. An
additional consideration is the mechanism that triggers the
influx of magma that drives silicic magmatism. As an
example, the flux of basaltic magma might result from
subduction, or it may have begun at “passive” hot spots in
response to crustal extension, mantle upwelling, and decom-
pression melting. Combining the two end members for the
origin of mantle-derived magmas with both end members for
the petrogenesis of silicic magmas yields a variety of
tectonomagmatic scenarios for their origin. However, we
present evidence that suggests that regional magmatism,
including the laccoliths, resulted from subduction-related
processes, and that the range of observed compositions (ba-
saltic andesite to rhyolite) represents open-system evolution
of mantle-derived magmas. In order to resolve differences
between the models we review some of the major-element,

Figure 7. Ternary diagram plotting
normative compositions of Henry Moun-
tain laccoliths; of ash-flow sheets of the
Indian Peak (Best and others, 1989) and
San Juan (Lipman and others, 1978)
fields; of melts derived from mafic crust
in water-saturated (Helz, 1976), undersat-
urated (Allen and Boettcher, 1978), and
dehydrated (Rushmer, 1991) conditions;
and of granite minimum melts (labeled
phase boundaries at 0.5, 3, and 5 kbar
water pressure). Note that the laccoliths
and ash-flow sheets do not correspond
well to either type of crustal melt.

Indian Peak

Henry Mountains plagioclase- " s
hornblende porphyry ff:_:_?.aﬁ",-‘;f

ORTHOCLASE
EXPLANATION

>F5_< Phase boundary for granite minimum melt,

showing water pressure in kilobars



PETROGENESIS OF COLORADO PLATEAU LACCOLITHS 95

trace-element, and isotopic characteristics of regional mid-
Tertiary (=32-24 Ma) magmatism together with probable
changes in the plate tectonic configuration of the Western
United States during that period.

First, the major-element and isotopic characteristics of
regional mid-Tertiary silicic magmas are not consistent with
a crustal-melting model. In most instances, crustal anatexis
ought to produce melts that are either substantially more
silica-rich or more quartz-normative than the dacitic-
rhyodacitic melts of the large ash-flow sheets of the ignim-
brite flareup (Best and others, 1989; Lipman and others,
1978). In the melting of felsic crust, minimum melts (fig. 7)
ought to predominate, unless the degree of melting is suffi-
cient to exhaust quartz or one of the feldspars. However, few
silicic ash-flow sheets have minimum-melt compositions
(fig. 7), whereas most are displaced from thermal minima at
all pressures. Thus, the dacite to low-silica rhyolites of many
mid-Tertiary caldera complexes of the Western United
States contain a significant fraction of mafic minerals (Best
and others, 1989) and are not minimum melts because they
are neither liquids derived from felsic crust, nor sufficiently
evolved via fractional crystallization. Also, the plagioclase-
hornblende porphyry of the Henry Mountains and the re-
gional ash-flow sheets do not have appropriate compositions
to be melts derived from mafic crust (fig. 7), although exper-
imental data suggest that such melts may exhibit a range of
compositions depending on the starting material and condi-
tions of melting. Melting of mafic crust (fig. 7) generally
produces liquids that are highly quartz normative (tonalites,
also containing a significant anorthite component) unless
large degrees of melting occur (Helz, 1976; Allen and
Boettcher, 1978; Beard and Lofgren, 1991; Rushmer, 1991).
In addition, these caldera complexes are surrounded by and
intercalated with andesites and basaltic andesites (Best and
others, 1989; Lipman and others, 1978). We find no compel-
ling reason to suppose that the silicic ash flows are crustal
melts rather than more evolved components of the same
mantle-derived system as the andesites.

Based upon an exhaustive review of available isotopic
data for the Western Cordillera, Johnson (1991) and Perry
and others (1993) concluded that commonly 50 percent or
more of the mass of the silicic ash flows originated as man-
tle-derived basalt that evolved via fractional crystallization
or AFC processes. Therefore, we give further consideration
to the isotopic character of the laccoliths and related rocks in
the region, to assess the relative contributions of crustal and
mantle sources (fig. 8). We have calculated ranges of ex-
pected isotopic compositions for 1,800-Ma crust that origi-
nated from either depleted or undepleted mantle and has
evolved from Rb/Sr and Sm/Nd ratios matching those report-
ed by Weaver and Tarney (1984) and Taylor and McLennan
(1985) for average continental crust. The purpose of this
exercise is not to infer the isotopic composition of the crust
that has already been demonstrated to be heterogeneous
(Nelson and Davidson, 1993), but to illustrate that relatively

"Mantle array"
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Figure8. ENd versus 87Sr/36Sr in Colorado Plateau laccoliths, in
rocks of the High Plateaus of Utah (S.R. Mattox, unpub. data,
1991), and in ignimbrites of the San Juan field, Colorado (Grizzly
Peak; Johnson and Fridrich, 1990), and the Latir field, New Mexico
(Johnson and others, 1990). Also shown are the hypothetical
ranges of 1,800-Ma crust that had initial isotopic ratios derived
from depleted and undepleted mantle and has evolved to the Rb/Sr
and Sm/Nd ratios of average continental crust reported by Weaver
and Tarney (1984) and Taylor and McLennan (1985).

mafic rocks (regional basaltic andesites) and silicic rocks
(laccoliths and regional ash-flow sheets) may contain a
substantial amount of mantle-derived material even if they
are contaminated to “crust-like” isotopic compositions.

The Grizzly Peak Tuff (fig. 8) has isotopic characteris-
tics similar to our calculated crustal values. Johnson and
Fridrich (1990) note that the primitive end member of this
zoned ash-flow sheet is somewhat mafic (57 percent SiO,),
and would have required an unrealistically large degree of
melting of mafic crust (=60 percent) to produce the observed
SiO, concentration. Such a melt should also have concentra-
tions of other major elements quite different from those of
the observed magma. Furthermore, although the lavas of the
High Plateaus (fig. 8) also resemble our calculated crust,
they are too mafic (50-62 percent SiO,) to be crustal melts.
Clearly, “crustal” isotopic signatures alone may be mislead-
ing in assigning crustal anatexis origins even for silicic ign-
imbrites and laccoliths. The laccoliths lie between mantle
and crustal isotopic end members (fig. 8), and the petroge-
netic model for the plagioclase-hornblende porphyry
described earlier in this paper may represent a link between
the two reservoirs.

Many studies have suggested that subduction beneath
the Western United States was shallow or flat during the
Laramide orogeny but then steepened in mid-Tertiary time.
(See, for example, Bird, 1988; Severinghaus and Atwater,
1990; Armstrong and Ward, 1991; and Best and
Christiansen, 1991.) Models of passive extension, however,
do not account for the influence of the subducted plate that
must have existed beneath the Western United States during
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Figure 9. Plate-tectonic reconstruction of the Western United States during Tertiary time at 50 and 30 Ma.
Numbered contours represent estimates for the inland limit of the seismically active slab, based on three different
assumptions about how long after subduction a slab of a given age and thickness remains distinct from the overlying
asthenosphere. (Estimate 1 is most conservative.) After Severinghaus and Atwater (1990).

mid-Tertiary time. Recent plate-tectonic reconstructions
permit the existence of a seismically active subducted slab
far inland from the paleo-plate margin—as far east as the San
Juan field—as the subduction angle steepened following
Laramide compression (fig. 9). Even in the most
conservative case, the aseismic extensions of the slab may
have contributed to petrogenesis. Therefore, it is reasonable
to conclude that subducted oceanic lithosphere could have
exerted primary control on the composition, distribution, and
timing of magmatism after the Laramide orogeny.

Available data from the High Plateaus (Mattox, 1991),
San Juan field (Colucci and others, 1991), Indian Peak
caldera complex (Best and others, 1989) and the laccoliths,
plotted in figure 5, show large ratios of LILE (large-ion li-
thophile elements, such as Ba) to HFSE (high-field-strength
elements, such as Nb). These high ratios suggest the

influence of subducted lithosphere; they are characteristic
of arc magmas and are believed to result either from LILE-
rich slab-derived fluids that infiltrate the overlying mantle
wedge (Tatsumi and others, 1986) or from extensive inter-
actions between basaltic melts and the mantle (Kelemen
and others, 1990). In theory, any mantle-derived magma
could become depleted in HFSE according to the model of
Kelemen and others (1990). However, they note that this
process is important only in arc settings. Regardless of
how the trace-element signatures (fig. 3) were acquired,
they seem to be a fundamental characteristic of magmas
that are at least partly derived from subducted lithosphere.
We recognize that high LILE/HESE ratios could be stored
in mantle lithosphere affected by subduction earlier in its
history, as has been inferred by the geochemistry of post-
subduction Cenozoic basalts of the Western United States
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Figure 10.

Cartoon diagram illustrating differences in crustal structure, composition, and magma

volumes across the Basin and Range province, the transition zone, and the Colorado Plateau interior.
Crustal differences between the two provinces are indicated by differences in poisson’s ration (o) of the
bulk crust (Zandt and others, 1995), and by differences in density (p). Crustal thicknesses after

Allmendinger and others (1987).

(Kempton and others, 1991). However, we favor the inter-
pretation that magmatism with an arc-like geochemical sig-
nature was genetically linked to active subduction beneath
North America. Based upon our observations, therefore,
we present a model for the tectonic setting of the laccoliths
and related rock bodies throughout the region that is consis-
tent with both their geochemistry and their temporal and
spatial distributions.

We have reviewed geologic observations which
suggest that the crust of the Colorado Plateau may be more
mafic than that of surrounding regions. Meta-mafic rocks
are stronger than their quartz-rich counterparts (Hacker and
Christie, 1990), and therefore the difference in rheological
properties between the Colorado Plateau and surrounding
regions may be explained by compositional differences.
The contrasting physical properties and tectonomagmatic
history of the Colorado Plateau and surrounding regions are
illustrated in a hypothetical cross section in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>