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PREFACE

This volume includes some of the papers presented at a workshop sponsored by the U.S. Geological Survey and held Octo-
ber 9-10, 1990, at the Green Center, Colorado School of Mines, Golden, Colorado. The workshop presented current research
by U.S. Geological Survey scientists who are using structural geology in their investigations into the mineral and energy
resources of the United States. The figure below shows the areal distribution of the 12 chapters included herein; the papers
are lettered on the figure according to their position in the text of this report.

One of the most important aspects of this workshop was a demonstration of the integrating of many disciplines in unrav-
eling the structural evolution of an area, regardless of scale. The application of structural geology by itself provides only a
limited amount of information and leaves many aspects of the evolution of an area unresolved.

Integration of geophysical techniques (gravity, seismic, and andio-magneto-telluric) with detailed and regional geology in
sedimentary and volcanic terranes establishes the basis for new approaches to exploration for hydrocarbons in Arizona, Col-
orado, Utah, Wyoming, and Montana (chapters D, E, J, K). Field studies at detailed to regional scales (chapters A, C, F, G,
H, 1, L) present data that call for moderate to major revision of thinking in areas often thought to be well understood. These
studies emphasize the continuing need to remap so-called well-understood areas, as well as the need to map those areas for
which only limited data are available. Detailed petrologic studies in Missouri and Arizona (chapters A, L) of both carbonate
and volcanic rocks cause us to reconsider our concepts of the origin of well-established rocks units and thus their implications
regarding the structural evolution of those areas. Depositional patterns can be key indicators of the tectonic control of paleo-
topographic highs, a major factor in basin evolution, as suggested for the Anadarko Basin (chapter B). The application of
isotopic dating in structurally complex areas has greatly increased our knowledge of the relative timing and duration of events
that influenced the migration of mineralizing and hydrocarbon fluids and gases (chapters G, H). With a better grasp of the
time involved, we can better correlate the various deformational and migrational events in Utah and eastern Nevada.

Preface V






Chapter A

Microstructures in the Cambrian Bonneterre
Formation, Lamotte Sandstone, and

Basal Clastic Rocks of Southeast Missouri and
Northeast Arkansas—Implications of Regional
Sulfide Occurrence in Stylolites and
Extensional Veinlets for Ore Genesis

By S.F. DIEHL, M.B. GOLDHABER,
C.D. TAYLOR, H.S. SWOLFS, and C.A. GENT
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Microstructures in the Cambrian Bonneterre Formation,
Lamotte Sandstone, and Basal Clastic Rocks of Southeast
Missouri and Northeast Arkansas—Implications of
Regional Sulfide Occurrence in Stylolites and
Extensional Veinlets for Ore Genesis

By S.F. Diehl', M.B. Goldhaber?, C.D. Taylor?, H.S. Swolfs', and C.A. Gent?

Abstract

Petrologic and structural observations of stylolites and
veinlets in the Cambrian Bonneterre Formation, Lamotte Sand-
stone, and basal siliciclastic rocks in the Reelfoot Rift indicate
that episodes of tectonic activity and fluid-flow events related
to ore deposits in southeast Missouri may be genetically
related. From the Reelfoot Rift to the Ozark Uplift, these micro-
structures, including stylolites parallel with stratification and
small-scale extensional veinlets normal to both bedding and
stylolites, contain authigenic phases of ore affinities. Sulfide-
mineral deposition in both horizontal stylolites and vertical
microfractures is evidence for mineralizing fluid migration
along microstructures and indicates that the Lamotte Sand-
stone was not solely a homogeneous conduit as envisioned in
many models of metals transport.

Detailed petrologic studies of drill-hole samples from the
Reelfoot Rift, from the carbonate platform partially buried
beneath the Mississippi Embayment northwest of the rift, and
from the Ozark Uplift show that stylolite development began
early in the diagenetic history of the Cambrian carbonate and
siliciclastic sequence and probably continued through Paleo-
zoic time. Extensional veinlets sealed by incremental mineral
growth are commonly associated with the stylolites. Petro-
graphic examination indicates that the microstructures have
several generations of epigenetic mineral fillings. Multiple
deformational events are inferred to have induced the flow of
mineralizing fluids in the microstructures.

Manuscript approved for publication October 31, 1991.

1 U.S. Geological Survey, Box 25046, MS 966, Denver, Colorado
80225.

2us. Geological Survey, Box 25046, MS 973, Denver, Colorado
80225.

INTRODUCTION

The Reelfoot Rift (fig. 1) has only recently been recog-
nized as a major crustal structure of the southern Midconti-
nent (Ervin and McGinnis, 1975; Kane and others, 1981;
Hildenbrand, 1985). The existence of the Reelfoot Rift was
first interpreted from potential-field data as part of studies of
the New Madrid Seismic Zone (McKeown and Pakiser,
1982). Recognition that the rift represented a very deep basin
prompted the oil industry to conduct an exploration program
that included seismic reflection surveys and drilling of deep
holes in the upper Mississippi Embayment (Howe and
Thompson, 1984).

The Reelfoot Rift adjoins the southeast Missouri lead
belts, which are centered around the Middle Proterozoic St.
Francois Mountains (fig. 1). Ores in the lead belts are hosted
in the Cambrian Bonneterre Formation and, to a lesser
extent, the underlying Lamotte Sandstone. Together the lead
belts, which consist of the Old Lead Belt and New Lead Belt
or Viburnum Trend, represent the largest known concentra-
tion of lead in the crust of the Earth (Kisvarsanyi and others,
1983) and contain significant amounts of zinc, copper, and
cobalt. The dominance of lead over zinc and the abundance
of copper and cobalt are atypical for Mississippi Valley—type
(MVT) deposits worldwide (Sangster, 1983). Yet this suite
of metals, particularly copper and cobalt, is commonly asso-
ciated with rift/red-bed sequences (Mitchell and Garson,
1981), and the source for these elements in southeast Mis-
souri may possibly be in the adjacent red and gray feld-
spathic siliciclastic rocks such as those penetrated by drill
holes in the Reelfoot Rift (Hayes, 1985; Kissin, 1988).

A second major ore district, the Illinois-Kentucky fluor-
spar district, is also spatially, and perhaps genetically,

Microstructures in Cambrian Rocks, Missouri and Arkansas Al
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related to the Reelfoot Rift. Ore deposits in this district are
structurally controlled and hosted by Mississippian-age sed-
im. .atary rocks that overlie rocks in the rift to the northeast
of the study area (fig. 1). The district is spa‘’ related to
the Hicks Dome “cryptovolcano,” which contains an under-
lying breccia enriched in Th, Nb, Y, Be, rare-earth elements,
P, Ti, and F. Both alkalic igneous activity responsible for
enrichment in this elemental suite and fluorine deposits com-
monly are rift related (Mitchell and Garson, 1981).

Analyses of cuttings and core from two of the deepest
drill holes penetrating into rift-fill sedimentary rocks of the
upper Mississippi Embayment provide new information on
processes of rock alteration and potentially on the movement
of mineralizing fluids. Samples from drill holes in the sub-
surface carbonate platform northwest of and contiguous with
the Reelfoot Rift and samples from drill holes within the lead
belt in the Ozark Uplift were analyzed petrographically and
geochemically to identify possible flow paths between the
rift and the southeast Missouri ore districts. The analyses
provide a regional perspective of changes or similarities in
the petrologic characteristics of rocks from a basinal-fill
environment, onto a carbonate platform, and then to deposi-
tional pinchouts against structurally high Precambrian crys-
talline rocks.

Acknowledgments.—We wish to thank the Missouri
Division of Geology and Land Survey, the Arkansas Geo-
logical Commission, and Magmont Mines for providing core
samples. Allison Palmer (Geological Society of America)
and Michael Taylor (U.S. Geological Survey) identified

fossils and provided biostratigraphic correlations. Critical
reviews by George Breit, Paula Hansley, and Frank
McKeown (U.S. Geological Survey) were very helpful. Sul-
fur isotope analyses were done in the laboratory of R.O. Rye
(U.S. Geological Survey).

METHODS

Drill cuttings, core, and junk basket samples used for this
study were selected from the Bonneterre Formation,
Lamotte Sandstone, and older stratigraphic units in the Reel-
foot Rift.

Standard-size thin sections were prepared from the sam-
ple suite and stained with potassium ferricyanide, Alizarin
Red-S, and sodium cobaltinitrate to identify ferroan carbon-
ate, nonferroan carbonate, and potassium feldspar, respec-
tively. Authigenic minerals, structural fabric, and the
paragenetic sequence of minerals were determined by using
a petrographic microscope and a Cambridge 250 Mark 2’
scanning electron microscope (SEM) equipped with an
energy-disp: sive X-ray spectrometer.

Samples irom the Dow Chemical No. 1 Wilson and No.
1 Garrigan drill holes (fig. 2) were analyzed to determine
their elemental and isotopic composition. Elemental analy-
ses were made by using inductively coupled plasma spec-
troscopy and a LECO sulfur analyzer; sulfur isotope
analyses were made by using gas-source mass spectrometry.
Results are reported relative to Cafion Diablo troilite (CDT).

STRUCTURAL SETTING OF DRILL HOLES
AND DESCRIPTION OF SAMPLES

Reelfoot Rift

The Wilson drill hole is off the shoulder of the Reelfoot
Rift, where modern seismicity is relatively low. In contrast,
the Garrigan drill hole is in the central part of the rift in the
seismically active Blytheville Arch. Samples from both drill
holes record episodic extensional deformation which repeat-
edly reopened fractures that were then sealed by epigenetic
mineral cements (Diehl and McKeown, 1989; Diehl and
Goldhaber, 1990).

Wilson Drill Hole

The Wilson drill hole (total depth 14,613 ft, 4,454 m) is
the deepest drill hole in the Reelfoot Rift that penetrates the
Precambrian basement. The basal clastic rocks in this hole
are divided into a basal red feldspathic arenite overlain by a
gray feldspathic to quartz arenite. From limited

A2 Application of Structural Geology to Mineral and Energy Resources
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Collins and others (1992).

biostratigraphic data, A.R. Palmer (written commun., 1989)
interpreted the Bonneterre-Davis Formations equivalent
contact to be between 10,800 and 10,920 ft (3,292-3,328 m)
(Collins and others, 1992). We believe that the underlying
gray feldspathic to quartz arenite may be the equivalent of
the Lamotte Sandstone (fig. 2).

In these arenites, siderite and trace amounts of anhydrite,
barite, pyrite, and galena are intergranular cements; most of
these authigenic minerals are also vein fillings. From 12,600
to 13,900 ft (3,8414,237 m), an overlapping sequence
within veins of early fluid inclusion trails is followed by
quartz-sealed veins, then a succession of siderite, dolomite,
and ferroan dolomite (table 1). Most of the mineral fillings
in the fractures are well laminated and have distinct bound-
aries between carbonate phases.

Stylolites in this part of the section are parallel with bed-
ding, nonsutured, and wavy and show slickensided clay and
offset fractures that are normal to the plane of the stylolite.
The stylolites host trace amounts of barite, pyrite, and euhe-
dral epigenetic monazite. Authigenic monazite is also
present at Hicks Dome to the northeast in rocks of the fluor-
spar mineral district of southern Illinois and northwestern
Kentucky (fig. 1), but a genetic connection has not been
established.

Sulfur isotope data on sulfide minerals (dominantly
FeS,) from the gray arenite are listed in table 2 and plotted
as a histogram in figure 3. The data in part overlap with val-
ues for main-stage ore minerals in the Viburnum Trend of
the southeast Missouri district.

Several inferences may be made based on the crystal hab-
its of the epigenetic minerals. The drusy habit of quartz and

siderite in the veinlets suggests precipitation in a fluid-filled
fracture (Beach, 1977), and the euhedral monazite suggests
hydrothermal fluid flow along the stylolites.

Garrigan Drill Hole

The Garrigan drill hole (total depth 12,038 ft, 3,669 m)
bottoms in a quartz and feldspathic arenite that may be
equivalent to the Lamotte Sandstone. It should be noted,
however, that the entire siliciclastic section above the base-
ment rock in the rift has been informally divided into the “St.
Francois formation” and ‘“Reelfoot arkose” by other
researchers and is considered older than the Lamotte Sand-
stone (Weaverling, 1987; Houseknecht, 1989). From bio-
stratigraphic data (Taylor and others, 1991; Collins and
others, 1992) (fig. 2), we infer that an overlying sequence of
interbedded black shale and siltstone may be equivalent to
the Bonneterre Formation or, possibly, to the Elvins Group.
This drill hole presents a problem of stratigraphic correlation
because the rock types do not correspond to the stratigraphy
in the Wilson drill hole or other adjacent drill holes within
the rift (McKeown and others, 1990).

A variety of authigenic phases are in horizontal stylolites,
vertical carbonate-filled fractures, and gray epigenetic min-
eral fronts in the Garrigan drill hole (fig. 4). Stylolites occur
in swarms, are parallel with bedding, and are commonly
deformed (fig. 5). Early diagenetic framboidal pyrite,
organic matter, clay minerals, and cerium phosphate miner-
als (monazite?) are concentrated along these stylolites.

Microstructures in Cambrian Rocks, Missouri and Arkansas A3
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Table 1. Descriptions of some thin sections of microfractures and stylolites in core samples from the Reelfoot Rift, carbonate platform, and Ozark Uplift
structural regimes
[Drill-hole locations shown on figure 1. na indicates not applicable. Fractures are normal to bedding; stylolites are parallel with bedding. Minerals are listed in paragenetic sequence]

Drill hole Number of Stylolite
and sample Structural regime Mineral assemblage fracture amplitude Mineral assemblage
depth (ft) and rock unit Host rock in fracture generations or thickness in stylolite Remarks
Wilson Reelfoot Rift; basal Feldspathic arenite  Quartz, siderite, dolomite, 5-7?7 na na Incremental cracking and
12,633 clastic rocks (Lamotte ferroan dolomite; clay, resealing of fractures.
Sandstone?) hematite

Wilson Reelfoot Rift; basal Quartzarenite Quartz, dolomite, chlorite,  34? 0.1-0.4-mm- Minor pyrite, barite, Tension gashes associated
12,782 clastic rocks minor pyrite thick seam monazite, organic matter  with stylolites are offset.
Wilson Reelfoot Rift; basal Feldspathic arenite Dolomite, illitic clay, 3 0.4-0.6-mm- Minor pyrite, monazite, Incremental cracking and
13,649 clastic rocks quartz, hematite thick seam organic matter resealing of fractures.
Garrigan Reelfoot Rift, Siltstone, black Quartz, siderite, ferroan 4 0.9-mm-thick  Siderite, illitic clay, Stylolite is layered,
8,000 Bonneterre(?) Formation  shale dolomite, ferroan calcite seam thorite, sphalerite, pyrite deformed.
Garrigan Reelfoot Rift; Black shale, Quartz, chlorite, dolomite, 5 2.6-3.0-mm- Calcium phosphate, illitic  Incremental cracking and
11,420 Bonneterre(?) Formation ~ siltstone ferroan dolomite, ferroan thick seam clay, minor pyrite resealing of fractures; thrust

calcite zone.
GP-10 Carbonate platform; Silty dolostone Marcasite, brecciated 34?7 0.6-2.0-mm-  Marcasite, brecciated Tension gashes associated
1,817.2 Bonneterre Formation marcasite, pyrite, thick seam marcasite, pyrite, with stylolites; brecciation

marcasite marcasite between periods of sulfide

deposition.
GP-10 Carbonate platform; Litharenite Dolomite 1 0.2-1.0-mm-  Illitic clay, pyrite, minor Illitic clay has horizontal
2,654.4 Lamotte Sandstone thick seam stannite slickensides showing thrust
movement.
GP-10 Carbonate platform; Silty limestone, na na 0.6-mm-thick  Illitic clay, pyrite, None.
2,671.1 Lamotte Sandstone litharenite seam monazite, barite, iron-
manganese oxides,
calcium phosphate

STH-2 Carbonate platform; Quartzarenite Dolomite, pyrite 27 na na Quartz grains have
2,700 Lamotte Sandstone undulatory extinction.
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Table 1. Descriptions of some thin sections of microfractures and stylolites in core samples from the Reelfoot Rift, carbonate platform, and Ozark Uplift
structural regimes—Continued

Drill hole Number of Stylolite
and sample Structural regime Mineral assemblage fracture amplitude Mineral assemblage
depth (ft) and rock unit Host rock in fracture generations or thickness in stylolite Remarks
317-A Carbonate platform; Quartzarenite na na 1.0-2.4-mm-  Illitic clay, pyrite, Stylolites are layered,
2,474 Lamotte Sandstone thick seam carbonate, organic matter  deformed.
B4 Ozark Uplift; Lamotte Quartzarenite na na 0.9-3.7-mm-  Major pyrite Colloform texture of
1,349 Sandstone thick seam sulfides in stylolites.
BCCH4 Ozark Uplift, Lamotte Quartzarenite na na 0.4-1.0-mm-  Major pyrite Colloform texture of
1,284 Sandstone thick seam sulfides in stylolites.
BCC+4 Ozark Uplift; Lamotte Quartzarenite na na 2.4-4.8-mm- Major pyrite Pyrite brecciated along
1,482.5 Sandstone thick seam stylolite.
BCC4 Ozark Uplift, Lamotte Quartzarenite na na <0.1-mm-thick Pyrite Poikilitic carbonate
1,509.5 Sandstone seam; 0.2 mm enclosing detrital clay on
amplitude surfaces of quartz grains
indicates fluctuation in
static water level.
16-15 Ozark Uplift; Bonneterre ~ Silty limestone na na 0.5-1.0 mm Pyrite, chalcopyrite, galena Galena deformed along
917.9 Formation amplitude stylolites; clay has

horizontal slickensides.




Table 2. Compilation of sulfur isotope data from the
Garrigan and Wilson drill holes
[Drill-hole locations shown in figure 1. 8>S in per mil]

Depth (ft) 53s Description
Dow Chemical No. 1 Garrigan
7,975 26.6  Pyrite in mineral front.
7,977 25.9 Pyrite in laminated shale associated with
mineral front.

7,980.25 30.9 Pyrite in mineral front.

7,986 12.4  Pyrite in black shale.

7,992.5 23.8 Pyrite in mineral front.

7,993.1 27.6 Pyrite in stylolite crosscut by carbonate-
filled fracture.

7,998 28.6  Shale with visible pyrite.

10,210.6 18.4 Total sulfur from ground core.

10,225.3 16.2  Total sulfur from ground core.

11,405.8 0 Total sulfur from ground core.

11,420 1.2 Total sulfur from ground core.

11,420.8 6.7 Total sulfur from ground core.

Dow Chemical No. 1 Wilson
12,300-12,600 27.6 Pyrite-rich gray arenite; bulk rock
sample
Heavy liquid concentrate containing
pyrite from gray arenite; bulk rock
sample

12,300-12,600 17.1

Sphalerite is present both as a residual mineral in these
deformed stylolites and as an epigenetic mineral associated
with late-stage carbonate precipitation. Trace amounts of
thorite are within the layers of clay minerals and organic
matter in the deformed stylolites; however, it has not been
determined if the thorite is residual or epigenetic.

Carbonate-filled veins are essentially vertical, commonly
doubly terminated, or bounded against horizontal stylolites
or shaley interbeds, or dispersed into the mineral fronts (fig.
4). The lateral extent of these veins is not known, but they
extend the full 10-cm diameter of the core. Azimuths of the
veins measured by Swolfs and others (1990) in a section of
oriented core, from 7,973 to 8,002 ft (2,430-2,439 m) depth,
form two sets (fig. 6). Set one is oriented N. 41° E., subpar-
allel with the rift axis. Set two is oriented N. 35° W_, subper-
pendicular with the rift axis.

Crosscutting relationships indicate that veins of set two
are older than those of set one. Set one veins, which are only
in the siltstone beds, may have formed during a prolonged
period of extension (Swolfs, 1991). Set two veins, present in
the siltstone beds and underlying shale sequence, extend
over a greater vertical interval (3,000 ft, 914 m) and may
have formed during deformation of regional extent (Swolfs
and others, 1990).

From the edges of the set one veins toward their centers,
the mineral coatings consist successively of drusy quartz,
siderite, ferroan dolomite, then ferroan calcite (fig. 7). The
ferroan dolomite and ferroan calcite are optically continu-
ous, in contrast to laminated mineral crusts having distinct

phase boundaries in fractures in the Wilson and other drill
holes outside of the seismically active zone. The only sulfide
mineral recognized in fractures of the Garrigan drill hole is
trace amounts of cubic pyrite.

Both set one and set two veins are crosscut by epigenetic
mineral fronts (fig. 4) that represent reduced zones superim-
posed on more oxidized host rock as evidenced by elevated
sulfur content; total sulfur ranges from less than 0.01 weight
percent sulfur in “barren” host rock to as much as 1.05
weight percent sulfur in the mineral fronts (figs. 4, 8). The
pyrite in the mineral fronts is euhedral and coarse grained
and is unlike early diagenetic framboidal pyrite.

In addition, the isotopic systematics of epigenetic pyrite
are unlike those of diagenetic pyrite (table 2, fig. 3). The epi-
genetic pyrite is isotopically heavy. Several of the values are
even heavier than main-stage sulfide in the Viburnum Trend,;
however, at isotopic equilibrium, FeS, is 2-5 percent
heavier than ZnS/PbS forming from the same H,S source. In
addition to the sulfur enrichment, metals are also enriched. A
positive correlation exists between the epigenetic sulfide sul-
fur and the concentration of lead and cobalt in the mineral
fronts (fig. 9). Furthermore, several elements of affinity to
ore-forming processes have been identified in mineral fronts
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Figure 3. Sulfur isotope values for samples from the Dow
Chemical No. 1 Garrigan and No. 1 Wilson drill holes in the
Reelfoot Rift are heavy, similar to those for octahedral main-
stage sulfide minerals in various ore districts. Location of drill
holes shown in figure 1.
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Figure 4. Carbonate-filled veinlets are vertical, commonly
double terminating or bounded against stylolites, shaly inter-
beds, or epigenetic mineral fronts. Dow Chemical No. 1 Gar-
rigan drill hole, depth 7,998.6 ft (2,438.0 m) (location shown
in figure 1).

by using SEM—Au, Ag, Cr, Cu, Ni, Pb, Zn, and rare-earth
elements. Chromium and nickel are associated with authi-
genic iron-rich clays, gold and silver with authigenic albite,
and sphalerite and galena as mineral coatings on ferroan cal-
cite. The enrichment of sulfur and metals in the mineral
fronts suggests a relationship between mineral-front genesis
and at least local migration of metalliferous fluids in the rift.

Several generations of diagenetic cement fillings in the
fractures predate the mineral fronts; however, the introduc-
tion of mineralizing solutions may have caused reopening of
earlier quartz- and siderite-filled fractures because ferroan
calcite is present in the mineral fronts and as the last diage-
netic cement in the fractures (Diehl and Goldhaber, 1990;
Diehl and others, 1990). The incremental growth of minerals
in the fractures matches the succession of authigenic miner-
als that form pore-filling cements. Bulk-rock X-ray
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diffraction of a mineral front versus a barren zone shows that
siderite and ferroan dolomite pore-filling cements are preva-
lent in the unaltered barren zones, whereas calcite is more
abundant in the mineral fronts.

Carbonate Platform

Drill-holes GP-10, STH-2, and 317-A are in the
regional carbonate platform that borders the Reelfoot Rift to
the northwest (Palmer, 1989; Diehl and Goldhaber, 1990)
(fig. 1). This platform is partially buried beneath Cretaceous
sedimentary rocks that fill a southwest-plunging syncline
known as the Mississippi Embayment (Stearns and Marcher,
1962). Stylolites and associated fractures form lateral and
vertical permeable channels in the deeply buried Cambrian
Bonneterre Formation and underlying Lamotte Sandstone
(table 1).

GP-10 Drill Hole

Drill-hole GP-10 penetrates through the Cretaceous
overburden at the edge of the embayment and into Cam-
brian-age sedimentary rocks. Stylolites in the Bonneterre
Formation in this drill hole are layered by successive events
of mineral precipitation, with intervening periods of dissolu-
tion and tectonic movement (table 1). For example, at
1,817.2 ft (554 m), the genetic sequence can be interpreted
as follows: (1) early marcasite fills the sockets in a stylolite,
(2) marcasite is brecciated by a tectonic event, (3) because of
deformation the stylolite is opened to fluid flow, (4) pyrite
precipitates from the fluid, and (5) marcasite is again depos-
ited (fig. 10).

In the underlying Lamotte Sandstone, copper and tin sul-
fide minerals, probably stannite, precipitated along the

;\g g <

2

Figure 5. A reversal of stress orientation has caused the normally ductile stylolite-filling material to break in a brittle manner. This
deformation, which may be due to overpressure conditions or a paleoearthquake, opened permeable channels for mineralizing
solutions. Dow Chemical No. 1 Garrigan drill hole, depth 7,999.9 ft (2,438.5 m) (location shown in figure 1).
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Figure 6. Two sets of fracture attitudes are in core from the
Dow Chemical No. 1 Garrigan drill hole. Set one is parallel
with the rift axis, and set two is perpendicular to the rift axis.
These fracture attitudes match fracture orientations in the fluor-
spar mineral district (T.S. Hayes and L.W. Snee, oral commun.,
1991).

Figure 7. Closeup view of fracture shown in figure 4. The
fracture disperses in the mineral front. Ferroan calcite is the last
mineral to precipitate in both the mineral front and the fracture.

stylolites. Copper mineralization in this drill hole seems to
be confined to stylolites in the Lamotte Sandstone.

STH-2 Drill Hole

Drill-hole STH-2 is also on the carbonate platform.
Healed vertical fractures contain pyrite and dolomite but do
not demonstrate multiple episodes of extensional movement
(table 1). In general, cores from Cambrian strata away from
the Reelfoot Rift show less evidence of the tectonic episodes
that produced multiple sets of vertical fractures within the
rift.
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Figure 8. Total sulfur contents are elevated in the diagenet-
ic mineral fronts, from <0.01 weight percent sulfur in barren
host rock to as much as 1.05 weight percent sulfur in the
mineral fronts.

317-A Drill Hole

Although the number of extensional microfracture reac-
tivations decreases northwest from the rift, stylolites
continue to record multiple precipitation and deformation
events in the Lamotte Sandstone and in carbonate rocks on
the platform (fig. 11). In drill-hole 317-A, stylolites are
zoned with layers of clay, organic matter, and carbonate
minerals (table 1). Right-angle shearing of normally ductile
residual material concentrated in stylolites is common. Each
deformation feature observed in a stylolite may not be due to
the same tectonic event, but each can be related to the intro-
duction of a mineralizing fluid.

Ozark Uplift

Structurally controlled lead-zinc ore deposits surround
Precambrian granite knobs of the St. Francois Mountains
(Ohle and Brown, 1954) (fig. 1). Ore deposits of this type are
present in both the Old and New Lead Belts. Ore minerals,
particularly in the Old Lead Belt, are concentrated along sty-
lolitic zones, especially in compactional breccias (Tarr,
1936; Ohle, 1985; Hayes and others, 1989).

16-15 Drill Hole

Drill-hole 16-15 is within the Viburnum Trend in the
Ozark Uplift (fig. 1). Ore mineralization is common along
clay-filled stylolites throughout the dolomitized Bonneterre
Formation in this drill hole. Slickensides are abundant in the
residual clay that fills the stylolites. As clay-lined stylolites
underwent slippage, galena deformed ductilely along

A8  Application of Structural Geology to Mineral and Energy Resources



20

COBALT, IN PARTS PER MILLION
o o
l I
e
| I

(4]
3
L
‘|
o
[ ]
|

&‘|
.\

40 g

30+ -

20 -

LEAD, IN PARTS PER MILLION

0 |
0 0.5 1.0
SULFUR, IN WEIGHT PERCENT

Figure 9. Several trace elements, including lead and cobalt,
positively correlate with sulfide sulfur in mineral fronts in the
Dow Chemical No. 1 Garrigan drill hole. This correlation may
imply that these elements were introduced during the sulfidiza-
tion event.

cleavage planes rather than undergoing brittle failure
because it is a softer mineral than pyrite or marcasite. The
deformed galena encloses and partly replaces pyrite and
chalcopyrite (fig. 12, table 1).

B—4 and BCC—4 Drill Holes

In drill-holes B—4 and BCC—4, north of the St. Francois
Mountains (fig. 1), sulfide minerals along stylolites show

Figure 10. Sequential precipitation and brecciation of mar-
casite and pyrite along a stylolite indicates that stylolites were
active sites for both the deposition and dissolution of minerals.
Drill-hole GP-10, depth 1,817.2 ft (553.9 m) (location shown
in figure 1).

Layering of mineralization in a deformed stylolite.
Note the right-angle shearing. Drill-hole 317-A, depth 474 ft
(144.5 m) (location shown in figure 1).

Figure 11.

similar alternating mineral precipitation and deformation
fabric similar to that observed in other cores (table 1). For
example, sulfides in stylolites in drill-hole B—4 are brecci-
ated, similar to those in drill-hole GP-10. The breccia frag-
ments are very angular and internally fractured.

Stylolites or pressure solution seams in drill-hole BCC—4
are lined with pyrite. Quartz grains along the stylolite bound-
aries are partly dissolved, whereas remnant intergranular
pyrite is not (fig. 13). Parallel sets of pyrite-filled stylolitic
seams are present repetitively throughout the drill hole.
Well-developed geopetal structures that suggest develop-
ment in a vadose environment (Walker and others, 1978) are
detrital clay minerals on the upper surfaces of quartz grains
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Figure 12.
galena, possibly due to ductile deformation along a stylolite.
Slickensided clay in stylolites show thrust movement. Drill-
hole 16-15, depth 915 ft (278.9 m) (location shown in figure

Black triangular pits are curved cleavage planes in

and pendant quartz cement. Later cementation of these geo-
petal structures by sparry calcite indicates precipitation in a
phreatic environment.

The development of the pyrite-filled stylolitic seams
probably was related to a fluctuation of static water level.
The change in relative position of the static water level could
have occurred through a change in recharge rates that was
climatically controlled or through tectonic movement such
as the rotation of fault blocks.

DISCUSSION

Microstructures and Mineralization

Nonsutured low-amplitude stylolites are commonly lay-
ered with a variety of minerals. The mineral layers consist of
(1) residual clay minerals and organic matter, (2) authigenic
carbonate minerals and quartz, and (3) both residual and epi-
genetic iron sulfide minerals. These stylolites are weak sur-
faces, susceptible to deformation during tectonic movement.
The presence of slickensided clay in stylolite seams and
brecciated layers is evidence for bedding-parallel slip that
indicates changes in stress orientation during or subsequent
to the formation of the stylolite. The breccia is interpreted to
be tectonic in origin and not a result of simultaneous precip-
itation and dissolution along the stylolite. Tectonically
deformed stylolites commonly contain barite, monazite,
pyrite, marcasite, thorite, and sphalerite. The probable epi-
genetic origin of these minerals suggests that the stylolites
are not just pressure solution features but are also active sites
for fluid flow and precipitation of minerals.

Vertical, intergranular, mineral-healed veinlets are asso-
ciated with stylolites and are commonly offset along the

Figure 13. Quartz grains have been partially dissolved along
a stylolitic boundary either by pressure solution or introduc-
tion of an acidic fluid; however, pyrite has been unaffected.
Remnant “arms” of intergranular pore-filling pyrite remain
above the partially dissolved quartz grains. Drill-hole BCC-4,
depth 1,284 ft (391.4 m) (location shown in figure 1).

stylolite surfaces. The veinlets or fractures probably are
extensional in origin, possibly due to tectonic stretching of
the layered sedimentary rocks. Structurally controlled fluid
flow through these veinlets is indicated by repeated opening
and resealing of fractures by successive generations of
quartz, barite, siderite, dolomite, clay, calcite, and pyrite.
Both the number of vein generations and the number of epi-
genetic minerals filling those veins are greatest in the Reel-
foot Rift and decrease in frequency to the northwest across
the carbonate platform and into the Ozark Uplift. This trend
may indicate an association between the formation of frac-
tures, fluid movement in the rift, and local seismic activity.

Sulfide mineralization in the stylolites and microfrac-
tures demonstrates that these microstructures existed as
metal-bearing fluid-flow paths in the Lamotte Sandstone and
Bonneterre Formation. Although we are not necessarily
observing the same deformational event along stylolites in
the Reelfoot Rift and the Ozark Uplift, each deformation
event recorded in the stylolites and associated fractures can
be related to an introduction of mineralizing fluids.

Epigenetic mineral fronts in rift sedimentary rocks dem-
onstrate at least local migration of ore-bearing fluids. That
fluid migration, combined with similarities in heavy sulfur
isotopes in sulfide minerals in the rift and Ozark Uplift, sug-
gests that ore-bearing fluids may have passed through the rift
sedimentary rocks onto the carbonate platform and into the
Ozark Uplift. This supports the general concept of the rift as
a flow path for ore-bearing fluids.

Other lines of evidence also suggest that ore-bearing flu-
ids that formed the ore districts originated in or passed
through the Reelfoot Rift.
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Figure 14. The Appalachian and Ouachita foldbelts may have
created a hydraulic head through topographic relief in the Late
Pennsylvanian to Early Permian that influenced the flow of hot
brines north and northwest (bold arrows) to form the Mississippi
Valley—type deposits (Leach and Rowan, 1986). Dates for min-
eralization in the lead-zinc districts overlap with timing of the
Ouachita tectonism. Heavy lines are province boundaries;
dashed lines indicate projections of boundaries beneath sedi-
ments of Mississippi Embayment.

1. Lead, zinc, and copper are enriched in acid-insoluble
residues derived from Cambrian platform carbonate rocks in
the area between the ore districts and Reelfoot Rift (Erickson
and others, 1988; M.B. Goldhaber, unpub. data).

2. Authigenic potassium feldspar is widespread in the
Lamotte Sandstone. A broad zone of dissolution of these
overgrowths in the Lamotte Sandstone adjacent to the north-
west boundary of the rift suggests that an acidic fluid, spa-
tially related to the rift, was responsible for the dissolution.
An acidic pore fluid would have also been capable of carry-
ing metals and H,S in solution (Diehl and others, 1989).

3. Sulfur isotope data for epigenetic sulfide minerals in
Cambrian arenites in the rift are similar to data for main-
stage-mineralized rocks in the Viburnum Trend (fig. 3).

Mechanisms for Fluid Migration

Models proposed to induce flow of metal-bearing brine
fluids include gravity-driven, compaction-driven, and seis-
mic-pumping mechanisms (Bethke, 1985; Leach and
Rowan, 1986; Clendenin and Duane, 1990). Leach and
Rowan (1986) postulated that the Ouachita orogeny may
have created a hydraulic gradient through topographic relief
that influenced the flow of hot brines from the Arkoma Basin
northward to the Ozark region to form the Mississippi

K/Ar glauconite, Viburnum Trend ]

Rb/Sr adularia veins, Garland County, 1
Arkansas

Ar/Ar authigenic potassium feldspar, ]
southeast Missouri

K/Ar illite, postmineralization, -
St. Francois Mountains vicinity

Paleomagnetic age, Viburnum Trend =

Paleomagnetic age, northern Arkansas ]
Youngest mineralized rocksin Ozark region -
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Northern lllinois Basin
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Quachita convergent tectonics

Figure 15. Authigenic minerals and their ages in relation to
the timing of Mississippi Valley-type ore deposition (Posey and
others, 1983; Rothbard, 1983).

Valley-type deposits (fig. 14). Their interpretation is sup-
ported by dates for mineralization in the lead-zinc districts
that overlap with the timing of Ouachita tectonism (fig. 15).
Arguments for the hydraulic gradient theory are based pri-
marily on a regional study of fluid inclusions and inferred
homogenization temperatures as a function of distance from
the Quachita front. We do not yet have data on fluid inclu-
sions in samples from the Reelfoot Rift and carbonate plat-
form, but our geochemical, isotopic, petrographic, and
microstructural data support the concept that ore fluids may
have originated or migrated through the deep basins associ-
ated with the Reelfoot Rift (McKeown and others, 1990).

Numerical models of compaction-driven flow by Bethke
(1985) indicate that compaction may induce the migration of
ore-bearing brines but that velocities were too low to have a
causal effect on the formation of the Mississippi Valley-type
ores. Gravity-driven flow is the most likely mechanism but
requires topographically high areas around the Ozarks. Both
the Ouachita and Appalachian foldbelts, which were initi-
ated in the Late Mississippian and Early Pennsylvanian and
reached their greatest development during the Late Pennsyl-
vanian to Permian, have been suggested as topographically
high areas during the late Paleozoic. Other structurally high
areas in the late Paleozoic were the Pascola Arch and proba-
bly the contiguous Blytheville Arch (McKeown and others,
1990). On the basis of restoration of the stratigraphic section
in the Pascola area, Stearns and Marcher (1962) estimated
that at least 2.5 km and as much as 4.5 km of rocks were
eroded from the arch before Late Cretaceous subsidence.
The actual relief of any postulated topographic high area
during the late Paleozoic cannot be estimated, however, with
any reasonable validity. The postulated topographic high
areas are reasonable, but any one or all may have caused sep-
arate gravity-driven hydrologic-flow systems.

The Reelfoot Rift is today a seismically active area and
was also active at times in the geologic past. Some research-
ers have advocated seismic pumping (or suction pumping) as
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an alternative fluid-drive mechanism (Clendenin and Duane,
1990; Sibson, 1990). Seismic pumping probably had very
local effects confined to the rift interior as indicated by the
decrease away from the rift axis of the complexity of frac-
tures and the number of generations of minerals filling frac-
tures in Cambrian deposits (table 1). Events such as
earthquakes and nuclear explosions produce compressional
waves that cause fluid- pressure disturbances in aquifers.

Regional Fracture Patterns

A key in any argument attempting to relate ore-forming
processes in southeast Missouri and the structural fabric of
rift sediments presented here concerns the relative timing of
mineral precipitation in the two areas. At present, we cannot
establish a direct timing link, but indirect evidence implies a
relationship. Fracture azimuths measured in the Garrigan
drill hole in the Reelfoot Rift (fig. 6) are subparallel with
those observed in the Illinois-Kentucky fluorspar district,
northeast of the rift (fig. 1). Mica from peridotite dikes filling
fractures whose directions are close to set two of figure 6 has
been dated at 275 Ma (Zartman, 1977). Mineralization filling
fractures whose orientations are subparallel with set one (fig.
6) has recently been dated at 200-240 Ma (T.S. Hayes and
L.W. Snee, oral commun., 1991). If the similarity in fracture
direction in the two parts of the rift indicates a similarity in
time of formation, then inspection of figure 15 indicates that
the epigenetic phases described here could have formed at
the time of Mississippi Valley—type ore genesis.

SUMMARY

Based on our observations in southeast Missouri and
northeast Arkansas, stylolites and fractures acted as fluid-
flow conduits throughout the subsurface, and mineralization
accompanied deformation events recorded in these micro-
structures. Another implication of our work is that the
Lamotte Sandstone and the underlying siliciclastic units,
informally referred to as the Reelfoot arkose in the rift
(Houseknecht, 1989), may not have acted as homogeneous
aquifers for migrating fluids. Evidence in these rocks sug-
gests microstructural control of fluid flow, as well as inter-
granular flow through pore space.
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Tectonic Controls on Deposition and Source-Rock
Properties of the Woodford Shale, Anadarko Basin,
Oklahoma—Loading, Subsidence, and

Forebulge Development

By Timothy C. Hester!, James W. Schmoker?, and Howard L. Sahl3

Abstract

The Woodford Shale (Late Devonian-Early Mississip-
pian) is an organic-rich, highly compacted black shale that is a
significant hydrocarbon source rock in the Anadarko Basin of
Oklahoma. The Woodford can be subdivided into lower, mid-
dle, and upper informal members based on geophysical-log
character. Depositional patterns of these three members were
shaped by the tectonic evolution of the Southern Oklahoma
Aulacogen.

Depositional patterns of the Woodford Shale reveal a
positive paleotopographic feature, parallel with and about 75
mi (120 km) north of the Amarillo-Wichita Uplift, that divided
the Woodford into northeast and southwest depocenters and
was a hinge line separating areas of differential basement
movement during Woodford time. Three lines of evidence sug-
gest that the paleotopographic high was tectonically rising
before and during a Late Devonian (pre-Woodford) episode of
regional erosion and throughout Woodford time: (1) erosional
channels on the pre-Woodford unconformity do not cross the
axis of the paleotopographic high; (2) the Late Devonian Mis-
ener Sandstone, which was deposited on the pre-Woodford
unconformity in topographic lows, is not present along the axis
of the paleotopographic high; and (3) Woodford sediments
thicken from the paleotopographic high toward both the south-
west and northeast.

The paleotopographic high can be explained as a fore-
bulge that developed on the basin margin as the direct result of
loading and subsidence along the central trough of the South-
ern Oklahoma Aulacogen. The ratio of basin subsidence to
uplift of the paleotopographic high is in reasonable agreement
with a theoretical forebulge model. The distance between the

lus. Geological Survey, Box 25046, MS 971, Denver, Colorado
80225.
us. Geological Survey, Box 25046, MS 960, Denver, Colorado
80225.
3Advantage Resource, Inc., 1775 Sherman Street, Suite 1375,
Denver, Colorado 80203.

paleotopographic high and the load axis of the Southern Okla-
homa Aulacogen is comparable to that between the Goodman
Swell (a forebulge of the Midcontinent Rift System) and its
nearest load axis.

INTRODUCTION

The Woodford Shale is one of several organic-rich black
shales of Late Devonian and Early Mississippian age in
basins of the North American Craton. If thermally mature,
these black shales are economically important as hydrocar-
bon source rocks. The Woodford Shale is widely regarded as
a major source of oil and gas in the Anadarko Basin of Okla-
homa (Cardott and Lambert, 1985).

Source-rock properties of the Woodford Shale are depen-
dent on original depositional patterns and subsequent
thermal-maturation history. This report describes effects of
the tectonic evolution of the Anadarko Basin on depositional
and thermal-maturity patterns of the Woodford Shale in the
Oklahoma part of the Anadarko Basin (fig. 1). The geologic
and structural setting and the depositional and thermal-
maturity patterns of the Woodford are reviewed, and then the
significance of these patterns and their tectonic implications
are discussed.

The data on which conclusions of this report are based
are mostly from Hester and others (1990). The present report
focuses on relations between tectonic evolution and Wood-
ford sedimentation, rather than on the physical character of
the formation, as is emphasized by Hester and others (1990).

GEOLOGIC AND STRUCTURAL SETTING

The Woodford Shale is a highly radioactive, carbo-
naceous and siliceous, dark-gray to black shale. In terms of
geophysical-log character, the Woodford can be generally

Tectonic Controls, Woodford Shale, Anadarko Basin, Oklahoma B1
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tural features, Anadarko Basin. Log suite shows characteristic signatures of lower, middle, and upper members of Woodford

Shale. Modified from Hester and others (1990).

described as two similar shales separated by a less dense,
more radioactive, and commonly more resistive middle
shale member. For this reason, and to better document vari-
ations and regional trends within the Woodford, the forma-
tion is considered here in terms of three informal members

B2

(Hester and others, 1988)—the lower, middle, and upper
members of the Woodford Shale (fig. 1). The primary phys-
ical basis for this subdivision is the higher kerogen content
of the middle member. Total organic carbon (TOC) calcu-
lated from log-derived formation density (Hester and others,

Application of Structural Geology to Mineral and Energy Resources
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Figure 2. Thickness of Woodford Shale. Heavy line with arrows marks axis of paleotopographic high that separates Woodford
into northeast and southwest depocenters. Area where Woodford Shale is absent is hachured. Contour interval 25 ft (7.6 m).
Solid circles show locations of wells used in this study. Modified from Hester and others (1990).

1990) averages 3.2, 5.5, and 2.7 weight percent within the
study area (fig. 1) for the lower, middle, and upper members
of the Woodford Shale, respectively.

The Woodford Shale was deposited on a major regional
unconformity developed in Late Devonian time (Amsden,
1975) and is conformably overlain by shale and limestone of
Mississippian age. Total thickness of the Woodford ranges
from near zero to about 125 ft (40 m) on the northern shelf
areas and increases to more than 700 ft (210 m) in limited
parts of the deep Anadarko Basin (Amsden, 1975). Maxi-
mum thickness in the area of this study is about 300 ft (90 m)
(fig. 2).

The Anadarko Basin is a two-stage Paleozoic basin
(Perry, 1989). The Woodford was deposited on the predom-
inantly carbonate sediments of the first-stage Southern Okla-
homa Aulacogen (Feinstein, 1981). The present-day
configuration of the basin, reflected by structure on top of
the Woodford (fig. 3), developed primarily during a post-
Woodford second-stage episode of foreland-style down-
warping.

DEPOSITIONAL PATTERNS

The axis of a positive paleotopographic feature that influ-
enced deposition throughout Woodford time is shown in fig-
ure 2. This positive feature, parallel with and about 75 mi
(120 km) north of the (post-Woodford) Amarillo-Wichita
Uplift, divided the Woodford into southwest and northeast
depocenters and was a hinge line separating areas of differ-
ential basement movements.

Northeast of the hinge line, the maximum thickness of
the lower member of the Woodford is only about 25 ft (8 m).
Southwest of the hinge line, toward the deep axis of the
southern Oklahoma aulacogen, the lower member thickens
to more than 150 ft (46 m). Local thickness variations of the
lower member (fig. 4) result from the filling of topographic
depressions on the eroded surface of the pre-Woodford
unconformity. During deposition of the lower member, the
northeastern part of the study area was quite stable as com-
pared to the central trough of the Southern Oklahoma Aula-
cogen, which was actively subsiding.

Tectonic Controls, Woodford Shale, Anadarko Basin, Oklahoma B3
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Because deposition of the lower member covered surface
irregularities of the pre-Woodford unconformity, the thick-
ness of the middle member of the Woodford (fig. 5) is locally
more uniform than that of the lower member. Like the lower
member, the maximum thickness of the middle member in
the northeastern part of the study area is only about 25 ft (8
m). The thickness of the middle member increases toward
the axis of the Southern Oklahoma Aulacogen to more than
75 ft (23 m). Figure 5 indicates continued stability of the
northeastern part of the study area relative to the central
trough of the Southern Oklahoma Aulacogen, which was
subsiding during middle Woodford time but apparently more
slowly than during deposition of the lower member.

The thickness of the upper member of the Woodford
Shale in the northeastern part of the study area (fig. 6) is
more than 75 ft (23 m). In contrast to the lower and middle
members, isopachs of the upper member show significant
thickening to the northeast toward Kansas. Also in contrast
to the lower and middle members, the upper member thick-
ens only slightly to the southwest. Figure 6 shows a shift in

B4

tectonic pattern; during upper Woodford time regional sub-
sidence of the northeastern part of the study area was cou-
pled with continued slowing of subsidence along the axis of
the Southern Oklahoma Aulacogen.

Depositional relations between the three members of the
Woodford Shale, depicted in the regional cross sections of
figure 7, show that the influence of the first stage of Ana-
darko Basin tectonic evolution continued at least into Missis-
sippian time. To the southwest, each member of the
Woodford thickens, reflecting subsidence along the central
trough of the Southern Oklahoma Aulacogen and relative
uplift along the axis of the paleotopographic high shown in
figure 2. To the northeast, the almost uniform thickness of
the lower and middle members records deposition on a rela-
tively stable shelf, whereas increasing thickness of the upper
member records downwarping toward the Sedgwick Basin
of south-central Kansas.

As a result of the tectonic influence discussed above,
thickness of the Woodford Shale in the northeastern part of
the study area is dominated by the upper member and

Application of Structural Geology to Mineral and Energy Resources
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Figure 4. Thickness of lower member of Woodford Shale. Areas where lower member is absent are hachured. Contour interval
25 ft (7.6 m). Solid circles show locations of wells used in this study. Modified from Hester and others (1990).

thickness of the Woodford Shale in the southwestern part of
the study area is dominated by the lower and middle mem-
bers. The effect of these depositional patterns on the source-
rock properties of the Woodford Shale is significant when
coupled with the thermal-maturity patterns discussed in the
following section.

THERMAL-MATURITY PATTERNS

Depositional patterns of the Woodford Shale were
mostly shaped by evolution of the first-stage Southern Okla-
homa Aulacogen, whereas thermal-maturity patterns were
shaped by development of the second-stage foreland-style
Anadarko Basin. Subsidence of the Woodford Shale during
Mississippian through Permian time produced a large range
of burial depths (fig. 3) and thus an unusually broad range of
thermal maturities (Cardott and Lambert, 1985). Vitrinite
reflectance (Ro) ranges from slightly less than 0.5 percent on
the northern shelf to well over 2.0 percent in the deep basin
(fig. 8).

Te

The Woodford Shale on the northeast shelf, where thick-
ness is dominated by the upper member, is generally imma-
ture to marginally mature with respect to oil generation
(Schmoker, 1986). In contrast, the Woodford Shale in the
deep Anadarko Basin to the southwest, where thickness is
dominated by the lower and middle members, is generally
mature to postmature with respect to oil generation. Thus,
most hydrocarbons sourced by the Woodford Shale have
been generated by the lower and middle members.

STRUCTURAL IMPLICATIONS

Burial histories of Feinstein (1981) indicate very gradual
subsidence of the Southern Oklahoma Aulacogen after
Ordovician time; however, progressive thickening of the
Hunton Group (Late Ordovician, Silurian, and Early
Devonian) and the Woodford Shale toward the deep basin
(Amsden, 1975)(figs. 2, 4-7) shows that differential subsi-
dence between the central trough of the Southern Oklahoma
Aulacogen and the northern margin of the basin persisted

ctonic Controls, Woodford Shale, Anadarko Basin, Oklahoma B5
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Figure 5. Thickness of middle member of Woodford Shale. Area where middle member is absent is hachured. Contour interval
25 ft (7.6 m). Solid circles show locations of wells used in this study. Modified from Hester and others (1990).

during Hunton and Woodford time. This fact suggests that
the basin's fundamental loading mechanisms continued to
operate at least into Mississippian time even as the sedimen-
tary record was being overprinted by pre-Woodford regional
erosion.

Several lines of evidence suggest that the paleotopo-
graphic high apparent in Woodford isopach maps (figs. 2, 4,
5) and cross sections (fig. 7) was an active tectonic feature
that was rising during Late Devonian—Early Mississippian
time even as the central trough of the aulacogen was subsid-
ing. This evidence, discussed in the following paragraphs,
falls into three categories: (1) post-Hunton to pre-Woodford
erosional patterns, (2) distribution of the Misener Sandstone
(Late Devonian), and (3) Woodford Shale depositional pat-
terns.

The post-Hunton to pre-Woodford erosional channels
shown in figure 9 are drawn on the assumption that the lower
member of the Woodford is thicker where it fills depressions
on the unconformity surface. The shape and continuity of
these depressions thus define the erosional channels of figure

B6

9. Channels mapped by Amsden (1975)(inset map, fig. 9),
southeast of the present study area, appear to conform with
the channels mapped here. The erosional channels of this
report are separated by the paleotopographic high into two
distinct drainages (fig. 9). To the southwest, the channels
emanate from the flank of the paleotopographic high and
trend generally southward. To the northeast, the course of
the channels deviates roughly 90° to parallel the northeast
flank. The drainages do not merge within the study area nor
do the erosional channels cross the axis of the paleotopo-
graphic high (fig. 9). These facts suggest that the paleotopo-
graphic high was flexing upward before and during the pre-
Woodford episode of regional erosion.

The Misener Sandstone, a basal facies of the Woodford,
is thought to have been derived from eroded Simpson Group
(Middle Ordovician) sandstones and deposited in topo-
graphic lows at the beginning of the marine transgression
that also deposited the Woodford Shale (Amsden and Klap-
per, 1972). In the study area, the Misener Sandstone is dis-
continuous across the paleotopographic high and essentially

Application of Structural Geology to Mineral and Energy Resources
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25 ft (7.6 m). Solid circles show locations of wells used in this study. Modified from Hester and others (1990).

absent along its southwest slope (fig. 9). The distribution of
the Misener Sandstone reflects positive topography at the
beginning of marine transgression and suggests continued
tectonic uplift of the paleotopographic high.

The paleotopographic high significantly influenced
Woodford deposition through Late Devonian and into Early
Mississippian time (fig. 7). Cross section C-C’ (fig. 7), in
particular, indicates that the paleotopographic high was ris-
ing with respect to both the southwest and northeast depo-
centers throughout Woodford deposition. This observation
again favors uninterrupted tectonic uplift of the paleotopo-
graphic high.

The three points of evidence discussed above indicate
that the paleotopographic high was in fact a tectonic element
that rose steadily from post-Hunton through Woodford time.
During the same period, the central trough of the Southern
Oklahoma Aulacogen was subsiding. It is suggested here
that the paleotopographic high was a forebulge that devel-
oped as a direct result of loading and subsidence along the
central trough of the Southern Oklahoma Aulacogen.

Tectonic Controls, Woodford Shale, Anadarko Basin, Oklahoma

As described by Turcotte and Schubert (1982), the
behavior of the Earth’s lithosphere on a geologic time scale
is that of an elastic plate floating on a viscous fluid. Down-
ward deflection of the plate in response to loading creates an
upwarp or forebulge adjacent to the depression caused by the
applied load. Tensional stresses in the upper part of the plate
and compressional stresses in the lower part of the plate,
coupled with restoring buoyancy forces, produce the fore-
bulge (Peterman and Sims, 1988). The height and position of
the forebulge are dependent on the magnitude of downward
deflection and the thickness and strength of the lithospheric
plate. As a rule of thumb, the ratio of downward deflection
along the load axis to uplift of the forebulge is about 15 to 1
(Turcotte and Schubert, 1982).

In theory, a forebulge is an integral part of basin develop-
ment in response to loading, but clear examples are not com-
mon in the ancient subsurface. A well-documented example
that is somewhat analogous to the present case is given by
Peterman and Sims (1988), who recognized the Goodman
Swell in northern Wisconsin as a forebulge of the

B7
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Figure 7 (facing page). Cross sections drawn from contoured
thicknesses (in feet) of lower, middle, and upper members of
Woodford Shale showing influence of tectonic evolution of
Anadarko basin on distribution of sediments. Datum is top of
upper member. Lines of section shown in figure 1. Modified
from Hester and others (1990).

Midcontinent Rift System. The distance between the Good-
man Swell and the nearest load axis of the Midcontinent Rift
System is comparable to the distance between the paleotopo-
graphic high of this report and the axis of the Southern Okla-
homa Aulacogen. The flexural uplift of the Goodman Swell
is enhanced by a tightly curved arrangement of rift axes and
is therefore anomalously large compared to uplift of the
paleotopographic high identified here.

Measuring flexural uplift of the paleotopographic high is
not straightforward. An estimate of flexural uplift during a
limited span of geologic time is based on the decompacted
thickness of the middle member of the Woodford Shale at

the crest of the paleotopographic high and at the northeast
depocenter (fig. 10). Because the thickness of the lower
member is affected by topographic relief on the pre-Wood-
ford unconformity and the thickness of the upper member is
affected by subsidence of the Sedgwick Basin north of the
study area, only the thickness of the middle member was
used to estimate flexural uplift.

The thickness of the middle member of the Woodford is
controlled by a combination of three penecontemporaneous
processes, as shown in figure 10. Thickness due to compac-
tional subsidence (Schmoker and Gautier, 1989) of the
underlying Woodford member and to regional sediment
accumulation is independent of forebulge development.

Figure 10 indicates that the paleotopographic high, which
is interpreted here as a possible forebulge, was uplifted about
30 ft (9 m) during middle Woodford time. Based on a sub-
sidence to uplift ratio of 15 to 1 (Turcotte and Schubert,
1982), the central trough of the Southern Oklahoma-Aulaco-
gen would then be expected to have subsided roughly 450 ft
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Figure 8. Vitrinite reflectance (Ro, in percent) of Woodford Shale contoured using data of Cardott and Lambert (1985) and B.).
Cardott (written commun., 1987). Contour interval 0.10 percent. Modified from Hester and others (1990).
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Figure 9. Thickness of lower member of Woodford Shale, major erosional channels on pre-Woodford surface inferred from
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Contour interval 25 ft (7.6 m). Inset map of study area shows stream channels of Amsden (1975) (heavier lines to southeast).

(140 m) during the same time interval. The thickness of the
middle member of the Woodford projected south of the
study area along cross section C-C’ (fig. 7) to the approxi-
mate axis of the aulacogen suggests that the central trough
probably subsided at least 430 ft (130 m) during middle
Woodford time. Thus the ratio of basin subsidence to uplift
of the paleotopographic high during middle Woodford time
is in reasonable agreement with that predicted by a theoreti-
cal forebulge model.

In view of the tectonic interpretations presented here,
sedimentation of the Woodford Shale and thus Woodford
source-rock properties have been directly influenced by
crustal loading during the terminal stages of the Southern
Oklahoma Aulacogen. Subsidence along the axis of the load
and the resulting upward flexure of the forebulge at the basin
margin explain the observed regional depositional patterns
of the Woodford Shale.

B10

SUMMARY AND CONCLUSIONS

Source-rock properties of the Woodford Shale are in
large part controlled by original depositional patterns shaped
by evolution of the first-stage Southern Oklahoma Aulaco-
gen and by thermal-maturation patterns shaped by develop-
ment of the second-stage Anadarko Basin. This report
emphasizes the influence of subsidence along the axis of the
Southern Oklahoma Aulacogen and uplift at the basin mar-
gin upon the depositional patterns of the Woodford Shale.

A positive paleotopographic feature parallel with and
about 75 mi (120 km) north of the Amarillo-Wichita Uplift
divided the Woodford Shale into northeast and southwest
depocenters and was a hinge line separating areas of regional
basement subsidence and flexure during Woodford time.
Three lines of evidence suggest that this positive feature was
tectonically rising during post-Hunton through Woodford

Application of Structural Geology to Mineral and Energy Resources
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Figure 10. Decompacted thickness of middle member of
Woodford Shale along line of section C-C” (fig. 7) at crest of
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sions do not represent stratigraphic units or time-sequential
events but show contributions of three penecontemporaneous
processes to middle-member thickness. Decompaction based
on shale-compaction curves of Baldwin and Butler (1985).

time: (1) erosional channels on the pre-Woodford surface do
not cross the axis of the paleotopographic high; (2) the Mis-
ener Sandstone, which was deposited in topographic lows, is
not present along the axis of the paleotopographic high; and
(3) Woodford sediments thicken from the paleotopographic
high toward the southwest and northeast depocenters.

In view of this evidence, it is suggested here that the
paleotopographic high is a forebulge that developed on the
basin margin as a direct result of loading and subsidence
along the central trough of the Southern Oklahoma Aulaco-
gen. Subsidence along the rift axis coupled with
simultaneous development of a forebulge can account for the
Woodford Shale depositional patterns described here.

The Woodford Shale was deposited near the end of the
evolution of the Southern Oklahoma Aulacogen, during a
relatively short interval of geologic time. The evidence
developed in this study regarding a possible forebulge asso-
ciated with the aulacogen is thus limited to a very narrow
phase of the aulacogen’s development. An investigation of
selected pre-Woodford sediments, analogous to that reported
here for the Woodford, is suggested as an approach to further

elucidate the nature and development through time of the
paleotopographic high interpreted here as a forebulge.
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Sequential Laramide Deformation of the Rocky Mountain
Foreland of Southwestern Montana, Wyoming, and

North-Central Colorado

By William . Perry, Jr.!, Douglas J. Nichols?, Thaddeus S. Dyman!, and Christopher J. Haley!

Abstract

Basement-involved compressional and transpressional
deformation of the Rocky Mountain foreland began at about 90
Ma in the Lima region of southwestern Montana. In the Lima
region, Laramide-style foreland deformation culminated prior
to mid-Campanian time (approximately 80 Ma), based on
palynostratigraphically dated sediments shed from the early
Laramide Blacktail-Snowcrest Uplift. The Madison-Gravelly
Uplift, located immediately northwest of Yellowstone Park, is
the next youngest Laramide uplift of the northern Rocky Moun-
tain foreland in Montana. Laramide deformation in this area
began soon after 79 Ma and was apparently completed by

68-69 Ma, before the close of Cretaceous time. Laramide -

deformation of the Wind River Uplift, which may have been
initiated about 85 Ma based on independent fission-track evi-
dence, culminated in late Paleocene to Eocene time. Available
data on timing from Montana and Wyoming suggests that Lara-
mide deformation proceeded eastward and southward from
southwestern Montana, reaching the Colorado Front Range by
latest Maastrichtian time.

Economic implications of this newly recognized
sequence of deformation of the Rocky Mountain foreland
include progressive blockage by structural disruption of east-
ward migration paths for hydrocarbons generated from Paleo-
zoic source rocks in east-central and southeastern Idaho,
southwestern Montana, and Wyoming.

INTRODUCTION

Beginning about 1978, the thinking and structural con-
cepts of many structural geologists working in the Rocky
Mountains began to converge on regional compression and

'U.S. Geological Survey, Box 25046, MS 940, Denver, Colorado
80225
2U.S. Geological Survey, Box 25046, MS 919, Denver, Colorado
80225

crustal shortening as the primary mode for Laramide defor-
mation of the Rocky Mountain foreland (fig. 1) (Smithson
and others, 1978, 1979; Brewer and others, 1980; Gries,
1981, 1983a, b; Hamilton, 1981, 1988; Petersen, 1983;
Schmidt and Garihan, 1983; Brown, 1984, 1988; Kulik and
Schmidt, 1988). This concept was first championed by
Chamberlin (1919, 1923) and later by Berg (1962) and
Blackstone (1963). :

The relationship between plate tectonics and Laramide
deformation was first explored by Lowell (1974), whose
analysis incorporated Lipman and others' (1971) concept of
low-angle subduction. The low-angle subduction model was
further developed by Dickinson and Snyder (1978), who
believed that sufficient shear developed between the base of
the continental lithosphere and the top of the underlying sub-
horizontal “Laramide-style” oceanic crustal slab to facilitate
Laramide crustal shortening in the Rocky Mountain fore-
land. How and when Laramide crustal shortening occurred is
still controversial (see, for example, conflicting views by
Hamilton, 1981, 1988; Gries, 1983b; Kulik and Schmidt,
1988).

The theme espoused by Armstrong (1968) that the Lara-
mide orogeny did not begin until latest Cretaceous time has
led to a virtual disregard by some workers of early Laramide
events in the Rocky Mountain foreland (for example, Dick-
inson and others, 1988). In the Lima region of southwestern
Montana (fig. 2), Nichols and others (1985) dated beds in the
fining-upward sequence near the top of the foreland-derived
conglomerates as middle Campanian (78-81 Ma). The tec-
tonic implications of this date were discussed by Perry and
others (1988) and are expanded upon in this report. Numer-
ous other examples of pre-latest Cretaceous Laramide-style
deformation of the Rocky Mountain foreland exist, as men-
tioned by Wilson (1936), Tweto (1975), Schmidt and Gari-
han (1983), and Tysdal (1986, 1988). In this report we
demonstrate that there is a definite sequence of development
of Laramide deformation in the Rocky Mountain foreland of

Sequential Laramide Deformation of Rocky Mountain Foreland  C1
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Figure 1(facing page). Principal Laramide basins and uplifts,
Rocky Mountain foreland province. Major uplifts are shown in
closely spaced dot pattern; broad positive areas in more widely
spaced dot pattern. Sawteeth on thrust faults point into upper
plates. AU, Axial Uplift; BB, Bighorn Basin; BHU, Black Hills
Uplift; BSU, Blacktail-Snowcrest Uplift; BU, Bighorn Uplift;
CA, Casper Arch; CMB, Crazy Mountains Basin; FRU, Front
Range Uplift; GHB, Grand Hogback; GRB, Green River Basin;
GR-SU, Granite Mountains-Shirley Mountains (Sweetwater)
Uplift; HB, Hanna Basin; HU, Hartville Uplift; LB, Laramie Ba-
sin; LU, Laramie Uplift; MBU, Medicine Bow Uplift; OCU,
Owl Creek Uplift; PB, North and Middle Parks Basin; PCB,
Piceance Creek Basin; PRB, Powder River Basin; PSU, Park-S-
ierra Madre Uplift; RU, Rock Springs Uplift; SCU, Sangre de
Cristo Uplift; SSU, Sawatch-San Luis Uplift; SWB, Sand Wash
Basin; UB, Uinta Basin; UMU, Uncompahgre Mountains Up-
lift; UU, Uinta Mountains Uplift; WB, Washakie Basin; WHU,
White River Uplift; WMU, Wet Mountains Uplift; WRB, Wind
River Basin; WRU, Wind River Uplift. Modified from Bayley
and Muehlberger (1968).

Montana and Wyoming, from northwest to southeast. We
focus on those Laramide uplifts that have a Cretaceous
growth history (fig. 3); other uplifts that show little evidence
of growth until the late Laramide (late Paleocene and early
to middle Eocene) are not discussed. Welts of a few tens of
meters of inferred structural relief such as discussed by
Merewether and Cobban (1986), defined chiefly by minor
unconformities, are also not discussed. We consider the
amount of tectonism represented by the minor partitioning of
the Early and early Late Cretaceous foreland basin
(Schwartz, 1982; DeCelles, 1986; Schwartz and DeCelles,
1988) to be modest, not a source of significant synorogenic
sediments or uplift, and not of the scale discussed here.

Contrasting Models of Laramide
Sequence of Deformation

Tweto (1975) marshalled available evidence concerning
the age and sequence of Laramide deformation in Colorado
and adjacent areas showing that the early Laramide uplifts of
central Colorado—the Front Range, Medicine Bow,
Park-Sierra Madre, and Wet Mountains Uplifts (fig. 1)—are
on the site of the late Paleozoic Front Range highland. These
uplifts began in late to very late Maastrichtian time, as indi-
cated by closely dated synorogenic debris deposited on their
flanks (Baltz, 1972; Tweto, 1975; Kluth and Nelson, 1988).
Tweto (1975) concluded that the Sawatch—San Luis (fig. 1)
and Wet Mountains Uplifts are more than 70 million years
old, slightly older than the other Colorado Laramide uplifts.
He also concluded that the Axial, Grand Hogback, and
White River Uplifts (fig. 1) were the latest to develop, in
Eocene time, whereas the Laramie and Sangre de Cristo
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Figure 2. Principal Laramide uplifts (screen pattern), north-
western Wyoming, western Montana, and east-central Idaho.
BHB, Bighorn Basin; BSU, Blacktail:Snowcrest Uplift; BTU,
Beartooth Uplift; CC, Cache Creek Thrust; CMB, Crazy
Mountains Basin; GRB, Green River Basin; GU, Gallatin Up-
lift; H, Hilgard Thrust System; LR, Lima region; MA, Moxa
Arch; MGU, Madison-Gravelly Uplift; PB, Pinyon Basin; RB,
Ruby Basin; S, Snowcrest structural terrane and thrust, south-
eastern margin of Blacktail-Snowcrest Uplift; SB, Sphinx Ba-
sin; TGVU, Ancestral Teton-Gros Ventre Uplift; TRU,
Tobacco Root Uplift; WR, Wind River Thrust; WRB, Wind
River Basin; WRU, Wind River Uplift, WU, Washakie Uplift.
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Uplifts (fig. 1) began to develop in Paleocene time. The
varying trends of these uplifts require first east-west shorten-
ing in late Maastrichtian and Paleocene time, followed by
northeast-southwest shortening in early Eocene time, assum-
ing that shortening was dominantly perpendicular to the
trends of the ranges.

Hamilton (1981) offered the hypothesis that Laramide
compressive deformation was caused by a 2°-4° clockwise
rotation of the Colorado Plateau relative to the continental
interior during late Late Cretaceous and early Tertiary time.
This rotation can be readily eliminated as a cause for all but
the latest Laramide events because structures bounding and
defining the northern and northeastern margin of the Colo-
rado Plateau (the south flank thrust of the Uinta Mountains,
Axial Arch, Grand Hogback, and White River Uplift) are lat-
est Laramide, middle to late Eocene in age (Tweto, 1975).
Hamilton’s mechanism may explain latest Laramide defor-
mation in the southern and central Rocky Mountains.

Gries (1983b) proposed a multiphase model for Lara-
mide deformation in Colorado and Wyoming. The first
phase is characterized by east-west compression in latest
Cretaceous time, which she believed was caused by the west-
ward movement of the North American plate during opening
of the North Atlantic ocean. The second is characterized by
northeast-southwest compression in early Tertiary (chiefly
Paleocene) time. The third is characterized by north-south
compression in late Laramide (Eocene) time, during the
opening of the Arctic Ocean. This is consistent with very
young Laramide thrusting along the south flanks of the
Granite Mountains and Shirley Mountains in southeastern
Wyoming (see also Love, 1971; Blackstone, 1983), the Med-
icine Bow Mountains in Colorado (Independence Mountain
Thrust) (see also Blackstone, 1977; Park, 1977), and the
Uinta Mountains in northeastern Utah (see also Ritzma,
1971; Bryant and Nichols, 1988).

Schmidt and Garihan (1983) added another dimension to
this controversy by showing evidence of oblique left-reverse
Laramide motions along northwest-southeast-trending fault
zones. This evidence is consistent with Brown’s (1984)
observations that a variety of fault styles would be generated
with overall east-west shortening if older fault zones of vary-
ing trends were reactivated during the Laramide. Kulik and
Schmidt (1988) stressed the spatial and temporal overlap
between Sevier (thin-skin) thrusting and Laramide
basement-involved thrust uplifts. Few of these workers,
however, have considered the oldest Laramide events in
southwestern Montana, the sequence of events, and the
implications of these events, discussed below.

Acknowledgments.—Careful reviews by Chris Potter and
Ben Law are appreciated, particularly the insistence by Law
that we appreciate the complexity of the Cretaceous rocks in
western Wyoming and by Potter that we carefully distin-
guish between uplift and denudation. The assistance of
Marge MacLachlan in reformatting the charts (fig. 3) is most
appreciated.

BLACKTAIL-SNOWCREST UPLIFT

Eardley (1960) recognized the Blacktail-Snowcrest Anti-
cline of Scholten and others (1955) as a major Laramide
uplift (figs. 1, 2) and, following the mapping by Klepper
(1950), showed southeast-directed thrusting along the south-
eastern margin of this uplift. Eardley (1960, fig. 3, p. 88),
however, mistakenly placed the Blacktail-Snowcrest Uplift
in his “Paleocene phase (mid-Laramide).”

Ryder (1967), Wilson (1970), and Ryder and Scholten
(1973) reexamined the Cretaceous synorogenic conglomer-
ates and related siliciclastic rocks of the Beaverhead Group
(Ryder’s Beaverhead Formation) of the Lima region and
showed that both foreland-sourced and thrust-belt-sourced
conglomerates are present (figs. 2, 3). The Lima Conglomer-
ate (fig. 3), the basal conglomerate of the Beaverhead Group,
is mostly made up of limestone clasts derived from unroof-
ing of the Blacktail-Snowcrest Uplift. The overlying
sequence, characterized by the almost ubiquitous presence
of Proterozoic quartzite clasts, was derived from the fold and
thrust belt to the west. Based on palynologic work by A.T.
Cross, Wilson (1970) showed that the Blacktail-Snowcrest
Uplift was a highland during Campanian time. More
recently, Nichols and others (1985) determined that the
Blacktail-Snowcrest Uplift developed between Coniacian(?)
and middle Campanian time. Perry and others (1988)
showed that the Blacktail-Snowcrest Uplift had reached its
present structural relief prior to middle Campanian time. The
middle Campanian palynologic date (78-81 Ma) of Nichols
and others (1985) was in the fining-upward sequence near
the top of the Lima Conglomerate, which was derived from
the Blacktail-Snowcrest Uplift.

Recent field work by Perry, Dyman, and Haley revealed
the presence of Mesozoic limestone clasts in conglomerates
of the upper part of the Frontier Formation (fig. 3) southeast
of Lima Peaks. These clasts are as large as cobble size (20
cm diameter) near the peaks and fine southeastward away
from the projected trace of the Blacktail-Snowcrest Uplift.
They are composed of Lower Cretaceous gastropod lime-
stone of the Kootenai Formation, micritic limestone of the
lower part of the Kootenai, and oolitic limestone of the
Jurassic Ellis Group. These clasts within the upper part of the
Frontier become less abundant as well as smaller southeast-
ward and generally occur within 17 km southeast of Lima
Peaks. The thickness of the limestone-conglomerate-bearing
stratigraphic interval also decreases markedly southeastward
(Haley and others, 1991). The Frontier-Beaverhead contact
is an angular unconformity near Lima Peaks; however,
because the two units become conformable to the southeast,
the contact is placed at the top of a green porcellanite unit in
the Frontier-Beaverhead transition zone, the stratigraphi-
cally highest porcellanite (Dyman and others, 1991).

Although the top of the Frontier Formation has not been
precisely dated southeast of Lima Peaks, it is unlikely to be
younger than Turonian; a carbonaceous siltstone sample

Sequential Laramide Deformation of Rocky Mountain Foreland  C5
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collected from near the top of the Frontier south of Lima
Peaks (Dyman and others, 1991) contained primarily Cen-
omanian to Turonian palynomorphs typical of the Frontier
Formation of Wyoming (Nichols and others, 1982). These
rocks near the top of the Frontier are lithologically similar to
other Frontier rocks of the region, the lower part of which are
definitely Cenomanian. On this basis, Laramide uplift
intense enough to have locally sourced conglomerates began
about 90 Ma, or slightly earlier in the Lima region of south-

Cé

western Montana (fig. 4). The abnormal thickness (more
than 2.1 km) of Frontier Formation in the vicinity of Lima
Peaks suggests the possibility of a foredeep localized by tec-
tonic loading due to thrusting of the adjacent southeastern
margin of the Blacktail-Snowcrest Uplift as well as thin-skin
thrusting in the Cordilleran thrust belt to the west (Dyman
and others, 1989).

Archean clasts (gneiss, schist, and marble) have been
observed in the upper part of the Lima Conglomerate

Application of Structural Geology to Mineral and Energy Resources
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(Wilson, 1970; Perry and others, 1988) in association with
Phanerozoic clasts derived from the uplift. Therefore it is
reasonable to conclude that the entire Phanerozoic cover was
stripped off at least part of the Blacktail-Snowcrest Uplift by
78-81 Ma (median of 79.5). The median palynologic date
for cessation of deposition of Laramide synorogenic sedi-
ments eroded from the uplift (79.5 Ma) subtracted from 90
Ma provides an estimate (10.5 Ma) of duration of uplift and
erosion.

Based on well data southeast of the uplift (Perry, 1986,
drill-holes 1 and 2), a minimum of 2 km of pre-Laramide
Cretaceous cover is estimated to have been stripped from the
uplift. Similarly, 360 m of lower Mesozoic rocks, 1 km of
Upper Paleozoic rocks (the Snowcrest trough sequence,
Perry, 1986, fig. 3), and 800 m of Mississippian Madison
Formation and older Phanerozoic rocks (Perry, 1986, drill-
hole 2) would also have been stripped, a total of 4.16 km of
Phanerozoic rocks during approximately 10.5 Ma. From

Sequential Laramide Deformation of Rocky Mountain Foreland  C7



these data, we calculated an exhumation rate (England and
Molnar, 1990) of 0.4 m/10% years. England and Molnar
(1990) restricted the term “uplift” to mean uplift in terms of
the geoid, usage not followed here because of the virtual
impossibility of making accurate and precise estimates of the
position of the pre-Quaternary geoid. By uplift we mean the
uplift of a body of rock with respect to the surrounding land
surface. Our calculated exhumation rate obviously underes-
timates actual uplift rate because it makes no allowance for
the topographic relief between crest of uplift and adjacent
basin or the depth to which the Precambrian basement was
eroded, only the thickness of Phanerozoic strata eroded. To
compensate for the second problem, we tried to record the
time when basement was first exposed in an uplift, through
biostratigraphic data, by bracketing the time when basement
clasts, arkose, or metamorphic rock fragments first appear in
the sediments shed from that uplift. Because uplift likely
occurred chiefly during episodes of stick-slip uplift-margin
faulting, a quite variable short-term uplift rate probably
existed; we do not intend to imply continuous constant-rate
uplift. Variations in rainfall also affect the exhumation rate.
Despite these drawbacks, the exhumation rate is a useful
comparative measure because it can be calculated for other
uplifts farther to the east and southeast, for which first
appearance of basement clasts in the material eroded from
the uplift can be dated. Therefore the exhumation rate pro-
vides a basis for comparison of relative uplift rates, if we are
allowed to assume that topographic relief was not vastly dif-
ferent between uplifts and that climatic differences were not
so extreme as to overwhelm topographic controls on erosion
rates.

MADISON-GRAVELLY UPLIFT

~ Scholten (1967) recognized that the Madison and Grav-
elly Ranges comprise the east and west flanks, respectively,
of a Laramide uplift that he termed the Madison-Gravelly
Uplift (fig. 2). The core of this uplift subsided during Ter-
tiary and Quaternary Basin-Range extension to become the
Madison Valley. Tysdal (1986) described the thrust faults
and backthrusts of the Hilgard Fault System (fig. 2) along the
complexly deformed eastern side of this uplift. This
deformed terrane is similar to that along the southeastern
limb of the Blacktail-Snowcrest Uplift described by Perry
and others (1983, 1988). K-Ar and 40Ar/39Ar dating of horn-
blende from dacitic laccolithic rocks of the same suite as
dacite dikes that intruded the Hilgard Fault System yielded
ages of 68-69 Ma (Tysdal and others, 1986). These ages
indicated to Tysdal and others that Laramide deformation in
this area was virtually completed by the close of Cretaceous
time, possibly 15 m.y. later than the cessation of growth of
the Snowcrest structural terrane to the west (fig. 5). Tysdal
and others (1986) reported a palynological age of approxi-
mately 79 Ma (early Campanian) from the lower part of the

Livingston Formation (fig. 3), just below the oldest locally
derived conglomerates (upper part of the Livingston)
beneath the Sphinx Conglomerate (fig. 3), the youngest
Laramide synorogenic deposit recognized in the Madison
Range. If we accept that locally the major episode of Lara-
mide deformation was over by 68-69 Ma and also accept
that erosion proceeded synchronous with thrusting to expose
Precambrian basement by this time, then primary Laramide
growth and exhumation of the Madison-Gravelly Uplift took
place during an interval of 10-11 m.y., between 79 Ma and
68-69 Ma. During this time 3.35 km of Phanerozoic cover
would have been eroded from the uplift (thickness measured
from Tysdal, 1990, section D-D’), yielding an estimated
exhumation rate of 0.3 m/10° years, very close to that for the
Blacktail-Snowcrest Uplift. In any case, this estimated rate is
only a first approximation because the time of first exposure
of the Precambrian basement is unknown for the Madison-
Gravelly Uplift.

The contact between the Sphinx Conglomerate and
underlying Livingston is conformable almost everywhere.
Only the upper member of the Livingston is conglomeratic,
consisting of interstratified sandstone and conglomerate
(Tysdal and others, 1986). This lithofacies is similar to the
much older Cenomanian to Turonian upper part of the Fron-
tier Formation to the west, south of Lima Peaks. The base of
the 200-m-thick upper (conglomeratic) member of the Liv-
ingston is 300400 m above the interval dated as 79 Ma
(Tysdal and others, 1986, p. 861). Laramide deformation in
the Madison Range began probably no more than 76 Ma,
about 14 m.y. later than that of the Blacktail-Snowcrest
Uplift, based on estimated rapid sedimentation rates in the
Livingston. The east-west shortening represented by the Hil-
gard Thrust System during very late Cretaceous time is con-
sistent with the earliest phase of Laramide deformation in
Colorado, described by Tweto (1975).

ANCESTRAL TETON-GROS VENTRE AND
WIND RIVER UPLIFTS

Dorr and others (1977) were among the first to point out
that the Late Cretaceous rise of the Ancestral Teton—Gros
Ventre Uplift (fig. 2) provided a high-standing buttress of
Precambrian rocks that deflected later structures in the fron-
tal part of the Cordilleran thrust belt. Wiltschko and Dorr
(1983, fig. 2) estimated the age of initial growth of the
Ancestral Teton—Gros Ventre—Wind River Arch as about 73
Ma (figs. 3, 5). They showed that this early phase of uplift
continued until early Maastrichtian time. In his section near-
est the northern flank of the Wind River Range in the north-
western Wind River Basin (fig. 2), southwest of the axis of
the basin, Keefer (1965) showed conglomerates in the basal
Lance Formation (fig. 3) that he dated only as Late Creta-
ceous. If this basal Lance is correlative with that described
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by Law and Johnson (1979) from the subsurface west of the
Wind River Uplift, then the presence of these conglomerates
is compatible with the 73-Ma estimate of initiation of uplift
by Wiltschko and Dorr (1983). Keefer (1965) also showed
the Lance pinching out along the northeastern flank of the
Ancestral Teton—Gros Ventre and Wind River Uplifts.
More recently, Shuster and Steidtmann (1988) developed
a growth history of the Wind River Uplift based on burial

history curves, sandstone provenance studies, and inferred
thrust-loading along the northeastern margin of the Green
River Basin (adjacent to the Wind River Uplift). They con-
cluded that a “subsidence event at approximately 90 Ma may
indicate initial uplift of the Wind River block.” They also
identified a very rapid subsidence event in the area of the
Pinedale Anticline (adjacent to the Wind River Uplift) dur-
ing Maastrichtian time, which they considered to be
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probably due to tectonic loading by the growing Wind River
Thrust. Apatite fission-track studies by Shuster (1986) indi-
cate “that the Wind River uplift began between 80 and 90 Ma
and moved upward about 8 km.”

More extensive, recent apatite fission-track studies by
Cerveny (1990) indicate that growth of the Wind River
Uplift may have begun by 85 Ma but was clearly underway
by 75 Ma, in reasonably good agreement with Wiltschko and
Dorr (1983). Cores of the Late Cretaceous Lance Formation
from wells drilled in the northeastern Green River Basin
contain detrital limestone and dolomite grains (Law and oth-
ers, 1986) probably derived from Paleozoic limestones being
eroded from the adjacent Wind River Uplift during Maas-
trichtian time, consistent with the results of Cerveny (1990).
Ages of uplift in the 80-90-Ma time period in the Wind
River Uplift area may relate to a broad forebulge that encom-
passed the present area of the Rock Springs Uplift as well as
the Ancestral Teton—Gros Ventre and Wind River Uplifts
and not to the time of initiation of these Laramide structures.

In contrast to the Madison-Gravelly Uplift, which appar-
ently lacks a Tertiary growth history, Cerveny (1990)
showed that the northern part of the Wind River Uplift
underwent most rapid cooling (presumably uplift) between
60 and 57 Ma, soon after Precambrian basement was
exposed based on the first appearance of arkose derived from
the Wind River Uplift in the northern Green River Basin
(Prensky, 1989). The arkose is in an unnamed lower Tertiary
unit (fig. 3) dated palynologically as early to middle
Paleocene in age (Law and Johnson, 1989).

EASTWARD PROGRESSION OF LARAMIDE
DEFORMATION IN WYOMING

Wind River Basin

The Wind River Basin in west-central Wyoming (figs. 1,
6) occupies a critical position with respect to the sequential
development of Laramide structure in Wyoming. Our dis-
cussion of the tectonic development of the Wind River Basin
is summarized from Keefer (1965) unless otherwise stated.
Conglomerate in the Late Cretaceous Lance Formation in the
northwestern part of the Wind River Basin, nearest the Wind
River Uplift, contains granule-size fragments and scattered
pebbles of chert, silicious shale, and porcellanite. Here the
Lance is about 350 m thick (Keefer, 1965, p. A17), and only
the lower part is conglomeratic. Keefer found no definite
evidence for uplift of the Wind River Range during Creta-
ceous time, but his control was inadequate along the south-
western margin of the basin (contours dashed, no control
points within 48 km of the northeastern flank of the Wind
River Mountains, see his fig. 9). Perry suggests that the
above described conglomerate in the lower part of the Lance
was probably eroded from Frontier and older Mesozoic
rocks exposed on the growing Wind River Uplift.

Murphy and Love (1958) inferred that a broad, domal
uplift developed in latest Cretaceous time on the southeast-
ern flank of the Wind River Basin in the area of the present
Granite Mountains. Keefer (1965) reached similar conclu-
sions. In a summary of the Laramide history of the Granite
Mountains area, Love (1971) indicated that uplift of this area
did not begin until latest Cretaceous time and culminated in
earliest Eocene time. He suggested that the early phase of
this uplift may have been coextensive with that of the south-
central part of the Wind River Range.

Keefer (1965) concluded that the Cretaceous-Tertiary
boundary in the Wind River Basin is generally conformable,
but that extensive downwarping occurred at this time along
the present-day northern margin of the basin. Along the
northeastern margin of the Wind River Basin, Keefer (1965)
observed that the oldest conglomerate zones are in the lower
Eocene Indian Meadows Formation. The oldest arkosic con-
glomerate in this part of the basin is at the base of the Lost
Cabin Member of the overlying Eocene Wind River Forma-
tion. The presence of extensive lacustrine sediments, which
first appeared in the Wind River Basin in late Paleocene time
{(Nichols and Ott, 1978; Phillips, 1983), is indicative of inter-
nal drainage that likely reflects initial growth of the Casper
Arch and Owl Creek Uplift (figs. 1, 6) that closed the outlets
of the basin.

Keefer (1965) estimated 2.7 km of middle to late
Paleocene uplift in the Owl Creek Mountains and 3.2 km of
subsidence in the adjacent Wind River Basin; these amounts
indicate a cumulative vertical separation (uplift+subsidence)
rate of about 1.3 m/103 years using the time scale shown in
figure 3. Keefer estimated an additional 2.6 km of uplift and
an additional 1.7 km of subsidence in early Eocene time, a
cumulative vertical separation rate of about 1.2 m/ 103 years.
He showed that thrust faults of the Casper Arch cut the lower
Eocene Indian Meadows Formation and that the rocks
deformed by this thrusting are erosionally truncated by the
overlying lower Eocene Wind River Formation. These rela-
tions date the cessation of major Laramide deformation in
the area as early Eocene. For comparability with exhumation
rates calculated for uplifts in southwesten Montana
(approximately 0.4 m/ 10° years for the Blacktail-Snowcrest
Uplift and 0.3 m/10° years for Madison-Gravelly Uplift
derived above), the middle to late Paleocene uplift rate for
the Owl Creek Mountains is 0.46 m/10° years and the early
Eocene rate 0.6 m/10 years, based on Keefer's estimates of
topographic relief and exhumation and our time scale (fig.
3). We find it remarkable how similar these generalized rates
are, calculated from different data sets for different Lara-
mide uplifts. The amount of surface relief shown by Keefer
(1965) is merely a guess, of course.

Hanna Basin Region

Blackstone (1983) and Hansen (1986) summarized,
respectively, the complex structural geometry and tectonic
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history of the Hanna Basin region southeast of the Granite
Mountains—Sweetwater Uplift (fig. 1) and suggested that the
major west-northwest-trending thrust fault bounding the
northern flank of the Hanna Basin is late Paleocene to early
Eocene in age. A major unconformity between the Late Cre-
taceous Pierre Shale and middle Paleocene part of the Coal-
mont Formation in the North Park Basin south of the
Medicine Bow Uplift indicates that the entire area from the
Medicine Bow Mountains (and Park Range to the south)
eastward to the Colorado Front Range may have been a sin-
gle broad highland in latest Cretaceous time (Hail, 1965;
Wellborn, 1977; Madden, 1979; S.B. Roberts, U.S. Geolog-
ical Survey, oral commun., 1990).

COLORADO FRONT RANGE

Laramide basement faulting in the Front Range began at
69.311.1 Ma (Wallace, 1988). Kluth and Nelson (1988)
detailed the uplift history of the Colorado Front Range based
on proprietary fission-track and palynologic investigations
that are compatible with unpublished data of Nichols. They
stated that the basement was exposed in the core of the Front
Range by 68 Ma, as indicated by the first appearance of arko-
sic sediments and basement clasts in the Upper Cretaceous to
Eocene Dawson Arkose (fig. 3). Three kilometers of Phaner-
ozoic cover (estimated by Wallace, 1988) was removed from
the Fron: Range during a strikingly brief period of one (or at
most two) million years. Based on these values an exhuma-
tion rate of 3 m/10° years (or minimally 1.5 m/ 103 years) can
be calculated. These rates are much greater than Laramide
exhumation rates calculated for the Owl Creek Mountains in
south-central Wyoming and almost an order of magnitude
greater than rates calculated for the older Laramide uplifts of
southwestern Montana.

ECONOMIC IMPLICATIONS

A relatively simple unpartitioned Cretaceous foreland
basin was envisioned by Dickinson and Snyder (1978, fig. 1)
and Cross (1986), although Schwartz (1982), DeCelles
(1986), Merewether and Cobban (1986), and Schwartz and
DeCelles (1988) indicated that broad tectonic welts of prob-
ably low amplitude were present in the Rocky Mountain
foreland during late Early and early Late Cretaceous time.
The rise of the Blacktail-Snowcrest Uplift, beginning about
90 Ma, would have provided a barrier to eastward updip
migration of hydrocarbons generated in the rapidly subsid-
ing foredeep developed in front of the eastward-advancing
Helena and Wyoming Salients of the Cordilleran Thrust Belt
(fig. 4). Beginning about 75 Ma, a perhaps continuous struc-
tural barrier to eastward migration of hydrocarbons would
have developed from the northeastern tip of the Blacktail-

Snowcrest Uplift, southward through the Madison-Gravelly
Uplift, and southeastward through the Ancestral Teton—Gros
Ventre-Wind River Uplifts. As a consequence of this struc-
tural barrier, hydrocarbons generated farther to the west may
have migrated into the southern Green River Basin-Hanna
Trough region of southern Wyoming, a major fairway of
hydrocarbon production in Wyoming.

SUMMARY

Intense Laramide deformation of the Rocky Mountain
foreland began in southwestern Montana at about 90 Ma.
The Madison-Gravelly Uplift to the east and Ancestral
Teton—Gros Ventre-Wind River Uplifts in western Wyo-
ming began intense growth about 75 Ma. These two uplifts
may have been originally coextensive (fig. 2). Near the close
of Cretaceous time, intense Laramide deformation spread
eastward to the Granite Mountains and Colorado Front
Range. This sequence of events cannot be related directly to
either Eocene rotation or displacement of the Colorado Pla-
teau but may be related to a southeastward-advancing zone
of decoupling in the lower to middle crust that was initiated
in southwestern Montana about 90 Ma.
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Influence of Crustal Structure on the Course of the
Arkansas River, South-Central Colorado

By Ken Watson', Daniel H. Knepper, Jr.", and Michael W. Webring'

Abstract

On small-scale aerial photos, satellite images, topo-
graphic maps, and digital terrain images, the linear northeast-
trending segment of the Arkansas River between Coaldale and
Parkdale, south-central Colorado, and the somewhat longer
associated topographic lineament suggest to even the casual
observer an element of geologic control. This segment of the
river is generally considered to be a superposed stream estab-
lished during regional uplift and incised in late Pliocene and
Pleistocene time. Although joints in Proterozoic crystalline
rocks probably exert control on the path of the river on a local
scale, evaluation of geologic maps indicates that the regional
trend and location of the river and its associated topographic
lineament are not controlled by a single structural feature
(fault, shear zone, broad-scale folding).

Examination of published geophysical maps and process-
ing and analysis of digital geophysical data for the western half
of the Pueblo, Colorado, 1°x2° Quadrangle indicate that the
Arkansas River and its topographic lineament spatially corre-
spond approximately to a northeast-trending boundary
between contrasting crustal blocks of the southern Front Range
to the north and the Wet Mountains and DeWeese Plateau to
the south. Exposed Cambrian alkalic plutonic rocks and asso-
ciated carbonatites, which are restricted to the Wet Moun-
tains—-DeWeese Plateau block, and granodiorites account for
some of the observed geophysical contrasts; however, a geo-
physical contrast in the vicinity of the Arkansas River topo-
graphic lineament is difficult to explain based on exposed rock
types.

Possible surface expression of the block boundary
includes northeast-trending geologic features within an anom-
alous zone extending from the Pikes Peak batholith southwest-
ward to the Sangre de Cristo Mountains. The dimensions of this
zone are controlled by an anomalous northeast-trending zone
of northeast- trending faults. Within the zone a northeast-trend-
ing contact between granodiorite of the Routt Plutonic Suite
and metamorphic rocks follows within 2 km of the Arkansas
River for much of the distance between Coaldale and Parkdale,
Colorado.

lus. Geological Survey, Box 25046, MS964, Denver, Colorado
80225.

The northeast-trending course of the Arkansas River and
its topographic lineament are interpreted as being loosely con-
trolled by the northeast-trending zone of faults and the Precam-
brian lithologic contact that reflects the boundary between the
southern Front Range and Wet Mountains-DeWeese Plateau
crustal blocks. Extensive vertical and lateral erosion of the
Arkansas River canyon during late Pliocene and Pleistocene
time has removed any physical evidence of the topography of
the exhumed late Eocene erosion surface upon which the orig-
inal course of the river was established; however, some com-
bination of differential uplift or erosion along the northeast-
trending zone of faults and the granodiorite-metamorphic con-
tact could have influenced establishment of the linear north-
east trend of the river before downcutting. Indirectly, then, the
modern course of the Arkansas River between Coaldale and
Parkdale and its associated topographic lineament reflect the
northeast-trending boundary between the southern Front
Range and Wet Mountains-DeWeese Plateau crustal blocks.

Understanding structural controls in the vicinity of this
northeast-trending boundary is important because the bound-
ary is near mineral deposits that are conspicuously outside the
Colorado Mineral Belt.

INTRODUCTION

The Arkansas River in south-central Colorado includes a
northeast-trending segment, approximately 40 km long,
between Coaldale and Parkdale. At a regional scale the topo-
graphic lineament associated with the river extends south-
west to Hayden Pass in the Sangre de Cristo Mountains.
Hayden Pass is the lowest point (3,567 m) along the crest of
the rugged Sangre de Cristo Mountains between Methodist
Mountain 32 km to the northwest and Mendano Pass 72 km
to the southeast (fig. 14). In addition, Hayden Pass marks a
conspicuous northwestward narrowing of the Sangre de
Cristo Mountains (fig. 1B). On digital terrain data of the
State (fig. 2A) a somewhat longer (60 km) topographic linea-
ment is apparent.

The Arkansas River between Salida and Canon City,
Colorado (fig. 2B), has been interpreted as a superposed
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/Arkansas River drainage
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Figure 1(above and facing page). Study area in south-central Colorado. A, Three-dimensional view of the Sangre de
Cristo Mountains (looking northeast) showing Hayden Pass and Arkansas River drainage. Vertical exaggeration about
6:1. Data from 1:250,000 topographic map of Pueblo 1°x2° Quadrangle. B, Plan view of area shown in A.

drainage, although the covering rocks from which it was
superposed are not preserved (Thornbury, 1965, p. 349). The
present course of the river was probably established in late
Oligocene or early Miocene time on the extensive exhumed
late Eocene erosion surface of low relief in south-central
Colorado (Epis and Chapin, 1975). Paleochannels contain-
ing gravel deposits and remnants of Oligocene ash-flow tuffs
are preserved on the late Eocene erosion surface immedi-
ately north and south of the present Arkansas River canyon,
but extensive lateral and vertical erosion by the Arkansas
River and its tributaries have removed any physical evidence
of the early history of the Arkansas River itself.

Steeply dipping Precambrian metamorphic and igneous
rocks exposed in and along the Arkansas River canyon,
although complexly deformed, do not indicate that a geo-
logic structure (shear zone?) controls the exceptionally
straight course of the river; indeed, the regional metamor-
phic foliation is at a high acute angle to the N. 60° E. trend

- of the river, such that the canyon exposes an extensive cross
section of these steeply dipping rocks.

This segment of the Arkansas River is in an area estab-
lished as an airborne geophysics demonstration area for test-
ing new geophysical instrumentation and methods and
extending integrated interpretation techniques (Watson and
others, 1989). The Geophysics Environmental and Minerals
(GEM) demonstration area (fig. 2B) includes most of the
western half of the Pueblo 1°x2° Quadrangle. Several digital
data sets have been compiled for the GEM area, including
gravity, aeromagnetic, radiometric, geologic, remote sensing
(Landsat Thematic Mapper; Heat Capacity Mapping Mis-
sion), and digital elevation model terrain data. Numerous

other geologic and geophysical maps provide additional
local and regional information.

This report summarizes the results of a preliminary
investigation to determine whether available data might pro-
vide some insights to the nature and cause of the linearity of
the Arkansas River between Coaldale and Parkdale, Colo-
rado. These results are preliminary but provide some obser-
vations that suggest possible structural and lithologic
controls of the river, as well as broad-scale crust-mantle
influence on the geologic evolution in this area of the Front
Range—Wet Mountains junction.

Acknowledgment.—The authors would like to acknowl-
edge the assistance of Adel Zohdy in providing illustrations
of the three-dimensional and plan views of the Sangre de
Cristo Mountains.

GENERAL GEOLOGY

The GEM area is roughly centered on Canon City, Colo-
rado, at the junction between the southern Front Range and
the northern Wet Mountains (fig. 2B). These Precambrian-
cored uplifts are flanked by a well-exposed section of Phan-
erozoic sedimentary strata deformed by diverse types of
mountain-flank structures. Precambrian rocks include a vari-
ety of Proterozoic igneous and metamorphic rocks. In the
northern Wet Mountains, Precambrian crystalline rocks
were intruded by Cambrian alkalic and carbonatite rocks
prior to deposition of the Phanerozoic sedimentary cover
rocks. Oligocene volcanic rocks in various parts of the study
area are related to local eruptive centers or are distal deposits
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in early Tertiary paleochannels. Miocene and Pliocene sedi-
ments and sedimentary rocks occupy several north- to north-
west-trending grabens formed during the evolution of the
Rio Grande Rift Zone, and gravels locally lie on pediment
surfaces and in terraces formed during various stages of the
Pleistocene.

The largest and most important mineral deposit in the
GEM area is the world-class gold-telluride deposit associ-
ated with hydrothermally altered Miocene alkalic volcanic
rocks at Cripple Creek, Colorado (Lovering and Goddard,
1950, p. 289). Smaller precious- and base-metal deposits are
present at several Oligocene volcanic centers in the region.
Lead, zinc, and copper sulfide ores and minor gold and silver
have been reported in Precambrian rocks at various places;
copper sulfide ore was mined from Pennsylvanian redbeds at

ELEVATION
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8,000
3,000
10,000
111,000
12,000

13,000

Cotopaxi (Vanderwilt, 1947, p. 83-87). Small amounts of
placer gold have been produced from the Arkansas River
between Salida and Florence. Iron and small quantities of
rare-earth elements are associated with Cambrian alkalic and
carbonatite rocks in the northern Wet Mountains and
DeWeese Plateau (Shawe and Parker, 1967; Armbrustma-
cher, 1988), and a small uranium deposit is in sediments
deposited at the base of a paleovalley at Tallahassee Creek.
Precambrian pegmatites in the area have been mined for
beryl, columbite-tantalite, muscovite, and feldspar, and gyp-
sum and fire clay have been produced in the area (Vander-
wilt, 1947). Cretaceous coals have been mined south of
Canon City, and a producing oil field is located near
Florence. Because of normal faulting during the evolution of
the Rio Grande Rift Zone, the area may have undiscovered
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Figure 2 (above and facing page).
(B) showing features mentioned in text and boundaries of GEM study area, Colorado.

mineral deposits on downdropped blocks that are now con-
cealed by upper Tertiary sedimentary rocks and Quaternary
alluvial materials.

NEAR-SURFACE EXPRESSION

The courses of modern drainages are commonly con-
trolled by geologic phenomena such as geomorphic features
reflecting differential erosion along structures or lithologic
units of varying resistance and active faulting and uplift.
Detailed and reconnaissance geologic maps (1:62,500 and
1:250,000 scale) of the southern Front Range, South Park,
Wet Mountains, and DeWeese Plateau were examined to
determine if geologic features exposed at the surface could
be related to the trend of the Arkansas River between
Coaldale and Parkdale and the associated topographic linea-
ment. Both the pattern of faulting and the distribution of Pre-
cambrian granodiorite and metamorphic rocks in the vicinity
of the Arkansas River suggest possible surficial controls on
the course of the river.

Detailed and reconnaissance geologic mapping shows
that the present course of the Arkansas River between
Coaldale and Parkdale does not follow a fault or shear zone
(Scott and others, 1978; Taylor, Scott, Wobus, and Epis,

Digital terrain image (A), illumination from northwest, and location map

1975a); however, the pattern of faults in the area suggests
that faulting may have played a major part in establishing the
straight course of the river. The major faults in the Wet
Mountains—DeWeese Plateau block trend northwesterly
northward to the vicinity of Hillside and the Cambrian
McClure Mountain Complex, an alkalic complex, where a
northeast-trending zone of northeast-trending faults subpar-
allel with the Arkansas River signals a rather abrupt change
in structural style (fig. 3). The northeast-trending fault zone
extends northeastward across the Canon City embayment
and the southern Front Range to the Pikes Peak batholith.
Rocks of Precambrian, Paleozoic, and Mesozoic age are cut
by the northeast-trending faults; lower Eocene sediments of
the Echo Park Alluvium, rocks of the Oligocene Gribbles
Park Tuff (Taylor, Scott, and Wobus, 1975), and sodic gran-
ite of the Miocene Slide Rock Mountain stock (Taylor, Scott,
and Wobus, 1975) are the youngest rocks cut by northeast-
trending faults in the zone.

Prior to Neogene movements on the Ilse fault and the
uplift of the Wet Mountains and southern Front Range
blocks, Oligocene to Miocene low-gradient streams flowed
generally eastward across an exhumed, relatively flat Eocene
erosion surface (Taylor, 1975). Most of the faults having
demonstrated Neogene movement trend north or northwest-
erly (Epis and Chapin, 1975, fig. 19; Taylor, 1975, fig. 1);
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the northeast-trending faults in the northeast-trending fault
zone may have also had minor movement in the Neogene,
although they were probably in existence prior to the major
Neogene tectonism that segmented the paleochannels. The
northeasterly trend of Oligocene to Miocene paleochannels
identified within or near the northeast-trending fault zone
(Goat Creek-Hillside and Oak Creek, Taylor, Scott, Wobus,
and Epis, 1975a; Tanner Peak, Taylor, Scott, and Wobus,
1975; Howard, Taylor, Scott, and Wobus, 1975) suggests
either a uniform gradient direction on the late Eocene ero-
sion surface or a northeast-trending grain to the subtle topog-
raphy on the erosion surface. The presence of so many
northeast-trending faults within this area suggests the possi-
bility that low ridge and valley topography, perhaps reflect-
ing differential erosion or movement along the abundant
northeast-trending faults, may have influenced the course of
the paleovalleys. The Arkansas River, now deeply incised
through the late Eocene erosion surface, may have originated
as another paleochannel before uplift and deep incision in
the Pliocene and Pleistocene; however, subsequent downcut-
ting and lateral erosion by the Arkansas River and its tribu-
taries have removed any evidence of the original shape and
trend of the early Arkansas River drainage channel and any
deposits that may have accumulated in the channel.

Two major Precambrian rock types are exposed in the
area of the southern Front Range and northern Wet Moun-

tains and DeWeese Plateau—metamorphic rocks and grano-
diorite (Scott and others, 1978; Tweto, 1979). The oldest and
most widespread rocks are quartzite, biotite schist, gneiss
and migmatite, and other metavolcanic and metasedimentary
rocks older than about 1,700 Ma (fig. 4). These rocks were
intruded by abundant granodioritic magmas at catazonal to
mesozonal depths (Hutchinson, 1976) about 1,700 Ma
(Routt Plutonic Suite of Tweto (1987)).

Smaller granitic and quartz monzonitic plutons emplaced
about 1,400 Ma (Berthoud Plutonic Suite age) at mesozonal
depths are exposed in a few areas of the southern Front
Range—-northern Wet Mountains area. Granitic rocks of the
extensive Pikes Peak batholith (about 1,000 Ma) make up
much of the southern Front Range north of the study area.

Along the 35-km-long, northeast-trending segment of the
Arkansas River between Coaldale and Parkdale, Colorado,
granodioritic rocks of Routt Plutonic Suite age to the north
are in contact with older Proterozoic metasedimentary and
metavolcanic rocks to the south (Taylor, Scott, Wobus, and
Epis, 1975a). The regional trend of this contact is essentially
parallel with the Arkansas River and for 25 km along this
stretch of the river the contact is within 2 km of the river and
commonly within 1 km. This spatial relationship strongly
suggests that the granite-metamorphic contact may have
influenced the ultimate course of the river, although the
nature of this influence is unknown.
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Figure 3.
central Colorado.

CRUSTAL EXPRESSION

Because geologic maps of the southern Front Range-Wet
Mountains/DeWeese Plateau areas (Taylor, Scott, and
-Wobus, 1975; Taylor, Scott, Wobus, and Epis, 1975a, b;
Scott and others, 1978) clearly show that the course of the
Arkansas River between Coaldale and Parkdale is not con-
trolled by a fault or shear zone, potential-field data were
examined to see if there are any magnetic or gravity charac-
teristics in the area that might suggest a possible controlling
influence.

Northeast-trending zone of northeast-trending faults (dashed where inferred) (after Tweto, 1979) in study area, south-

Aeromagnetic Data

Residual total-field magnetic data (1-mi and some 3-mi
line spacing, acquired 400 ft above mean terrain) were digi-
tally processed for display in image format at 1:250,000
scale to examine geologic structure. The data were then
reduced to the pole using a 0.25-km grid size (fig. 54) to
remove inclination errors and place anomalies above their
sources. Two distinct areas (areas I and II) having similar
high spatial frequency pattern signatures were identified.
These two areas are characterized by anomalies having max-
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Figure 4. Generalized lithology of Proterozoic rocks along Arkansas River between Coaldale and Parkdale, south-central Col-

orado. Modified from Scott and others (1978).

imum dimensions of 8 km or less (Boler and Klein, 1990a),
although the eastern boundary of area I and the southern
boundary of area II differ somewhat from the Front Range
area as mapped by Boler and Klein (1990a).

Area I, covering the Wet Mountains and DeWeese Pla-
teau, corresponds at the surface to predominantly migmatitic
gneiss older than Routt Plutonic Suite. Most of the magnetic
anomalies have been interpreted to be caused by a Cambrian
alkalic intrusive complex having mafic derivatives (Boler
and Klein, 1990a). Anomalies on the northeastern side of
area I, along the crest of the Wet Mountains, are caused by
Precambrian granodiorite (Boler and Klein, 1990a). The
boundaries of area I generally coincide with the Wet Moun-
tains Fault on the east, the Westcliff Fault on the west, and a
zone of northeast-trending faults near the Arkansas River
canyon on the north. The cause of the northern truncation of
area | is not readily apparent. Rocks to the north of area I, in
a magnetic quiet zone, are mostly Precambrian granodiorite
(Routt Plutonic Suite) and are the source of magnetic anom-
aly highs in both areas I and II. Because the zone is similar

in outcrop pattern, elevation, and topography to magnetic
rocks of the DeWeese Plateau and because there is no evi-
dence for alteration, Boler and Klein were unable to identify
the cause of this magnetically quiet area. To the north a
series of magnetic highs are associated with Precambrian
basement highs covered by Tertiary sedimentary and volca-
nic rocks (Boler and Klein, 1990a). The quiet area, which
contains a number of northeast-trending faults, also includes
the northeast-trending segment of the Arkansas River
described previously.

The second area of magnetic anomalies (area II, fig. SA)
is northeast of area I. The surface rocks are predominantly
granodiorite of the Routt Plutonic Suite. Area II is bounded
on the east by the Pikes Peak batholith (figs. 2B, 54), on the
southeast by Paleozoic sediments, and on the west by the
Elkhorn—Current Creek-Ilse Fault Zone. Area II corre-
sponds approximately to Boler and Klein's (1990a) feature
H. Although volcanic cover rocks are present west of areaII,
their influence on the boundary is not evident. The sources
of the magnetic anomalies in area II are Precambrian
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granodiorite (Routt Plutonic Suite) and Precambrian quartz
monzonite (Berthoud Plutonic Suite). To the east a pro-
nounced magnetic low is associated with Precambrian Pikes
Peak Granite (1,000 Ma); this association is based on the low
magnetization of the granite, not on reverse magnetization
(Boler and Klein, 1990a).

106° 105°

Figure 5 (above and facing column). Magnetic data for
western half of Pueblo, Colorado, 1°x2° Quadrangle. A, Im-
age of reduced-to-pole magnetic data. Original grid was
produced using minimum curvature (Briggs, 1974) with el-
liptical weights to enhance N. 45° W. direction (M.W. We-
bring, U.S. Geological Survey, 1990, oral commun.). Areas
of magnetic highs are bright on image. B, Image of horizon-
tal gradient of reduced-to-pole magnetic data (upward con-
tinued 200 m). Aeromagnetic highs are bright and
correspond to edges of bodies. C, Map showing magnetic
signature patterns (see text) (dotted line patterns) and areas
(1,11) of magnetic anomalies.

To examine the boundaries of areas I and II more fully,
the horizontal gradient of the reduced to the pole field was
computed and upward continued 200 m to smooth high-
frequency artifacts (fig. 5B). In this representation, magnetic
gradient highs are associated with the edges of bodies thus
making it easier to infer subtle trends and structural align-
ments. Two prominent zones are evident. One, in the north-
central part of the image, corresponds to the edge of the Pike
Peak batholith. The other, a north-trending magnetic gradi-
ent high at approximately long 105.5° W., corresponds to the
western edges of both areas I and II. From south to north this
high coincides with the northwest-trending Westcliffe Fault,
passes through a regional grain of northwest-trending faults
(locally coinciding with numerous northeast-trending
faults), then to the Current Creek—Ilse Fault Zone, and then
north-northwest along the fault zone to the Guffey volcanic
center.

Although the northern boundary of area I and the south-
ern boundary of area II suggest some spatial coincidence
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Figure 6. Gravity map of western half of Pueblo 1°x2°
Quadrangle. Areas of gravity highs are light on image.
Map area is same as figure 5.

with the straight segment of the Arkansas River drainage, the
reasons are not directly evident. Why are the granodiorites of
the quiet zone less magnetic? Hydrothermal alteration could
result in destruction of magnetite, but Boler and Klein
(1990a) found no evidence for alteration. One hypothesis is
that the magma source here contained less magnetite than
did sources to the south and to the east. Another explanation
is that during the cooling of this batholith reverse magnetism
could have been captured and this remanence would have
reduced the total magnetic field. A last hypothesis is that the
granodiorite in the quiet zone is much thinner than else-
where, thereby reducing the mass of magnetic minerals and
thus the total field. Field sampling and extensive drilling are
required to establish the correct cause with a high confidence
level. At this time we are left with fairly strong evidence that
anomalies along the boundary between area I and the quiet
zone are fault controlled, that Cambrian intrusive rocks are
not at the surface north of area I, and that possible explana-
tions of the magnetic quiet zone are lithologic or tectonic dif-
ferences, or possibly both.

Gravity Data

Bouguer gravity data for the Pueblo Quadrangle (Boler
and Klein, 1990b) were examined in the vicinity of the
straight segment of the Arkansas River between Coaldale

and Parkdale (fig. 6). Arealidentified on the magnetic data
is a gravity high, the boundaries of which closely approxi-
mate the —220-mGal contour and the steepest gradient. Adja-
cent to and east of area I a northwest-trending gravity low is
associated with the Florence basin that cuts across the south-
western end of area II. The northeastern boundary of area II
is controlled by the Pikes Peak batholith, which appears as a
weak, but very broad, gravity high. The western edge of area
II corresponds to a gravity gradient (roughly along the —237-
mGal contour). Southeast of Pikes Peak a broad northeast
trend to the gravity contours parallels the southeast boundary
of area II due to variations in crustal thickness. These con-
tours strike northeast along a 100-km-long segment before
swinging to the north parallel with the front of the Front
Range.

The gravity data confirm that the areas identified on the
basis of the magnetic data correspond to crustal differences,
but they provide no additional evidence as to the nature of
the boundary between the Wet Mountains—DeWeese Plateau
and southern Front Range blocks.

DISCUSSION

The zone of northeast-trending faults and the northeast-
trending granodiorite-metamorphic contact are possible ele-
ments of geologic control of the location and trend of the
Arkansas River between Coaldale and Parkdale, Colorado. It
is clear, however, that these features are not related to a sim-
ple shear zone such as the shear zones ancestral to the Colo-
rado Mineral Belt to the north in central Colorado (Tweto
and Sims, 1963; Warner, 1978). Aeromagnetic and gravity
data, as well as the restricted distribution of Cambrian alkalic
rocks, indicate that the anomalous northeast-trending zone,
including the northeast-trending faults, the granodiorite-
metamorphic contact, and the Arkansas River topographic
lineament, may be the relatively subtle expression of a
deeper seated boundary between contrasting blocks of
Proterozoic crust.

The Proterozoic crust of Colorado and northern New
Mexico was accreted to the southern margin of the Archean
craton in Wyoming between 1,790 and 1,660 Ma (Reed and
others, 1987). The suture between Archean and Proterozoic
crust is well marked by the northeast-trending Proterozoic
Cheyenne Belt of Proterozoic crustal blocks bounded by
shear zones (Duebendorfer and Houston, 1987) in southern
Wyoming (fig. 7). Southward into Colorado, numerous
northeast-trending shear zones and faults of Early Protero-
zoic ancestry mark conspicuous changes in regional struc-
ture (Tweto and Sims, 1963; Reed and others, 1987) and
controlled the emplacement of Laramide granitic intrusive
bodies of the Colorado Mineral Belt (Tweto and Sims,
1963). Bowring and Karlstrom (1990) suggested that these
structures may reflect the boundaries between relatively thin
lithospheric fragments assembled into the Proterozoic crust
that maintained their identity through subsequent orogenic
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Figure 7. Map showing structural features, mineral deposits, and magnetic anomalies, Colorado and southeastern Wyo-
ming. Double-wavy lines indicate shear zones: H, Homestake; BP, Berthoud Pass; 1S, Idaho Springs. Mineral deposits: CC,
Cripple Creek; BN, Bonanza; CR, Creede. Dotted lines indicate magnetic anomalies. Compiled from Reed and others

(1987) and Duebendorfer and Houston (1987).

plutonism (Routt Plutonic Suite, 1.75-1.6 Ga) and anoro-
genic plutonism and differential uplift and erosion (Berthoud
Plutonic Suite and Pikes Peak Granite, 1.4-1.1 Ga) and were
reactivated repeatedly through Tertiary time. It is likely that
such structures would be variously modified by metamor-
phic and plutonic activity but might still maintain a subtle
influence on subsequent tectonic events.

Geophysical expression of the Proterozoic crust in south-
central Colorado suggests a boundary between contrasting
blocks in the vicinity of the Arkansas River topographic lin-
eament. Possible surface expression of this boundary is lim-
ited to a northeast-trending zone of northeast-trending faults,
a northeast-trending contact between granodiorite of the
Routt Plutonic Suite and older metamorphic rocks, and the
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Arkansas River topographic lineament itself. If this bound-
ary originated during the Early Proterozoic assembly of het-
erogeneous crustal blocks, it was either irregular and
complex or it has been greatly modified by subsequent plu-
tonism and metamorphism. Nevertheless, this crustal bound-
ary may account for the en echelon pattern of uplift during
orogenesis in late Paleozoic (Ancestral Rockies) and Late
Cretaceous—Eocene (Laramide) times, as well as during
uplift of the Front Range and Wet Mountains in Neogene
time (fig. 7).

Based on observations over an admittedly limited geo-
graphic area, the modemn course of the Arkansas River
between Coaldale and Parkdale, Colorado, and the associ-
ated Arkansas River topographic lineament probably are
indirectly controlled by geologic features expressing a north-
east-trending boundary between contrasting Proterozoic
crustal blocks. This interpretation is preliminary at best, and
additional geological and geophysical studies are necessary
to understand the nature of the block boundary, particularly
its lateral extent, and the effects it may have had on Precam-
brian and Phanerozoic events including the formation of
mineral deposits. The location of several major mineral
deposits (Cripple Creek, Bonanza, Creede) conspicuously
outside the Colorado Mineral Belt (fig. 7) provides addi-
tional motivation for understanding crustal structure in this
region.
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Implications of Gravity and Seismic Reflection Data for
Laramide Mountain Ranges and Basins of
Wyoming and Southern Montana

By Stephen L. Robbins' and John A. Grow?

Abstract

Gravity profiles and seismic reflection profiles indicate
low-angle thrusting of several Laramide mountain ranges onto
basins in Wyoming and southern Montana. Examples include
thrusting of the Bighorn Mountains northeastward onto the
western Powder River Basin, the Wind River Mountains south-
westward onto the Green River Basin, the Owl Creek Moun-
tains southward onto the Wind River Basin, the Shirley
Mountains southward onto the Hanna Basin, the Granite
Mountains southwestward toward the Great Divide Basin, and
the Beartooth Mountains northeastward onto the Bighorn
Basin. Interpretations of the profiles contain several similari-
ties: (1) thrust angles of 20°-30°; (2) thrust distances onto the
basins of 10-20 km; and (3) thrusts that appear to sole in the
middle or lower crust.

Isostatic residual anomaly (IRA) values range from -77
mGal over the Hanna Basin to +75 mGal over the Laramie
Mountains but average near zero. Large positive IRA values
(+40 to +70 mGal) over all of the Laramide mountain ranges
indicate that local roots are absent beneath these mountain
ranges. IRA lows of —20 to ~70 mGal over the deeper basins are
primarily a reflection of low-density basin-fill deposits. The fact
that the IRA values average near zero indicates that the longer
wavelength elevation changes (greater than 100 km) must be
isostatically compensated; that is, the crustal thickness com-
pensates for regional elevation changes but not for local moun-
tain ranges.

Positive gravity anomalies within some of the basins in
areas of little structural relief {areas such as the central Powder
River Basin where some borehole and seismic data are avail-
able) suggest that density varies laterally significantly within
Precambrian basement rocks, probably because of differences
in basement rock types. Aeromagnetic patterns within these
basins also support this interpretation.

1U.S. Geological Survey, Box 25046, MS939, Denver, Colorado
80225.

ys. Geological Survey, Box 25046, MS960, Denver, Colorado
80225.

A better understanding of the geometry of thrust faults
that have carried mountain ranges over the edges of adjacent
sedimentary basins, and of the structural relief within these
basins, is needed in order to effectively explore for future
hydrocarbon resources.

INTRODUCTION

The Laramide orogeny uplifted Precambrian basement
blocks throughout the western United States during Late
Cretaceous and early Cenozoic time (Hamilton, 1988; Perry
and others, this volume). Vertical uplifts of 13 km and
crustal shortening of more than 20 km have been demon-
strated in the Wind River Mountains (plates 1, 2) (Smithson
and others, 1978; Sharry and others, 1986; Blackstone,
1990). Within northern Wyoming and southern Montana, the
basement blocks are composed of Archean granite, gneiss,
amphibolite, and minor mafic dikes (Love and Christensen,
1986). Cratonic sedimentary rocks of Cambrian through
Jurassic age unconformably overlie the basement and thin
from 214 km in western Wyoming (Lamerson, 1982) to less
than 1 km in northeastern Wyoming (Rocky Mountain Asso-
ciation of Geologists, 1972) with no evidence of any signif-
icant pre-Laramide relief on the basement. Although thin-
skinned sedimentary thrusts formed along the Utah-
Wyoming border area during the Cretaceous Sevier orogeny,
the Laramide orogeny is the only significant tectonic event
during Phanerozoic time in northern Wyoming that involved
major disruptions in the basement. Therefore, northern Wyo-
ming offers a unique opportunity to study the processes
involved in compressional deformation of the continental
crust and lithosphere in an area relatively uncomplicated by
either earlier or later Phanerozoic tectonic events.

Debate over whether Laramide mountain ranges are bor-
dered by thrust faults or vertical faults goes back almost a
century (Darton, 1906). Berg (1963) published a seismic line
over the west flank of the Wind River Mountains that shows
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a thrust fault flattening to the northeast. Subsequently, how-
ever, Prucha and others (1965) introduced the concept of
concave-downward (upthrusting) faults for which the dip
increases downward to near vertical at basement level. Vari-
ations on the vertical fault theme were dominant into the late
1970’s (Matthews, 1978). A combination of multifold seis-
mic reflection profiles, gravity models, and drill holes
through Precambrian overhangs, especially in the last dozen
years, confirms that thrust faulting was the dominant mode
of deformation along Laramide mountain fronts (Berg,
1963; Berg and Romberg, 1966; Smithson and others, 1978;
Blackstone, 1981; Gries, 1981, 1983; Bally, 1983; Lowell,
1983; Skeen and Ray, 1983; Gries and Dyer, 1985). Further-
more, a gravity model and a reprocessed version of the
COCORP (Consortium for Continental Reflection Profiling)
seismic profile over the Wind River Mountains indicates that
the Wind River Thrust flattens within the lower crust at
depths of about 22 km (Hurich and Smithson, 1982; Sharry
and others, 1986).

Gravity data recently collected in the Powder River Basin
and the Bighorn Mountains of northeastern Wyoming (Rob-
bins and Grow, 1990) and seismic profiles along the east
flank of the Bighorn Mountains (Grow and others, 1988)
indicate that low-angle faults (20°-30° W. dip) that flatten
within the middle or lower crust are also dominant in north-
eastern Wyoming. Therefore, thrusts that flatten within the
middle and lower crust probably are dominant across most of
the Laramide province of Wyoming from the Wind River
Mountains eastward for a distance of 300 km to the Bighomn
Mountains.

In this paper, we present new compilations of complete
Bouguer gravity anomaly, isostatic gravity anomaly, and
horizontal gravity gradient maps for Wyoming and southern
Montana in color at a scale of 1:1,500,000. Although data are
missing for some parts of this region, these are the first color
gravity maps at a large enough scale to allow discussion of
individual Laramide mountain fronts as well as regional
trends across the entire province. We also review some of the
previously published key seismic reflection lines and gravity
models for the area. Finally, we discuss the implications of
the new gravity maps for tectonic models of the Wyoming
Laramide province and for applications of these types of
maps for improved mineral, oil, and gas exploration tech-
niques.

GEOLOGIC SETTING

Elevations in southern Montana and Wyoming range
from about 1,100 m in the northeast to almost 4,200 m in the
Wind River Mountains (plate 1). The Bighorn Mountains
(4,000 m), Beartooth Mountains (3,800 m), and Medicine
Bow Mountains (3,700 m) are the other major ranges in the
area. The intermontane basins have a systematic topographic
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gradient from 1,100 m in the high plains of the northeast to
more than 2,000 m in the Green River Basin of western
Wyoming.

Structural relief on the Precambrian basement surface
extends from more than 9 km below sea level to more than 4
km above sea level along the northeast flank of the Green
River Basin and the west flank of the Wind River Mountains
(plate 2) (Blackstone, 1990).

Paleozoic cratonic shallow-marine sedimentary rocks
that lie unconformably on Archean basement rocks are 1 km
thick in western Wyoming and thin to less than 1 km in
northeastern Wyoming; there is no evidence for any signifi-
cant pre-Laramide relief on the basement surface (Rocky
Mountain Association of Geologists, 1972; Lamerson, 1982;
Peterson, 1983). Cratonic deposition continued in Triassic
and Jurassic time; about 1.5 km of rock was deposited in the
western part of Wyoming and about 0.3 km in the eastern
part. In the Early Cretaceous, Sevier thrusting along the
Utah-Wyoming border resulted in debris being shed to the
east; as much as 1.6 km of rock was deposited in the western
part of Wyoming and 0.2 km in the eastern part. Amounts of
synorogenic clastic debris increased rapidly in the Late Cre-
taceous; this debris was fed into a broad marine seaway that
connected the Gulf of Mexico with the Arctic Ocean
(McGookey, 1972). Upper Cretaceous sedimentary rocks
range from 3.6 km thick in western Wyoming to about 1.5
km thick in eastern Wyoming except along the flanks of the
Wind River Mountains, which began to rise in the Late Cre-
taceous, where Upper Cretaceous rocks are only 1.2 km
thick McGookey, 1972, fig. 22). The rapid rise of Laramide
uplifts resulted in thick lower Cenozoic nonmarine deposits
of the Fort Union (Paleocene) and Wasatch (Paleocene and
Eocene) Formations that have combined thicknesses of more
than 3 km in western Wyoming and as much as 2 km in
northeastern Wyoming.

Central and northern Wyoming and southern Montana
have been subjected to limited basement-involved deforma-
tion since Precambrian time, whereas southern Wyoming
and Colorado were subjected to more intense late Paleozoic
tectonic activity; we focus our attention in this paper on
northern Wyoming where Laramide deformation is far more
significant.

GRAVITY DATA

Complete Bouguer anomaly (CBA), isostatic residual
anomaly (IRA), and horizontal gradient anomaly (HGA)
gravity maps of Wyoming and southern Montana are pre-
sented on plates 3-5; 21,206 data points were used to gener-
ate these maps. Most of these data are from U.S. Defense
Mapping Agency files (St. Louis, Missouri), but 1,386 sta-
tions in eastern Wyoming and southeastern Montana were
collected by us. Principal facts for 1,040 of these gravity



stations are in Williamson and Robbins (1991) and were
used together with the Defense Mapping Agency data to
compile CBA gravity maps of the Sheridan and Gillette
1°x2° quadrangles (Robbins, in press; Robbins and William-
son, in press). Principal facts for our 346 stations in the
Arminto, Newcastle, and Torrington 1°x 2° quadrangles are
unpublished.

All gravity values are based on the IGSN-1971 datum
(Morelli, 1974), and the data were reduced using the
GRS-1967 formulas (International Association of Geodesy,
1971) and an assumed average crustal density of 2.67 g/cm3.
The terrain effect to a distance 167 km from each station was
removed using a computer program based on Plouff (1977).
The terrain effect for the stations established by the authors
was removed by manually making corrections to a distance
of 0.59 km and using the computer program from 0.59 to 167
km. Isostatic corrections were made using a computer pro-
gram by Simpson and others (1983) assuming an Airy-
Heiskanen compensation model where the parameters used
are (1) density of the topographic load, 2.72 g/cm3, (2) depth
of compensation below sea level, 40 km, and (3) density con-
trast at the crust-mantle boundary, +0.35 g/cm3. The CBA
and IRA gravity maps were generated by first gridding the
scattered data using a computer program by Webring (1981)
and then plotting the gridded data using the program
COLOR by Godson (1980). A 2.5-km grid interval was used
to plot the CBA and IRA maps (plates 3, 4). The HGA map
(plate 5) was generated from the IRA grid file using a pack-
age of programs called BOUNDARY based on Blakely and
Simpson (1986).

The maps are plotted at a scale of 1:1,500,000. Station
spacing is quite variable, and the blank areas are where the
station spacing is greater than 10 km. The CBA and IRA
maps are contoured at 5 mGal, and the HGA map is con-
toured at 1 mGal/km.

The CBA values range from —75 mGal in southeastern
Montana to —285 m@Gal in the Green River Basin in western
Wyoming (plate 3). The most dominant feature on the CBA
map is the regional gradient from northeast to southwest,
which is a direct reflection of the topographic gradient (plate
1). The mountain ranges are associated with relative highs
that are 30—-50 mGal above the regional trends and the basins
with relative lows that are 30-50 mGal below the regional
trend.

The IRA values are as much as +75 mGal in the Laramie
Mountains, the deepest low is —77 mGal in the Hanna Basin
(plate 4). The average IRA value of near zero indicates that
the region is isostatically compensated at longer wave-
lengths (>100 km). The basins have low IRA values of from
-35 mQGal in the Powder River Basin to —77 mGal in the
Hanna Basin; these low values are caused mainly by low-
density sedimentary fill within the basins. The high IRA val-
ues in the Laramie, Bighorn, and Wind River Mountains
(+75, +65, and +45 mGal, respectively) and other lesser
mountain ranges are not associated with dense, mafic

Precambrian basement rocks. This implies that the local
Airy-Heiskanen compensation model assumed deeper roots
under the mountain ranges than are actually present. In other
words, the mountains either do not have local roots or the
roots are significantly shallower than assumed by the Airy-
Heiskanen model.

PREVIOUS GEOPHYSICAL STUDIES

The first known published gravity study is by Chamber-
lin (1935), who demonstrated that the isostatic character of
the region is anomalous. Later, Malahoff and Moberly
(1968), in a regional gravity study of the State of Wyoming
recognized that the mountain blocks within the State were
rootless. In this section, we briefly discuss the most signifi-
cant previously published gravity and seismic studies. The
locations of the studies and appropriate referencesare shown
on plate 1.

Wind River Mountains—-Green River Basin

The Wind River Mountains are the most extensively
studied of any Laramide mountain range, and a careful
review of key studies there illustrates the evolution of struc-
tural concepts during recent decades. Berg (1963) published
a line-drawing interpretation of a single-fold analog seismic
profile across the southwest flank of the range beneath which
he interpreted a thrust fault flattening to the northeast. Berg
and Romberg (1966) published a gravity model consistent
with this seismic interpretation. The COCORP deep-crustal
seismic-reflection line was acquired in 1977 and is the first
published multifold seismic line across the Wind River
Mountain front (Smithson and others, 1978). It confirms
Berg's thrust fault model, and following its publication a
number of multifold seismic profiles across the Wind River
Mountains (Lowell, 1983; Basham and Martin, 1985) and
other ranges (Gries, 1981, 1983; Skeen and Ray, 1983; Gries
and Dyer, 1985) were published that confirm crustal shorten-
ing was dominant over vertical uplift.

Lowell's (1983) multifold seismic line shows a wedge of
granite thrust over the Green River Basin with the fault flat-
tening to the northeast and at least 16 km of overhang (fig.
1). Lowell did not give the precise location of this profile,
but the structure shown is so similar to that shown by Berg
(1963) that the two are probably very close to each other.

Smithson and others’ (1978) publication of the COCORP
deep-crustal seismic line across the Wind River Mountains
is probably the most important single seismic profile in
advancing evidence for thrusting (30°-35°) in the upper
crust within the Laramide province. A reprocessed version
of this COCORP line (Sharry and others, 1986) has signifi-
cantly improved the section in the middle and lower crust
and suggests that imbricated thrusts flatten out to the north-
east between 20 and 30 km depth with the main thrust at a
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Figure 1.
location of seismic line shown on plate 1.

depth of 22 km (fig. 2). This seismic profile is 140 km long
and shows data to a depth of 40 km. Strong reflectors in the
southwest were observed to the base of the Paleozoic sedi-
mentary fill in the Green River Basin; the Pinedale Anticline
is just west of the main thrust fault, and the reflector at 33 km
depth is interpreted as the Moho.

A two-dimensional gravity model along the COCORP
profile (Hurich and Smithson, 1982) suggests that the Wind
River Thrust flattens out in the lower crust and that the thrust
uplifted higher density lower crust (2.88 g/cm?) into the mid-
dle crust but did not penetrate below the Moho (fig. 3). The
flattening of the thrust in the middle to lower crust demon-
strated in both Sharry and others' (1986) version of the
COCORP seismic line and the Hurich and Smithson gravity
model is consistent with the positive isostatic gravity anom-
alies across the range discussed in the previous section that
imply the range is rootless.

Owl Creek Mountains/Casper Arch-Wind
River Basin—Granite Mountains-Great
Divide Basin

Case and Keefer (1966) published two gravity models
that cross the north flank of the Wind River Basin (fig. 4A).
These show that the fault at this northern boundary is a high-
angle reverse fault dipping to the north. The eastern of the
two profiles continues southward across the Granite Moun-
tains and into the Great Divide Basin, where a low-angle

Seismic line across the Wind River Thrust. Reprinted with permission from Lowell (1983, fig. 2, p. 5). Approximate

fault dips northward beneath the south flank of the Granite
Mountains (fig. 4B). Karasa (1976) showed two profiles over
the Granite Mountains that he also interpreted as being
underlain by low-angle north-dipping faults.

Ray and Berg (1985) published a high-quality multifold
seismic profile over the northeast flank of the Wind River
Basin and Owl Creek—Casper Arch Thrust, which they inter-
preted as flattening to the northeast with at least 16 km of
overhang (fig. 5).

Although not as spectacular as the Wind River Moun-
tains COCORP deep-crustal seismic line and gravity model,
gravity models and seismic lines across the Owl Creek
Mountains, Granite Mountains, and Casper Arch all support
the low-angle thrust fault model in which faults flatten out
within the crust.

Beartooth Mountains-Bighorn Basin

Bonini and Kinard (1983) showed two alternative gravity
models over the northeast flank of the Beartooth Mountains
into the Bighorn Basin (fig. 6). Model 1 is an upthrust model
similar to that of Prucha and others (1965); model 2 is a 30°
thrust that has approximately 12 km of overhang and is a
much closer fit to the residual curve than the high-angle
thrust. Proprietary magneto-telluric and seismic exploration
methods (Smith, 1987), as well as drilling into the
Precambrian rocks and an underlying sedimentary section,
have been employed in this area.

E4  Application of Structural Geology to Mineral and Energy Resources
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Farther to the south, Stone (1985a, b) presented seismic
profiles (plate 1) on both the east and west flanks of the Big-
horn Basin that show a number of west-dipping thrusts
which offset basement by less than 1 km of displacement on
individual faults.

Bighorn Mountains—Powder River
Basin-Black Hills

Seismic profiles across the east flank of the Bighom
Mountains show that two major west-dipping thrust faults
are present just west of Buffalo, Wyoming (Grow and others,
1988). The dominant thrust dips 20°-30° to the west and has
6-11 km of basement overhang. The lesser fault (Buffalo
Deep) (Blackstone, 1981) is a few kilometers east of the
main mountain front and has less than 1 km of offset. A seis-
mic line just west of Buffalo shows both faults clearly (fig.
7). This line was provided by Chevron USA, Inc., and was
reprocessed by the U.S. Geological Survey (Miller and oth-
ers, 1988). This profile shows a fault with 30° west dip and
6 km of overhang. The Arco Kenney Ranch well located
near this profile penetrated about 1 km of granite before
entering sedimentary rocks of the Powder River Basin. A
second seismic profile from about 20 km north of Buffalo
shows a fault with 20° west dip and about 11 km of overhang
(Grow and others, 1988). The Gulf Granite Ridge explora-
tion well, within 1 km of this line, penetrated 1.8 km of gran-
ite before entering sedimentary rocks of the Powder River
Basin.

A gravity and magnetic profile and models across the
Powder River Basin (fig. 8) synthesize the structure of the
Precambrian basement from the Bighorn Mountains to the
Black Hills (Robbins and Grow, 1990). Constraints on the
model include the Buffalo seismic line (fig. 7), seismic lines
in the Powder River Basin by Moore (1985), the structure
contour map of the basement (plate 2) by Blackstone (1990),
and modeling along the east flank of the Bighorns by Jenkins
(1986). The normal density of the basement is assumed to be
2.73 g/cm3, based on measurements of Hurich and Smithson
(1982). Short-wavelength gravity and magnetic highs and
lows are observed over the main part of the Powder River
Basin in contrast to the very gently west dipping basement
surface. High and low density (2.58-3.01 g/cm?) and mag-
netic (I=20x1076-3,200x10-6 emu/cm3) bodies within the
upper basement must be assumed in order to fit observed
gravity and magnetic curves over the Powder River Basin.
This implies that significant lithologic heterogeneity exists
in the upper part of the basement beneath this basin.

Densities of sedimentary rocks in the basin range from
2.23 to 2.58 g/cm3, based on a limited review of well logs
and bore-hole gravity measurements (Jenkins, 1986). The
average density is about 2.45 g/cm3, in the deepest part of the
basin. These density values for the Powder River Basin are
somewhat lower than density values for sedimentary rocks

used by Hurich and Smithson (1982) in the Green River
Basin of from 2.25 to 2.65 g/cm3 and an average of more
than 2.50 g/cm3. The greater thickness of the entire section
is to the west, especially for Paleozoic and Mesozoic rocks,
and the greater proportion of Tertiary rocks is in the east,
which may account for the lower average density values for
sedimentary rocks in the Powder River Basin. Although rock
density studies of more regional extent are needed in the
Powder River Basin, the values used in our gravity model
(fig. 8) are the best currently available.

The excellent fit between the calculated and observed
gravity curves using a model in which density anomalies are
confined to the upper 8 km (fig. 8) implies that additional
density bodies or offsets are not required beneath the Big-
horn Mountains; that is, the main thrust fauit flattens out in
the middle crust without cutting the Moho or a major density
boundary within the crust. No deep-crustal reflection data
are available for the Bighorn Basin or Bighorn Mountains at
this time, but both our shallow seismic data and gravity
model for the Bighorn Mountains suggest that the main
west-dipping thrust fault is analogous to the Wind River
Thrust except that it has about half as much displacement
and a detachment zone somewhat shallower in the crust.

Other Geophysical Studies Supporting
Low-Angle Thrusting

Three studies in southern Wyoming also support the low-
angle thrusting model; however, pre-Laramide basement-
involved deformation in the southern Wyoming mountains
during the Paleozoic adds complications beyond the scope of
this study. A COCORP seismic profile over the Laramie
Range in southeastern Wyoming (plate 1) shows smaller
scale thrust faults dipping 30°-35° that can be traced to
depths of 10 km and have offsets of approximately 3 km
(Brewer and others, 1982; Johnson and Smithson, 1986). A
gravity study of the Shirley Mountains and Hanna basin also
concludes that low-angle north-dipping thrusts underlie the
south flank of the Shirley Mountains (Oliver, 1970). An east-
west gravity model over the Rock Springs and Sierra Madre
Uplifts in southwestern Wyoming by Bankey and
Merewether (1990) shows a smaller scale listric thrust deep
beneath the basin deposits.

HORIZONTAL GRAVITY GRADIENT

In deciding how to interpret the HGA gravity map (plate
5), we assumed a simple two-body fault-contact model (fig.
9) for which we computed the response for six different fault
dip angles. The model assumes a 6-km-deep basin in which
the sedimentary rocks have a —0.2 g/cm3 density contrast
with respect to surrounding basement rocks. The six fault dip

E10  Application of Structural Geology to Mineral and Energy Resources
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angles are 70° normal, vertical, and 20°, 30°, 45°, and 60°
reverse (thrust faults). Although the amplitude of the anom-
alies over such faults will vary depending on the actual den-
sity contrasts and depth of basin fill, the position of the
maximum gravity gradient is dependent solely on the fault
angle. Whereas the position of the maximum gradient is
directly over a vertical fault, the maximum gradient position
is displaced toward the mountain range (with respect to the
surface trace of a fault) for reverse faults and toward the
basin for normal faults. Although the maximum gradients
are within 2 km of the surface trace in all six cases, interme-
diate gradients are displaced 10-20 km toward the range for
the low-angle thrusts (20° and 30°).

The surface traces of the major range-bounding faults
(plate 2) are plotted on the HGA map (plate 5) in order to
compare gravity gradients with fault-trace positions. Exami-
nation of plate 5 reveals that intermediate gradients are dis-
placed toward the ranges by 20 km or more in the Bighorn,
Wind River, Owl Creek, and Granite Mountains and most of
the other mountain ranges. Complications may arise where
shallow density variations exist within uplifted basement
blocks, where the core of the uplift has later collapsed, or
where postorogenic debris has onlapped the leading edge of
the eroded mountain front. Interference patterns between
multiple faults could also confuse the interpretation. In spite
of these complications, the overall pattern of asymmetric
displacement of the maximum and intermediate gradients
toward the mountain ranges provides additional evidence
that the Laramide mountain ranges in this region are domi-
nated by low-angle thrust faults.

If the gravity data are of uniform quality and close
enough spacing, the HGA map can be a valuable reconnais-
sance tool for estimating whether a particular range front
fault is dominantly normal, vertical, or reverse. We have
already mentioned the significant gaps in station spacing
within this region, and caution should be exercised in using
the HGA map in areas where these gaps exist. Two-dimen-
sional modeling of the gravity profiles with constraints from
seismic reflection and magneto-telluric profiles would be
desirable to confirm inferences based on the HGA map. As
more gravity stations with close spacing become available in
the future, the value of the HGA maps for structural recon-
naissance studies in the oil, gas, and mineral industry will
increase significantly.

ISOSTATIC COMPENSATION

The purpose in generating an IRA gravity map (plate 4)
is to preserve the signatures of anomalous densities within
the upper crust while removing the effects of mountain roots
assumed to lie directly beneath the elevated topography in
the Airy-Heiskanen model. Because IRA values in the study
area range from a high of +75 mGal to a low of —77 mGal

and average near zero, the technique appears to have suc-
cessfully removed the long-wavelength effects of the
regional topographic gradient (plate 1) from the CBA values
(plate 3), which range from 75 to —285 mGal. This near-
zero average implies that the area is isostatically compen-
sated at regional scales, but that the Airy-Heiskanen model
is not the dominant isostatic system involved in the compen-
sation of this area and is not the optimum model for comput-
ing IRA maps. With average IRA values near zero and a total
range of 152 mGal (versus 210 mGal for the CBA map), the
IRA map is a significant improvement, however, over the
CBA map in terms of its resolution for emphasizing upper
crustal structures.

In order to assess the magnitude of the gravitational
effect of the mountain roots in the IRA map, we computed a
two-dimensional Airy-Heiskanen isostatic model from the
Green River Basin to the northern Powder River Basin (fig.
10). The model crosses the highest peaks in the Wind River
and Bighorn Mountains (also in Wyoming) and traverses the
main topographic gradient from southeastern Montana to
western Wyoming (plate 1). In making an Airy-Heiskanen
isostatic correction, the weight of the topography above sea
level is compensated for by an assumed local depression of
the crust-mantle boundary. The weight of the topography
above sea level must be balanced by the buoyancy of the
crustal root beneath the depth of compensation. We assumed
a density of 2.67 g/cm? for the topography above sea level, a
depth of compensation of 30 km, and a density contrast of
—0.4 g/cm3 at the Moho. Note that the computed depth to
Moho increases from 38 km in the northeast to 47 km in the
southwest and has local maximums of about 58 km beneath
the Wind River and Bighorn Mountains (fig. 10).

The calculated effect of the assumed isostatic root varies
from —160 to —260 mGal from northeast to southwest and is
a reasonably good first-order fit to the observed CBA profile
in the high plains and intermontane basins; however, CBA
values are 75-100 mGal higher than the effect of the roots
over the Wind River and Bighorn Mountains; that is, the
two-dimensional IRA values are +75 to +100 mGal over the
main range, slightly higher values than those on the IRA map
due to differences between two- and three-dimensional mod-
els as well as to slight differences in density contrast and
depth of compensation. The values used for the IRA map
result in slightly smaller anomalies, but the main conclusions
are not affected by these minor differences between the two-
and three-dimensional models or the assumed densities and
depths of compensation.

The local root beneath the Bighorn Mountains causes a
local downwarp of more than 40 mGal below the regional
trend of the effect of the isostatic root (fig. 10). In the previ-
ous section, where we reviewed the seismic profiles and two-
dimensional gravity models for the Wind River and Bighorn
Mountains, we noted evidence for flattening of the thrust
faults within the crust; that is, these Laramide mountains
probably lack local roots. Therefore, the Airy-Heiskanen or

Gravity and Seismic Reflection Data, Wyoming and Southern Montana  E13
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Figure 10. Airy-Heiskanen isostatic compensation model across Wyoming. Line of section shown on plate 1.

local mechanism for compensation is not the optimum sys-
tem, at least for shorter wavelength mountain ranges such as
the Wind River and Bighorn ranges where their widths (or
wavelengths) are less than 100 km. A modified Airy-
Heiskanen algorithm that would average the regional topog-
raphy for wavelengths greater than 100 km would smooth
out the effect of isostatic root curve (fig. 10), and this would
result in smaller isostatic anomalies. With a smaller range of
IRA anomalies, the resolution for discriminating anomalies
caused by upper crustal structure would be enhanced. Such
maps would be considerably more valuable for oil, gas, and
mineral exploration than the present CBA or IRA maps and
would also increase the resolution in the derivative HGA
maps. Alternatively, Jachens and others (1989) suggested
that the IRA maps can be filtered to remove the longer
wavelength effects. This important area for future gravity
research could yield valuable insight in areas of energy-rich
basins like the Laramide province of Wyoming.

The most important conclusion from the IRA map (plate
4) and two-dimensional gravity model (fig. 10) is that the
Laramide province of Wyoming is near isostatic equilibrium
at regional scales; that is, at wavelengths longer than 100 km.
The large local positive values over the mountain ranges
imply, however, either that the ranges are underlain by high-
density crust or that the assumption in the IRA model of
local roots beneath the ranges is, in fact, erroneous. Because
most outcrops of basement rocks in the region lack evidence
for large volumes of dense mafic rocks, the IRA map implies

that the mountain ranges are rootless and not in local isos-
tatic balance. This local imbalance happens because the local
weight of the ranges on the crust and lithosphere is distrib-
uted over wavelengths longer than 100 km.

ROCK DENSITY

Hurich and Smithson (1982) could not model the entire
gravity anomaly over the Wind River Mountains using only
contributions from contrasts between basin-fill deposits and
basement blocks in the ranges. They had to include an
uplifted dense lower crustal layer (2.88 g/cm?) into the upper
crust (2.73 g/cm3) along the Wind River Fault (fig. 3).
Smithson and others (1978) and Karasa (1976) encountered
the same difficulty. The contribution from these uplifted
lower crustal rocks (fig. 3) is as much as +22 mGal over the
range and decreases to less than 2 mGal at distances of 100
km on either side of the mountain range. At least two alter-
native explanations (or combinations) can provide approxi-
mately +20 mGal.

1. If the average density contrast between basin-fill
deposits and the basement was slightly larger than that deter-
mined by Hurich and Smithson (1982), then a smaller contri-
bution from the lower crust would be necessary. For
example, a simple model using a basin-fill contrast of —0.06
g/cm? relative to the basement also produces a positive of
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Figure 11. Sediment density contrast model across Wind River Thrust.

approximately 20 mGal (fig. 11). Therefore, the models are
sensitive to relatively small changes in average sediment or
basement density. Our gravity model over the Bighomn
Mountain front and the Powder River Basin used basin-fill
density values about 0.05 g/cm3 lower than those used by
Hurich and Smithson, and we did not need a contribution
from the lower crust.

2. Our gravity and magnetic model of the Powder River
Basin demonstrates that significant short-wavelength (<50
km) lateral density and magnetization anomalies are present
within the upper few kilometers of the basement (fig. 8).
Longer wavelength (>50 km) lateral density variations aver-
aging +0.05 g/cm3 in the upper 10 km of the basement could
also provide contributions of approximately +20 mGal.

Although we agree with Hurich and Smithson that the
gravity models require that the thrust faults flatten before
reaching the Moho, we are not convinced that the thrusts
uplift dense lower crust. Very small differences in basement
and basin-fill densities could alter this conclusion.

A thorough discussion of rock density measurements is
beyond the scepe of this paper, and the reader is referred to
the following references: Smithson (1971), Karasa (1976),
Beyer and Clutsom (1978, 1980), Kososki and Robbins
(1979, 1980a, b), Parks (1979), Hurich and Smithson (1982),
Wagoner (1985), and Bankey and Merewether (1990).

Although the density studies of Hurich and Smithson (1982)
and Bankey and Merewether (1990) are probably the most
comprehensive to date, additional studies using bore-hole
gravity and (or) a larger sample of density logs throughout
Wyoming are needed to confirm those results.

STRUCTURAL SYNTHESIS

A 400-km-long cross section from the Green River Basin
to the Powder River Basin synthesizes the major geological
and geophysical observations across Wyoming (fig. 12). The
section is slightly modified from Peterson (1983) and shows
the basic concept for flattening of the thrusts within the mid-
dle crust. Gries (1981, 1983), Lowell (1983), and Stone
(1988) have proposed similar models.

The maximum thrust displacement is approximately 20
km in the Wind River Mountains and about 10 km in the Big-
horn Mountains. Uplift in the Wind River Mountains started
in Late Cretaceous time and in the Bighorn Mountains in
Paleocene time, and major deformation ceased in Eocene
time in both ranges (Perry and others, this volume). This dif-
ference in onset times may account for differences in relative
amounts of deformation in the two ranges. Smaller thrust
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4. Modified IRA maps based on topography averaged
over wavelengths longer than 100 km would correct for the
erroneous roots assumed in the local Airy-Heiskanen model
and thus reduce the peak to trough range of values and
enhance the resolution for smaller geologic features of
importance in energy and mineral exploration. Further
research is needed in this area.

5. Lateral variations in crustal and upper mantle com-
pressional velocities imply that densities also vary laterally.
Therefore, actual isostatic compensation must involve a
combination of both Airy-Heiskanen and Pratt systems.

6. The IRA and horizontal gradient anomaly (HGA)
gravity maps support previous seismic reflection, two-
dimensional gravity modeling, and exploration drilling data
indicating that low-angle (20°-30°) faulting is the dominant
style of Laramide deformation. Basement overhangs of
10-20 km are documented in some ranges, such as the Big-
horn and Wind River Mountains.

7. The high gravity gradients are displaced toward the
mountain ranges on the HGA maps and further support the
concept of low-angle thrust faulting.

8 The COCORP Wind River seismic profile, as well as
two-dimensional gravity models there and in the Bighorn
Mountains, indicate that the thrust flattens out in the middle
or lower crust and that the mountains are rootless, as pro-
posed by Peterson (1983).

9. Energy and mineral exploration can benefit from the
gravity maps presented in this paper, and when the numerous
gaps in the field data are filled the value of the maps will
improve significantly.
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Pre-Late Eocene Structures and their Control of
Gold Ore at the Drum Mine, West-Central Utah

By C.J. Nutt! and C.H. Thorman'

Abstract

The Drum Mine in west-central Utah exploited dissemi-
nated gold from two orebodies in Middle Cambrian carbonate
rocks and shale and Eocene to Oligocene igneous rocks and
related pebble dikes and sills. The mine is in the central part of
the Drum Mountains and in the Detroit Mining District, which
is in part underlain by late Eocene to Oligocene porphyry. Ore
deposition at the mine was controlled by faults parallel with or
at low angles to bedding and their associated ramp structures
and by high-angle fractures and faults with little offset. The
low-angle structures are primarily younger-over-older faults
that thin units and are concentrated in or near shale units. Igne-
ous and pebble sills, many of which are ore bearing, follow the
bedding-parallel faults and ramps. East-west- to northeast-
trending faults bound the mine area and are postulated to be
tear faults associated with low-angle faulting. These high-angle
faults controlled, and therefore predate, a paleovalley filled
with flows of 42-Ma Drum Mountains Rhyodacite. A pre-late
Eocene age of low-angle faulting is based on the post-low-
angle-fault age of Eocene to Oligocene sills and pebble sills
localized along low-angle faults and the pre-42-Ma age of the
associated high-angle faults that controlled the paleovalley.

INTRODUCTION

The Drum Mine in the eastern Great Basin of west-cen-
tral Utah (fig. 1) exploited two orebodies of disseminated
gold hosted by sedimentary and igneous rocks. The orebod-
ies were mined in two pits, herein referred to as the northeast
and southwest pits (fig. 2). At the time of our study from
1987 to 1989, part of the main orebody in the southwest pit
and pods of ore in the northeast pit were exposed; the rest of
the ore had been removed. Our work shows that ore deposi-
tion was controlled by faults parallel with or at low angles to
bedding and their associated ramp structures and by high-
angle fractures and faults. The low-angle to bedding-parallel
faults are mostly younger-over-older faults that thin units;

1U.S. Geological Survey, Box 25046, MS905, Denver, Colorado
80225.

rarely units are thickened. Although thinning of units in the
Great Basin is commonly interpreted as the result of middle
Tertiary or younger extension, we interpret the low-angle to
bedding-parallel faults to be older than late Eocene and prob-
ably related to Jurassic or Late Cretaceous to early Tertiary
(Sevier-age) deformation.

GEOLOGIC SETTING

The Drum Mine is in the central part of the Drum Moun-
tains, in an area underlain by Upper Proterozoic to Lower
Cambrian quartzite and subordinate shale and siltstone, Mid-
dle Cambrian carbonate rocks and subordinate shale, and
Tertiary igneous rocks and minor fanglomerate and con-
glomerate. A late Eocene to Oligocene quartz monzonite
porphyry system underlies the central part of the Drum

Fish Springs

39°

0 10 20 MILES

0 10 20 30 KILOMETERS

Figure 1. Location of Drum Mine (solid circle), Detroit Mining
District (diagonal line pattern), and Drum Mountains (dark
screen) in west-central Utah. Mountain ranges are shown by
light shading; approximate outline of Thomas Caldera is shown
by dashed line.
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Table 1. Age determinations of igneous rocks in the Detroit Mining District, west-central Utah

[nd indicates not determined]

Age (Ma)
Unit Fission track  “CAr/*°Ar Comment
Felsite dike 1356 nd Minimum age because zircon may have been reset during alteration.
Mt. Laird Tuff 239 336.5 Extrusive equivalent of porphyry in mining district. Ar-Ar age from
what is called Mt. Laird Tuff in Keg Mountains, Utah.
Drum Mountains Rhyodacite 242 nd None.

TRobert A. Zimmermann (U.S. Geological Survey, written commun., 1989).

2Lindsey (1982).
3Shubat and Snee (this volume).

Mountains, also known as the Detroit Mining District, and is
expressed at the surface by dikes and plugs of altered por-
phyry and numerous pebble dikes. Gold- and copper-bearing
veins and manganese replacement deposits mined from the
late 1800’s to the mid-1900°s are related to this porphyry
system. Nutt and others (1991) proposed that the Drum gold
deposit is also porphyry related.

The Drum Mountains are in the Cretaceous to early Ter-
tiary Sevier Thrust Belt, typified by easterly directed thrust-
ing and folding. In addition, the Drum Mountains are in the
eastern Great Basin part of the Cenozoic Basin and Range
Province, a region that has undergone considerable exten-
sion. Typically, ranges in this part of the Great Basin are
tilted blocks of unmetamorphosed rocks that appear little
deformed; however, Hintze (1978) documented stratigraphic
thinning that he attributed to Sevier-age bedding-parallel
faults in the House and Fish Springs Ranges west of the
Drum Mountains (fig. 1).

The Drum Mountains are in the midst of Eocene to Oli-
gocene calc-alkaline and Miocene bimodal volcanic fields
that extend west from the Tintic Mountains to the eastern
side of the Deep Creek Range (fig. 1). In the vicinity of the
Drum Mountains, volcanism commenced with the eruption
of flows of the Drum Mountains Rhyodacite (about 42 Ma),
followed by voluminous eruption of tuffs and caldera forma-
tion from about 39 Ma to 35 Ma (Lindsey, 1982). The
Detroit Mining District is just south of the ring fracture fault
of the Eocene to Oligocene Thomas caldera (fig. 1). Lindsey
(1982) proposed that the porphyry in the Drum Mountains is
an intrusive phase of the caldera-related Mt. Laird Tuff.
Table 1 shows age determinations of some igneous rocks in
the Detroit Mining District.

DRUM MINE

The Drum Mine is in the lower part of the Cambrian mio-
geoclinal carbonate section, just above the transition from
Late Proterozoic and Early Cambrian siliciclastic sedimenta-
tion to Cambrian carbonate sedimentation (fig. 2). A
southwest-dipping section of Cambrian rocks cropping out

in the mine includes, from oldest to youngest, the lower
member of the Pioche Formation (quartzite, siltstone, and
shale), the Tatow Member of the Pioche Formation (dolo-
mitic limestone), and the Howell Limestone (thick-bedded
limestone) in the northeast pit and the Chisholm Formation
(shale and thin-bedded limestone) and Dome Limestone
(thick-bedded limestone) in the southwest pit (figs. 3,4). The
best exposed orebody in the mine is in the Chisholm Forma-
tion, which consists of a lower shale, middle thin-bedded
limestone, and an upper shale (fig. 4). Gold-bearing clay-
altered rock and jasperoid are concentrated in the shale units,
primarily near contacts with overlying and underlying lime-
stone.

At least five types of igneous rocks, as well as numerous
pebble dikes and sills, crop out near or in the mine (figs. 2,
3): the Drum Mountains Rhyodacite (about 42 Ma) forms the
edge of the northeast pit and probably once covered the
entire mine area; Mt. Laird porphyry sills and dike (39-36.5
Ma) cut the sedimentary rocks in the mine and surrounding
area,; felsite dikes and sills (35.6 Ma or older) crop out in the
mine and to the north; a muscovite-bearing tuff (unknown
age) is exposed in the northeast pit; and a vent-facies tuff
(unknown age) is present east of the mine. Igneous-related
breccias and pebble dikes and sills, mostly associated with
Mt. Laird porphyry and felsite, are common in the mine area.
Pebble dikes and sills range from almost completely granu-
lated quartzite fragments to scattered quartzite clasts in clay
matrix. Clay-altered Mt. Laird porphyry is present both as
fragments and as matrix material. The abundance of igneous
and pebble dikes and sills suggests that the mine area is
underlain by porphyry.

The mine area is in a present-day topographically low
area, partly filled with Drum Mountains Rhyodacite, that is
interpreted to be an exhumed paleovalley in Paleozoic rocks.
Fanglomerate containing Cambrian carbonate clasts crops
out along the northern margin of the paleovalley, and con-
glomerate overlies Paleozoic rocks in part of the mine area.
The paleotopography had a trellis geometry similar to the
present drainage, as demonstrated by the presence of flow
rocks in one of the present-day trellis tributaries to the main
valley.

Structural Control of Gold Ore, Drum Mine, Utah F3
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LOW-ANGLE AND
BEDDING-PARALLEL FAULTS

Previously undetected faults that are parallel with or at a
low angle to bedding are throughout the Drum Mountains.
These faults, herein referred to as bedding-parallel or low-
angle faults, are mostly younger-over-older structures and
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Detailed geology of Drum Mine. Modified from Nutt and others (1991).

are primarily in shaly and thin-bedded units that are poorly
exposed. Faults are most prominent in shales near the contact
between the Upper Proterozoic to Lower Cambrian quartzite
section and the overlying Cambrian carbonate section and in
shale-rich units such as the Chisholm Formation.

In the Drum Mountains, domains of extremely attenuated
rocks are bounded by high-angle faults. The mine area is an
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example of these highly attenuated domains. The Chisholm
Formation thins dramatically in the vicinity of the Drum
Mine (figs. 2, 3), and the upper shale, about 45 ft (14 m)
thick, is cut out southeast of the mine. The fault block that
includes the mine area is bounded by two east-west- to north-
east-trending faults about three-quarters of a mile (1 km)
apart (fig. 2). The southern fault, the Drum Peak Fault, is
well exposed, whereas the northern fault, the PV Fault, is not
exposed but is interpreted to underlie the northern margin of
the paleovalley based on small-scale folding along its edge.
We propose that the Drum Peak and PV Faults are tear faults
bounding the deformed block that contains the mine and that

this deformation prepared the area structurally for mineral-
ization.

Low-angle to bedding-parallel faults are widespread in
the Drum Mine (fig. 3). Most are in shale units and near con-
tacts separating units of contrasting competency—the lower
member of the Pioche Formation, at and near the contact
separating the clastic rocks from the overlying carbonate
section, and the Chisholm Formation. In many cases, it is
difficult to identify one main fault; rather, numerous faults
having offsets ranging from inches to at least hundreds of
feet are in favorable intervals such as near the upper and
lower contacts of shale units.

The best examples of low-angle to bedding-parallel
faults and associated structures are in the Chisholm Forma-
tion in the southwest pit. Both the upper and lower shales are
folded, broken, and cut by low-angle faults. Breccia is most
extensive near shale-limestone contacts and in the limestone
hanging wall. At the bottom of the southwest pit, where the
shale is cut out, the fault is marked by folded thin-bedded
limestones. Ramps are associated with the faults and uni-
formly step up to the northeast. Pebble sills, most of which
are ore bearing, are concentrated along low-angle faults at
shale-limestone contacts and particularly above ramps. In
general, the best ore was mined from ramp areas (Jumbo
Mining Company, oral commun., 1989). Figure 5, a photo-
graph of the bottom of the southwest pit, shows some of
these features.

High-angle structures that show little to no displacement
were important conduits for gold-bearing fluids. Many of
these structures are filled with pebble dikes. The most prom-
inent of these is the King Tut Fault, marked at the surface by
apebble dike and at depth by ore at its intersection with shale
units. Flexure zones above ramps typically have arrays of
radiating fractures, but the fractures generally do not extend
more than a hundred feet or so. We observed no high-angle
faults that sole into the low-angle faults nor any rotation of
blocks above the highly attenuated shale units.

DISCUSSION

Gold ore at the Drum Mine was localized both by the
low-angle to bedding-parallel faults and by high-angle faults
and fractures. Ore remaining in the southwest pit is concen-
trated along low-angle and bedding-parallel faults and asso-
ciated ramps that are best developed in and near shales in the
Chisholm Formation.

The timing of the low-angle and bedding-parallel fault-
ing is mainly constrained by crosscutting igneous rocks.
Pebble sills, primarily associated with the 39-36.5-Ma Mt.
Laird porphyry and 35.6-Ma or older felsic dikes, were
localized along low-angle faults and ramps and therefore
postdate faulting. The sills are undeformed except for minor
postemplacement shears. Also, pebble dikes are along
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Figure 4. Generalized stratigraphy of Cambrian rocks at the Drum Mine.

Figure 5. Photograph showing southwest pit, Drum Mine. Bedding-parallel fault cuts out upper shale of Chisholm Formation (c)
and places Dome Limestone (d) on middle limestone of the Chisholm Formation (c). Limestone beds are folded where shale is
attenuated. On right side of photograph, gold-bearing pebble sill is localized above ramp. Bench is about 25 ft (7.6 m) above road.
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high-angle faults and fractures, many of which are associ-
ated with low-angle faults, although some probably formed
or reopened during porphyry intrusion.

A second and more tenuous constraint on the formation
of low-angle faults is based on the age of the paleovalley that
includes the mine area. The paleovalley must be older than
the Drum Mountains Rhyodacite that filled it at about 42 Ma.
If, as we postulate, the paleovalley is controlled by tear faults
related to the low-angle faults, then low-angle faults predate
erosion of the paleovalley as well as later 42-Ma flows. Ero-
sion followed a period of uplift, probably forming the paleo-
valley in the Late Cretaceous to early Tertiary. It should be
noted that Anderson (1983) believed that throughout this
part of Utah the basal volcanic rocks are detached and that
what has been interpreted as the base of the paleovalleys is a
detachment surface. This interpretation would negate our
argument on age constraint and imply that all low-angle
faults are middle Tertiary or younger in age. The presence of
fanglomerate, which does not contain volcanic clasts and
underlies the volcanic rocks, is consistent, however, with the
paleovalley interpretation. Also, volcanic flow rocks that are
depositional on Cambrian limestones in a paleotributary of
the trellis paleodrainage strongly support our interpretation
of a normal, undisturbed basal Tertiary unconformity. We
believe that little, if any, movement has occurred at the base
of the Tertiary volcanic sequence in this area.

These age constraints date the low-angle faults and asso-
ciated ramps as being older than late Eocene. Although not
necessarily of common origin, younger-over-older faults of
probable Mesozoic age have been documented to the north
by Allmendinger and Jordan (1984) in the Newfoundland
Mountains, Utah, and by Miller and others (1987) in the Pilot
Range, Utah and Nevada. Recognition of younger-over-
older faults similar to those in the Drum Mountains is, as of
now, restricted to the hinterland of the Sevier Thrust Belt, a
distribution that suggests they are related to Sevier deforma-
tion. However, Jurassic deformation, variably included in
the Sevier orogeny or considered a separate event, is increas-

ingly being recognized in the Great Basin (Allmendinger and
Jordan, 1984; Miller, 1987; Thorman and others, 1990) and
may have occurred in this part of Utah. Regardless of exact
timing, these low-angle faults predate middle Tertiary exten-
sion and imply significant pre-late Eocene deformation in
the area.
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High-Precision *OAr/>Ar Geochronology, Volcanic
Stratigraphy, and Mineral Deposits of
Keg Mountain, West-Central Utah

By Michael A. Shubat' and Lawrence W. Snee?

Abstract

High-precision 40Ar/39Ar age-spectrum dates combined
with results of geologic mapping define the Eocene and Oli-
gocene history of Keg Mountain, which straddles the center of
the Deep Creek-Tintic mineral belt in west-central Utah. The
chronology of volcanic events consists of (1) eruption of the tuff
of Dead Ox and subsidence to form the Flint Spring cauldron
(undated but presumed to be late Eocene), (2) eruption of the
dacitic tuff of Keg Mountain (36.77+0.12 Ma) and subsidence
of the Keg cauldron, followed by resurgent doming, (3) erup-
tion of the Mt. Laird Tuff (36.5410.06 Ma), collapse of the Tho-
mas caldera, and intrusion of hypabyssal dacite (36.49+0.15
Ma), and (4) eruption of the Joy Tuff (34.8810.06 Ma), collapse
of the Dugway Valley cauldron and possibly coeval Picture
Rock caldera, and intrusion of rhyolite porphyry (35.1410.15
Ma), (5) eruption of the Dell Tuff (approximately 32 Ma) from
an unknown source, and (6) eruption of late Miocene alkali
thyolite.

These calderas and cauldrons, the margins of which are
poorly defined and mostly inferred, outline the eastern part of
a large, late Eocene to early Oligocene igneous complex that
encompasses the Thomas Range, Keg Mountain, and northern
Drum Mountains area. Associated with eruptive members of
the igneous complex are hypabyssal intrusive rocks and min-
eral deposits. In detail, however, spatial relationships between
inferred caldera margins, associated hypabyssal intrusions, and
mineral deposits are not well understood. Mineral deposits in
the area consist of volcanic-hosted gold prospects, polymetal-
lic veins, and precious-metal-enriched jasperoid bodies that
are along high-angle, small-displacement normal faults appar-
ently unrelated to inferred caldera margins.

1Utah Geological Survey, 2363 South Foothill Drive, Salt Lake City,
Utah 84109-1491.

2U.S. Geological Survey, Box 25046, MS 963, Denver, Colorado
80225.

INTRODUCTION

Keg Mountain in west-central Utah (fig. 1) is underlain
by a diverse assemblage of volcanic and subvolcanic rocks
that span the interval from the late Eocene to late Miocene.
The Eocene and Oligocene history of this area is of particular
interest because it provides a view of the onset and develop-
ment of one of western Utah's enigmatic east-trending min-
eral (and magmatic) belts, the Deep Creek-Tintic mineral
belt (Shawe and Stewart, 1976). New dates and results of
geologic mapping presented in this study show that hypa-
byssal intrusions related to caldera-forming events extend
many kilometers (>10) from known or inferred caldera mar-
gins. Comparison of results from this study with preliminary
results from the adjacent Simpson Mountains (Yambrick and
Snee, 1989) suggests that high-precision 40Ar/3%Ar age-
spectrum dates can be used to correlate non-ash-flow volca-
nic and subvolcanic rocks related to caldera-forming events
between adjacent ranges.

Previous regional geologic studies by Erickson (1963),
Shawe (1972), Lindsey and others (1975), Lindsey (1982),
and Morris (1987) note the complex volcanic geology of
Keg Mountain and stress the need for detailed mapping.
Some unresolved problems stemming from these investiga-
tions are location of the eastern sides of the Thomas caldera
and Dugway Valley cauldron (Lindsey, 1982), verification
of Shawe's (1972) proposed Keg caldera, and location of
suspected caldera margins related to the Joy and Dell Tuffs
(Lindsey, 1982). The locations of these caldera and cauldron
margins are of increasing economic interest because of the
possible genetic link between hypabyssal intrusions related
to caldera-forming events and epithermal gold mineraliza-
tion in the Keg and Drum Mountains. This report presents
the results of a joint Utah Geological and Mineral
Survey-U.S. Geological Survey investigation of the geology
and mineral potential of Keg Mountain as part of the Delta
1°x2° quadrangle study of the Conterminous United States
Mineral Assessment Program (CUSMAP).

“0Ar/39Ar Geochronology, Keg Mountain, Utah  G1



9,
s &0}, @56
% %
e s /
TOOELE CQUNTY_ ¢ Ny
coUNTT O — %%
JUAB COUNTY/¢ %

Area of
Figure 2

MILLARD COUNTY |
BERYLLIUM ROAD

Sevier Desert

@@De“%/

0 25 KILOMETERS
. ) . . J

39°18°

Figure 1. Location of Keg Mountain, west-central Utah.

GEOLOGIC SETTING

Within the Keg Mountain area is limited exposure of the
Cambrian, upper part of the Prospect Mountain Quartzite
and Middle Cambrian carbonate rocks, typical of these units
exposed elsewhere in the region. These units record an Early
Cambrian marine transgression and Middle Cambrian depo-
sition of miogeoclinal carbonate strata. During the Creta-
ceous Sevier orogeny the Prospect Mountain Quartzite was
thrust over the carbonate rocks; this thrust fault is exposed in
Keg Mountain. Geologically, however, Keg Mountain is pri-
marily composed of Cenozoic volcanic rocks and subvolca-
nic intrusive rocks. These Cenozoic rocks lie near the axis of
the broad, east-trending Deep Creek-Tintic mineral belt
(Shawe and Stewart, 1976; Stewart and others, 1977).
Numerous high-angle normal faults that formed during
regional extension in the late Eocene to late Miocene control
the location of many of the mineral deposits at Keg Moun-
tain and in surrounding districts.

Lindsey (1982), Lindsey and others (1975), and Shawe
(1972) separated volcanism and related mineralization in the
Thomas Range, Drum, Keg, and Desert Mountains into three
stages. Using fission-track dates, Lindsey (1982) quantified
the following stages. The oldest stage of activity (late
Eocene, 42-39 Ma) consisted of eruptions of calc-alkaline,

intermediate composition (thyodacite—quartz latite) volcanic
rocks and related intrusive rocks. In the Thomas Range and
Drum Mountains, this oldest stage culminated with the erup-
tion of the Mt. Laird Tuff and the formation of the Thomas
caldera (Lindsey, 1982). Mineral deposits related to this
stage include those of copper, manganese, and gold in the
Drum Mountains and may include polymetallic vein and
replacement and gold at Keg Mountain. Eruptions of rhy-
olitic ash-flow tuffs, continued caldera subsidence, and
intrusion of felsic stocks and plugs characterize the middle
stage of activity (early to middle Oligocene, 38-32 Ma). In
the Thomas Range, Lindsey (1982) related subsidence of the
Dugway Valley cauldron with eruption of the Joy Tuff. The
middle stage apparently lacks associated mineral deposits.
The youngest stage of activity (Miocene, 21 to 7-6 Ma) con-
sists of bimodal alkali rhyolite~basalt volcanism. Lithophile
mineral deposits that formed during this stage include the
world-class beryllium deposit at Spor Mountain (fig. 1)
(Lindsey, 1977) and uranium (Lindsey, 1982) and fluorspar
deposits in the Thomas Range.

GEOCHRONOLOGY
40Ar/39Ar Dating Methods

Samples from the Keg Mountains were dated using the
40A1/3%Ar age-spectrum technique, a variant of the conven-
tional K/Ar method. To obtain a date using this technique,
the sample of unknown age and a standard of known age are
irradiated together in a nuclear reactor to produce 3%Ar from
39K by fast-neutron bombardment. After irradiation, the
AL Radiogenic > Atpotassium Tatios of sample and standard

are determined. An 40Ar/39Ar isotopic date of a sample is
calculated according to the relationship
1,=1/Mn(JF+1),

where 1, is the calculated date of the sample, A is the decay
constant for radioactive decay of 40K to 40Ar and 40Ca, J is
related to neutron flux during irradiation, and F is the ratio
of “Ary (radiogenic 40Ar) to 3°Ary (potassium-derived
39Ar) of the sample. The decay constants used in this study
are those recommended by Steiger and Jager (1977):
Ae=0.581x10"1%yr, XB=4.962><10‘1°/yr, and A=Agt+Ag=
5.543x10-10/yr. The flux parameter, J, is calculated accord-
ing to the relationship J=(eMn™1)/(40Arg/3Ary),, Where t,, is
the age of the primary flux “monitor” (that is, standard) and
(“OArg/¥9Ary),, is the measured and corrected ratio of the
standard. The standard for this experiment was homblende
MMhb-1 with %K=1.555, 40Arg=1.624x109 mol/g, and
K—-Ar date=520.4 Ma (Alexander and others, 1978; Samson
and Alexander, 1987). In order to determine the actual
40Ar,/39Arg ratio of a sample or standard, however, it is nec-
essary to correct for the presence of atmospheric 40Ar and
irradiation-produced interfering isotopes such as 4°Ar (from
40K), 3Ar (from 42Ca), and 3%Ar (from 40Ca and 35CI).

G2 Application of Structural Geology to Energy and Mineral Resources
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Figure 2. Composite age-spectrum diagram for nine mineral separates from six rocks, Keg Mountain, Utah, showing two
statistically distinct groups of “°Ar/*°Ar plateau dates, the younger at 35.040.2 and the older at 36.610.1 Ma. The plateau
dates of all samples within each group are statistically identical within 26 analytical precision. Samples of the younger group
include sanidine and biotite from the basal vitrophyre of the Joy Tuff (KMR-1-3) and sanidine and biotite from a hypabyssal
rhyolite intrusion (KMR-4-6). Samples of the older group include hornblende and biotite from the base of the Mt. Laird Tuff
(KMR—4-8), biotite from the Mt. Laird Tuff (NKM-21-12), biotite from the basal vitrophyre of the tuff of Keg Mountain
(KP-6-5), and biotite from a hypabyssal dacite porphyry intrusion (NKM-6-3).

These corrections are well defined, but, because the mathe-
matical formulation for F is complex, it is not presented here.
{(Our formulation of F is modified from Dalrymple and oth-
ers, 1981, to include corrections for all interferences.)

We selected six samples from Keg Mountain that
yielded nine mineral separates used for detailed high-
precision 40Ar/3%Ar dating. The samples include horn-
blende and biotite from the basal Mt. Laird Tuff, biotite
from the middle part of the Mt. Laird Tuff, biotite from
the basal vitrophyre of the tuff of Keg Mountain, biotite
from a hypabyssal dacite porphyry, sanidine and biotite
from a hypabyssal rhyolite porphyry, and sanidine and
biotite from the basal vitrophyre of the Joy Tuff. Minerals
were separated using standard techniques and are greater
than 99.9 percent pure. Detailed 4CAr/>?Ar data are listed
in table 1, and a summary of the dates is given in table 2.
A composite age-spectrum diagram for samples analyzed
in this study is shown in figure 2, and sample localities
are shown on figure 3 and included in table 1.

The isotopic composition of argon was measured at the
U.S. Geological Survey, Denver, Colorado, using a
MAP215 Series rare-gas mass spectrometer made by Mass
Analyzer Products Limited. Abundances of five isotopes of
argon (%0Ar, 39Ar, 38Ar, 37Ar, and 36Ar) were measured for
every sample. Argon was released from the samples in
12-14 temperature steps; abbreviated results are listed in
table 1. Radiogenic 40Ar is total 40Ar derived from natural
radioactive decay of 40K after all corrections for non-decay-
derived 40Ar, including atmospheric 4°Ar and 40K-derived
40Ar, have been made. K-derived 39Ar is total 39Ar derived
from the epithermal neutron-induced reaction 39K (n,p)3%Ar
after corrections for non-39K-derived 3%Ar, including 42Ca-
derived 39Ar, are made. F is the quantity resulting from the
division of radiogenic 40Ar by the amount of K-derived
39Ar. Quantities for radiogenic 40Ar and K-derived 39Ar are
given in volts of signal measured on a Faraday detector by a
digital voltmeter. These quantities can be converted to
moles, using the mass spectrometer sensitivity at time of
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Table 1. 4CAr/39Ar age-spectrum data for Keg Mountain, Utah

[Sample localities shown in figure 3. “OArR is radiogenic “Ar, ¥ Ar  is potassium-derived ar)

Temperature 40ar 39Ar, Apparent age and error
(°C) 40Ar,, 39Ar, F 39ArSTAr (percent) (percent) (Ma at 10)
Sample KMR-1-3/23/DD13; Joy Tuff, basal vitrophyre; sanidine; 102.1 mg; measured “*Ar/*°Ar =299.5;
J-value=0.007431+0.25% (10); lat 39°50'48.73" N, long 112°52'22.18" W.
500 0.06512 0.02860 2277 15.87 17.5 0.2 30.26+2.80
600 0.21056 0.08308 2.534 30.96 78.7 0.5 33.66+0.82
700 0.54243 0.20856 2.601 40.54 60.6 12 34.53+0.51
750 1.03892 0.39621 2.622 45.76 93.3 22 34.81+0.15
800 1.63759 0.62452 2.622 51.82 95.5 35 34.81+0.14
850 2.36865 0.89993 2.632 61.46 93.9 5.0 34.94+0.18
900 2.95837 1.12915 2.620 73.84 97.3 6.2 34.78+0.10
950 5.24909 1.99358 2.633 93.42 98.2 11.0 34.96+0.10
1,000 4.80260 1.82517 2.631 115.43 98.1 10.1 34.93+0.10
1,050 6.93128 2.63075 2.635 131.75 98.2 14.5 34.9840.10
1,100 8.64343 3.28430 2.632 149.34 98.3 18.2 34.94+0.10
1,150 8.99432 3.40018 2.645 156.17 98.1 18.8 35.1240.10
1,250 3.89366 1.46577 2.656 129.61 932 8.1 35.26+0.10
1,400 0.33891 0.12319 2.751 69.78 473 0.7 36.51+0.38
Total-gas date 2.635 34.98+0.11
Plateau date (700-1,100°C) 71.8 34.9240.16
Sample KMR-1-3/25/DD13; Joy Tuff, basal vitrophyre; biotite; 50.2 mg; measured Opr30A¢ a=299.5;
J-value=0.007426+0.25% (15); lat 39°50'48.73"N., long 112°52'22.18"W.
500 0.03568 0.03102 1.150 19.73 11.9 0.4 15.34+2.61
600 0.20935 0.14345 1.459 41.29 31.7 2.0 19.44+0.48
700 1.26122 0.52197 2416 94.19 60.7 7.4 32.08+0.19
750 0.99149 0.38304 2.588 105.05 81.9 54 34.3540.14
800 0.77367 0.29221 2.648 106.61 85.1 4.1 35.1320.20
850 0.75824 0.28920 2.622 94 .91 83.8 4.1 34.79+0.27
900 1.35843 0.51814 2.622 118.87 84.0 73 34.7840.16
950 3.15754 1.20841 2.613 112.43 85.0 17.1 34.67+0.10
1,000 4.25305 1.62684 2.614 84.75 88.3 23.0 34.6940.10
1,050 4.08619 1.54554 2.644 62.32 91.2 21.9 35.08+0.10
1,150 1.27066 0.48007 2.647 11.74 91.0 6.8 35.1120.13
1,300 0.06602 0.02544 2.595 7.38 274 04 34.43+5.89
Total-gas date 2.579 34.2240.17
Preferred date (850-1,150°C) 80.2 34.84+0.14

measurement of 9.736x10713 moles argon per volt of signal.
The detection limit for argon at the time of this experiment
was 2x10-!7 moles. The measured 40Ar/36Ar ratio used for
mass discrimination correction is 299.5.

All samples were irradiated in a single irradiation pack-
age for 30 hours at 1 megawatt in the U.S. Geological Survey
TRIGA reactor in Denver. The J-value for each sample was
determined from adjacent standards; errors of (.25 percent
(68 percent confidence level) in the calculated J-value were
determined experimentally by calculating the reproducibility
of multiple monitors. Corrections for irradiation-produced,
interfering isotopes of argon were made by measuring
production ratios for the interfering isotopes of argon pro-
duced in pure K,SO, and CaF, irradiated simultaneously
with the samples of this study. Those ratios, as determined
from four measurements of each salt, with errors at 68-
percent confidence level, are

(OArTAr), =2.6910.01x1074,

(39ArA7Ar)c, =7.0840.03x1074,

(BArATAr), =2.9040.18x1073,

(4OAr/PAr)k =8.7610.37x1073,

(TArPAr)g =1.39+0.57x104, and

(38ArR9ADK =1.30£0.01x102.
Corrections were made for additional interfering isotopes of
argon produced from irradiation of chlorine using the
method described by Roddick (1983). Measured quantities
of 37Ar and 39Ar were corrected for radioactive decay, and
in table 1 the 39Ar/37Ar ratios were corrected for this decay
as well as for interfering argon isotopes. By multiplying the
39A137Ar ratios by approximately 0.5, the relative approxi-
mate K/Ca distribution of the samples may be obtained.
Error estimates for apparent ages of individual temperature
steps were assigned by using the equations of Dalrymple and
others (1981); however, the equations were modified to
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Table 1. “0Ar/39Ar age-spectrum data for Keg Mountain, Utah—Continued
[Sample localities shown in figure 3. “OArR is radiogenic “Ar, 39ArK is potassium-derived 3°Ar]

Temperature “Oarg Ar, Apparent age and error
(°C) “Ar, 3Ar, F SOArSTAr (percent) (percent) (Ma at 16)
Sample KMR-4-6/22/DD13; Hypabyssal rhyolite porphyry; sanidine; 112.3 mg; measured “°Ar/3°Ar =299.5;
J-value=0.007380+0.25% (1o); lat 39°48'3.40" N., long 112°5226.95" W.
600 0.38830 0.14676 2.646 5.29 723 0.8 34.89+0.35
700 1.18169 0.44145 2.677 6.87 72.1 23 35.29+0.15
750 1.01737 0.38392 2.650 63.83 95.8 2.0 34.94+0.18
800 2.54557 0.95339 2.670 81.86 93.7 49 35.20+0.14
850 2.75714 1.04152 2.647 105.60 973 5.3 34.90+0.10
900 3.93424 1.48459 2.650 123.56 98.2 7.6 34.94+0.10
950 5.32784 2.00846 2.653 137.12 98.3 10.3 34.98+0.10
1,000 5.17896 1.95629 2.647 153.88 98.3 10.0 34.91+0.10
1,050 6.54139 2.46716 2.651 156.27 98.1 12.6 34.96+0.10
1,100 6.63168 2.49090 2.662 148.85 96.9 12.7 35.10+0.10
1,150 14.51355 5.44169 2.667 151.64 91.8 27.8 35.16+0.10
1,250 1.88149 0.69523 2.706 120.40 82.9 3.6 35.67£0.14
1,400 0.13923 0.05151 2.703 50.40 319 0.3 35.63+1.21
Total-gas date 2.660 35.07+0.11
Plateau date (850-1,150°C) 86.3 35.04+0.15
Sample KMR-4-6/27/DD13; Hypabyssal rhyolite porphyry, biotite; 62.1 mg; measured *Ar/36Ar 2=299.5;
J-value=0.007409+0.25% (15); lat 39°48'3.40" N, long 112°5226.95" W.
500 0.02788 0.02762 1.009 13.80 6.3 0.3 13.44+3.28
600 0.21071 0.08909 2.365 15.45 34.1 1.0 31.34+0.60
700 0.83796 0.29766 2.815 102.93 63.4 34 37.24+0.18
750 0.78662 0.28854 2.726 232.15 87.9 32 36.08+0.58
800 1.21031 0.45221 2.676 202.17 89.7 5.1 35.42+0.17
850 0.94621 0.35555 2.661 157.91 88.3 4.0 35.2240.17
900 1.35650 0.50591 2.681 132.03 88.8 57 35.49+0.13
950 3.42385 1.28393 2.667 162.36 87.6 14.5 35.30+0.13
1,000 5.56171 2.09056 2.660 153.11 89.8 235 35.21%0.10
1,050 5.71675 2.15001 2.659 77.66 90.9 242 35.19+0.10
1,150 3.28766 1.23540 2.661 28.15 90.6 13.9 35.2240.14
1,300 0.27950 0.10264 2.723 21.83 514 1.2 36.04+0.66
Total-gas date 2.663 35.25+0.16
Plateau date (800-1,150°C) 90.9 35.25+0.13

allow the option of choosing the larger of separately derived
errors in the F-value—either a calculated error from differ-
ential equations or an experimental error determined from
the reproducibility of identical samples. Age plateaus were
determined by comparing contiguous gas fractions using the
critical value test of Dalrymple and Lanphere (1969), and the
error was determined using equations of Dalrymple and oth-
ers (1981).

40Ar/39Ar Data

Age spectra for the nine dated minerals are relatively
uncomplicated and are summarized in table 2. The minor
amounts of excess argon or argon loss displayed by most
spectra had no effect on apparent age interpretations. Eight
of nine spectra have apparent age plateaus defined by 70-99
percent of the released 39Ar from the sample. The age spec-

trum for biotite sample KMR-1-3 is slightly disturbed and
displays minor excess argon but yields a preferred date,
defined by weight-averaging the 850°C-1,150°C tempera-
ture steps, that is statistically indistinguishable from the pla-
teau date for the coexisting sanidine. Two other samples
from which two minerals were dated are KMR—4-6 and
KMR-4-8. In both cases the coexisting minerals yielded sta-
tistically indistinguishable dates. Without discriminating
data, there is no reason to select the apparent age of either
mineral over the other in a pair; therefore, the best estimates
of crystallization age for samples KMR-1-3, KMR—4-6,
and KMR-4-8 are the averages of the dates for each pair;
that is, 34.8810.06, 35.1410.15, and 36.58+0.06 Ma, respec-
tively.

Dates for the nine minerals fall into two statistically dis-
tinct groups (fig. 2), 36.6+0.1 and 35.010.2 Ma, that define
two distinct periods of magmatism. The tuff of Keg Moun-
tain, Mt. Laird Tuff, and a hypabyssal dacite porphyry were
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Table 1. “CAr/3%Ar age-spectrum data for Keg Mountain, Utah—Continued
[Sample localities shown in figure 3. *’Ary is radiogenic “Ar; ¥Ar, s potassium-derived ¥Ar]

Temperature 40Ar 3pr Apparent age and error
(°C) 40Ar, 39Ar, F 39Ar/TAr (percefwt) (perce’r(it) PP (Ma gf 10)
Sample NKM-6-3/29/DD13; Hypabyssal dacite porphyry; biotite; 67.4 mg; measured “*Ar/*°Ar =299.5;
J-value=0.007395+0.25% (15); lat 39°49'24.53" N., long 112°53'34.35" W.
500 0.06138 0.06406 0.958 15.16 94 0.8 12.74+0.87
600 0.17083 0.10871 1.571 4.59 35.9 13 20.84+0.81
700 1.50395 0.56855 2.645 78.93 54.6 6.9 34.95+0.11
750 2.42808 0.86649 2.802 185.50 88.3 10.5 37.00+0.12
800 5.52870 1.99433 2.772 320.71 96.1 242 36.61+0.10
850 3.74547 1.34822 2.778 277.33 96.0 16.3 36.69+0.10
900 1.82843 0.66352 2.756 100.62 87.6 8.0 36.39+0.13
950 1.98268 0.72116 2.749 6.45 86.8 8.7 36.31+0.14
1,000 2.05554 0.74390 2.763 9.71 89.0 9.0 36.49+0.11
1,050 2.68882 0.97950 2.745 66.45 89.6 11.9 36.25+0.17
1,150 0.49706 0.18255 2.723 14.64 82.7 22 35.9640.31
1,300 0.00887 0.00594 1.492 324 32 0.1 19.79+8.48
Total-gas date 2.728 36.03+0.15
Plateau date (800~1,150°C) 80.4 36.49+0.15
Sample KP-6-5/28/DD13; Tuff of Keg Mountain, basal vitrophyre; biotite; 55.0 mg; measured Oaroar a=299.5;
J-value=0.00742010.25% (1), lat 39°47'46.00" N., long 112°53'29.96" W.
500 0.06530 0.03487 1.873 12.80 11.8 0.5 24.89+1.97
600 0.11228 0.04253 2.640 19.66 45.8 0.6 35.00+1.70
700 0.30849 0.11201 2.754 43.96 419 1.5 36.4910.61
750 0.86382 0.30429 2.839 85.27 75.8 4.0 37.60+0.13
800 1.47215 0.52130 2.824 136.63 90.3 6.9 37.41+0.13
850 1.49688 0.53668 2.789 159.41 93.1 7.1 36.95+0.16
900 1.78396 0.64114 2.782 230.13 94.1 8.5 36.87+0.12
950 2.62071 0.94540 2.772 265.82 92.1 12.5 36.7340.13
1,000 3.97124 1.43109 2.775 88.47 90.8 18.9 36.7740.11
1,050 5.74289 2.07489 2.768 235.51 90.2 27.4 36.67+0.10
1,150 2.52579 0.90807 2.782 140.48 89.0 12.0 36.85+0.12
1,300 0.02514 0.00969 2.595 16.05 13.0 0.1 34.40+7 .45
Total-gas date 2.776 36.78+0.14
Plateau date (850-1,150°C) 86.4 36.77+0.12

emplaced during the first episode. Within the resolution of
the data for these three units, the differences in emplacement
history as recognized in the field (see later section) are not
distinguishable in the argon data. The Joy Tuff and a
hypabyssal rhyolite porphyry plug were emplaced during the
later magmatic episode. Again, within the resolution of the
argon data, an isotopic age difference for these two units
cannot be resolved.

VOLCANIC STRATIGRAPHY AND
IGNEOUS ROCKS

Andesite of Keg Spring

The oldest volcanic unit at Keg Mountain, based on field
relations, is the andesite of Keg Spring (M.A. Shubat and
G.E. Christenson, 1989, unpublished mapping). It consists
of a heterogeneous sequence of dark-colored andesite flows
and andesitic mudflow breccia. Erickson (1963) originally

named the unit the Keg Spring andesite and latite, and Shawe
(1972) and Staub (1975) referred to it as the Keg Spring
andesite. The andesite of Keg Spring probably is a construc-
tional volcanic high that was formed from multiple vents.
Apparent interfingering of units indicates that eruption of the
andesite of Keg Spring spanned the interval from pre-tuff of
Dead Ox (late Eocene) to post-Mt. Laird Tuff (<36.54+0.06
Ma) eruption.

Tuff of Dead Ox

The tuff of Dead Ox (M.A. Shubat and G.E. Christenson,
1989, unpublished mapping) consists of three intercalated
lithostratigraphic units: (1) a stratified tuff member, (2) a
megabreccia member, and (3) a lithic-crystal ash-flow tuff
member. The stratified tuff consists of thin-bedded to lami-
nated volcanic sandstone, siltstone, and ash-rich tuff. Lithic-
crystal tuff is present as distinct beds and also as the matrix
of megabreccia. Coarsely lithic portions (2040 cm diameter
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Table 1. 40Ar/39Ar age-spectrum data for Keg Mountain, Utah—Continued
[Sample localities shown in figure 3. "oArR is radiogenic *°Ar; 39ArK is potassium-derived 3°Ar]

Temperature “°ArR 39ArK Apparent age and error
°C) “OAr, 39Ar, F 39ArA7Ar (percent) (percent) (Maat 16)
Sample NKM-21-12/26/DD13; Mt. Laird Tuff; biotite; 57.3 mg; measured **Ar/°®Ar =299.5;
J-value=0.007430+0.25% (15); lat 39°48'55.99" N., long 112°55'51.93" W.
500 0.02223 0.01927 1.154 10.58 58 0.3 15.40+5.62
600 0.10302 0.04913 2.097 12.66 282 0.7 27.89+1.26
700 1.19991 0.43847 2.737 46.37 504 6.6 36.31+0.17
750 2.93219 1.06674 2.749 112.40 84.1 15.9 36.47+0.10
800 3.96776 1.44129 2.753 190.38 89.8 21.5 36.53+0.10
850 2.18086 0.78986 2.761 188.57 83.1 11.8 36.63+0.13
900 0.99403 0.36113 2.753 68.38 68.1 5.4 36.5240.27
950 1.32051 0.48162 2.742 3.31 69.1 7.2 36.38+0.11
1,000 1.68199 0.61257 2.746 1.11 733 9.2 36.43+0.12
1,050 2.59559 0.94584 2.744 8.77 823 14.1 36.41+0.10
1,150 1.32329 0.48045 2.754 3.54 77.0 7.2 36.55+0.18
1,300 0.01956 0.00480 4.071 0.22 4.7 0.1 53.75+9.61
Total-gas date 2.741 36.37+0.16
Plateau date (700-1,150°C) 98.9 36.48+0.14
Sample KMR-4-8/21/DD13; Mt. Laird Tuff, base; homblende; 310 mg; measured “CAr/*°Ar =299.5;
J-value=0.007357+0.25% (16); lat 39°51'00.09" N., long 112°52'41.43" W.
500 0.02351 0.01087 2.163 0.39 3.5 0.3 28.48+3.37
700 0.21900 0.06423 3.409 1.29 243 1.5 44.69+1.11
800 0.19170 0.06208 3.088 1.44 63.0 14 40.53£0.92
850 0.10858 0.03586 3.028 1.47 63.7 0.8 39.7442.90
900 0.10127 0.03260 3.106 0.96 57.5 0.8 40.76x1.95
950 0.38293 0.13478 2.841 0.24 65.6 3.1 37.32+0.56
1,000 3.09179 1.11026 2.785 0.17 842 259 36.59+0.14
1,050 5.34234 1.91651 2.788 0.16 90.2 44.6 36.62+0.10
1,100 1.52856 0.54926 2.783 0.14 88.1 12.8 36.56+0.16
1,150 0.68760 0.24725 2.781 0.13 85.1 58 36.54+0.30
1,200 0.19654 0.07082 2.775 0.13 70.3 1.6 36.46+0.75
1,400 0.17336 0.05950 2914 0.14 133 1.4 38.26+0.79
Total-gas date 2.806 36.86+0.31
Plateau date (1,000-1,200°C) 90.7 36.59+0.29

clasts) of the lithic-crystal tuff resemble “mesobreccia”
described by Lipman (1976) and weather to form cobble-
and boulder-strewn slopes with poorly exposed matrix.

The megabreccia member of the tuff of Dead Ox consists
of clasts of Paleozoic rocks, conglomerate, andesitic mud-
flow breccia, and andesite set in poorly welded lithic tuff
matrix. Lithic-crystal tuff matrix is poorly exposed because
of mantling of megabreccia by Quaternary Lake Bonneville
lacustrine deposits but is seen as a thin rind of tuff coating
megabreccia clasts. Clast sizes are from less than 0.2 to 240
m in diameter, but most clasts are between 3 and 60 m. Most
quartzite and some limestone clasts in the megabreccia are
pervasively brecciated. In places clasts are monolithologic,
angular, matrix-supported breccia with a fine-grained matrix
of comminuted material, whereas in other places clasts are
intact but highly fractured and sheared. The former textures

could have been produced in a subvolcanic environment by
“gas-explosion” and hydrothermal activity, as reviewed by
Shawe and Snyder (1988). The latter textures could repre-
sent blocks deformed during thrusting and later incorporated
into the megabreccia. In contrast to the Paleozoic clasts,
andesite clasts are only locally brecciated. The juxtaposition
of surficially derived andesite (debris-flow facies) clasts and
shattered Paleozoic clasts argues for an origin involving the
mixing of eruptive megabreccia (Shawe and Snyder, 1988)
and landslide megabreccia (Lipman, 1976). Such mixing
could occur during an Aira-type eruption (Aramaki, 1984),
during which a volcanic depression is filled with megabrec-
cia and tuff and lacks distinct ring-faults.

Field relations suggest that the tuff of Dead Ox underlies
the tuff of Keg Mountain and predominantly overlies, but in
part interfingers with, the andesite of Keg Spring.
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Table 1. 4OAr/3%Ar age-spectrum data for Keg Mountain, Utah—Continued
[Sample localities shown in figure 3. *Ar,, is radiogenic “Ar; ®Ar, is potassium-derived ¥Ar]

Temperature 40Ar 39ArK Apparent age and error
°C) “OpAr, 39Ar, F SOArTAr (percent) (percent) (Ma at 16)
Sample KMR—4-8/24/DD13; Mt. Laird Tuff, base; biotite; 78.2 mg; measured “°Ar*®Ar =299.5;
J-value=0.7424+0.25% (1o), lat 39°51'00.09" N., long 112°52'41.43" W.
500 0.06137 0.05137 1.195 11.53 9.0 0.5 15.93+0.97
600 0.12916 0.05911 2.185 19.41 42.0 0.6 29.03£1.54
700 0.36972 0.13581 2.722 27.57 48.1 1.3 36.10+0.49
750 1.06817 0.38646 2.764 55.93 76.4 3.7 36.64+0.14
800 2.01958 0.72495 2.786 103.09 89.4 7.0 36.93+0.13
850 2.59186 0.93159 2.782 139.57 92.8 9.0 36.88+0.12
900 3.62307 1.30943 2.767 162.10 93.8 12.6 36.68+0.10
950 5.48573 1.98479 2.764 45.77 92.1 19.2 36.64+0.10
1,000 5.12590 1.86121 2.754 441 88.5 18.0 36.51£0.10
1,050 4.66806 1.69934 2.747 18.34 873 16.4 36.42+0.10
1,150 3.27674 1.18838 2.757 12.98 86.6 11.5 36.56+0.12
1,300 0.08719 0.03137 2.780 1.93 37.6 0.3 36.85+2.69
Total-gas date 2.751 36.47£0.13
Plateau date (900-1,150°C) 776 36.56x0.11

Table 2. Summary of “0Ar/39Ar age-spectrum dates for Keg Mountain, Utah

Sample no. Unit Mineral Date (Mat1c) Character of age spectrum
KMR-1-3 Joy Tuff, basal vitrophyre Sanidine  34.92+0.16 Plateau; minor inherited argon.
Biotite 34.84+0.14 Preferred date; disturbed with minor argon loss.
KMR—4-6 Hypabyssal rhyolite porphyry Sanidine  35.04£0.15 Plateau; minor excess argon.
Biotite 35.25+0.13 Plateau; minor excess argon.
NKM-6-3 Hypabyssal dacite porphyry Biotite 36.49+0.15 Plateau; minor excess argon.
KP-6-5 Tuff of Keg Mountain, basal vitrophyre Biotite 36.77£0.12 Plateau; minor excess argon.
NKM-21-12 Mt Laird Tuff Biotite 36.48+0.14 Plateau.
KMR-4-8 Mt. Laird Tuff, base Hornblende 36.59+£0.29 Plateau; minor excess argon.
Biotite 36.56+0.11 Plateau; minor excess argon,

Constraints on the minimum age of the unit are the observa-
tions that (1) the tuff of Dead Ox is cut by a dacite porphyry
plug dated at 36.4910.15 Ma (sample NKM—6-3) and (2) the
megabreccia member contains no clasts of tuff of Keg
Mountain or Mt. Laird Tuff. A constraint on the maximum
age of the unit is the observation that clasts of the andesite of
Keg Spring are common in the megabreccia member.

Tuff of Keg Mountain

The tuff of Keg Mountain (M.A. Shubat and G.E.
Christenson, unpublished mapping, 1989) consists of dark-
colored, densely welded, moderately crystal-rich ash-flow
tuff of dacitic composition that has a local black vitrophyric
base. Abundant bronze-weathering biotite, prominent on
surfaces parallel with layering, characterizes the unit. As dis-
cussed above, our dates show a slightly older age for the tuff
of Keg Mountain compared to the Mt. Laird Tuff but do not

provide statistically unambiguous eruption ages. Field rela-
tions, discussed below, suggest that the tuff of Keg Mountain
is older than the Mt. Laird Tuff. First, several dacite por-
phyry plugs, one of which we dated at 36.4910.15 Ma (sam-
ple NKM-6-3, table 2), that are compositionally similar to
the Mt. Laird Tuff cut the tuff of Keg Mountain. Second,
there is a consistent stratigraphic succession from the tuff of
Keg Mountain to Mt. Laird to Dell Tuff with increasing ele-
vation in the north-central part of Keg Mountain; this strati-
graphic superposition supports the suggested age sequence.
Third, the tuff of Keg Mountain is absent south of an arcuate
fault in the Picture Rock Hills Quadrangle (the northern edge
of the Picture Rock caldera(?), fig. 3). Therefore, if the tuff
of Keg Mountain is younger than the Mt. Laird Tuff, then its
absence south of the fault requires confinement of the tuff of
Keg Mountain to the Keg cauldron or stratigraphic thinning
of the tuff of Keg Mountain from almost 200 m to zero over
a distance of 2 km. If the tuff of Keg Mountain is older, then
the Mt. Laird Tuff covers the tuff of Keg Mountain south of
this fault.
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Figure 3. Simplified geology of Keg Mountain, west-central Utah. Solid numbered circles are locations of dated samples listed
in table 2: 1, KMR-1-3; 2, KMR-4-6; 3, NKM-6-3; 4, KP-6-5; 5, NKM-21-12; 6, KMR—4-8.
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Quartz Monzonite Porphyry

The quartz monzonite porphyry is a holocrystalline intru-
sive rock containing coarse (2-12 mm) phenocrysts of pla-
gioclase, quartz, biotite, hornblende, pyroxene, and
magnetite set in a fine-grained hypidiomorphic-granular
matrix of quartz, plagioclase, and potassium feldspar. The
porphyry forms a stock about 4.8 km long by 1.6 km wide in
the south-central part of the Keg Pass Quadrangle (fig. 3).
Lindsey and others (1975) dated the porphyry by the fission-
track method at 36.6+1.6 Ma.

Mt. Laird Tuff

The Mt. Laird Tuff (Lindsey, 1979, 1982) is a regionally
extensive unit consisting of moderately welded ash-flow
tuff, tuff breccia, lapilli tuff, accretionary lapilli-block tuff,
probable flow rocks, and hypabyssal intrusive rocks of rhyo-
dacitic to quartz latitic composition. Its most distinctive
characteristic is the presence of abundant, coarse (2—-12 mm)
phenocrysts of white plagioclase in all facies. Our dates indi-
cate an extrusion age of 36.54+0.06 Ma for the Mt. Laird
Tuff (samples KMR—4-8 and NKM-21-12, table 2), which
is statistically identical to a 36.4+1.6 Ma date reported by
Lindsey (1982). Because the fission-track date of the overly-
ing Joy Tuff is about 38 Ma, Lindsey considered the true age
of the Mt. Laird Tuff to be about 39 Ma. Over most of Keg
Mountain, the Mt. Laird Tuff appears to be outflow from the
Thomas caldera; however, mapping indicates an apparent
Mt. Laird vent in the north-central part of Keg Mountain (fig.
3). Rocks in this apparent vent consist of an accretionary
lapilli-block tuff facies that grades into a hypabyssal por-
phyry facies; these are cut by pebble dikes containing frag-
mented and unfragmented Mt. Laird clasts. In addition,
within the vent the tuff has steeply dipping layering.

Dacite Porphyry Intrusive Rocks

The hypabyssal dacite porphyry consists of abundant,
coarse (2-10 mm) phenocrysts of plagioclase, quartz,
biotite, hornblende, and magnetite set in a matrix of plagio-
clase, quartz, and potassium feldspar microphenocrysts and
aphanitic material. Dacite porphyry forms several small
plugs, each less than 900 m in diameter, in the center of the
Keg Pass Quadrangle (fig. 3). Our date of 36.4910.15 Ma
(sample NKM-6-3, table 2), as well as mineralogic and pet-
rologic similarities, indicates that these rocks are comag-
matic with the Mt. Laird Tuff.

Regional aeromagnetic data (Kucks, 1991) show a circu-
lar, high-amplitude magnetic high (with a paired dipole low
to the north) that straddles the northern part of the east-
central edge of the Keg Pass Quadrangle (fig. 4). We inter-
pret this anomaly to represent a buried dacite porphyry stock

because of its proximity to several mapped dacite porphyry
plugs and the possible Mt. Laird vent area described above
(fig. 3). Magnetotelluric resistivity data (D. Campbell, oral
commun., 1990) support this interpretation. This interpreta-
tion has significance for exploration because anomalous
amounts of gold are commonly detected in argillic-pyritic
alteration halos around this type of intrusion.

Joy Tuff

The Joy Tuff (Lindsey, 1979) is a regionally extensive
unit that consists of moderately to densely welded, moder-
ately crystal-rich, rhyolitic ash-flow tuff that locally has a
black basal vitrophyre and overlying black fiamme-rich
zone. Several exposures of the basal vitrophyre of the Joy
Tuff resting on the Mt. Laird Tuff show that it clearly over-
lies the Mt. Laird Tuff; therefore, field relations are consis-
tent with our date of 34.88+£0.06 Ma (sample KMR-1-3,
table 2). Our date shows a marked discordance with nine
fission-track ages reported by Lindsey (1982) that average
38.0£0.7 Ma. Although the improved accuracy of the
40Ar39Ar age-spectrum dating method may be solely
responsible for this discrepancy, it is possible that the unit
mapped as Joy Tuff at Keg Mountain is lithologically similar
to but younger than the Joy Tuff at the type locality. The
exposed thickness of the Joy Tuff is thin (<24 m) in most of
the Keg Mountain area, but south of an arcuate fault (figs. 2,
3) it abruptly thickens to more than 180 m. Lindsey (1982)
believed the source of the Joy Tuff to be within the Dugway
Valley cauldron (fig. 4).

Rhyolite Porphyry

The rhyolite porphyry consists of coarse (as large as 1
cm) phenocrysts of orthoclase, quartz, plagioclase, and
biotite set in an aphanitic matrix. Rhyolite porphyry forms
plugs that lie within two linear, subparallel, northeast-trend-
ing belts, one of which is about 14 km long, that cut through
the west-central part of Keg Mountain. Lithology and our
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