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Introduction

By Florian Maldonado and L. David Nealey

The U.S. Geological Survey’s Basin and Range to
Colorado Plateau Transition (BARCO) Study Unit was cre-
ated to study the tectonic and magmatic evolution of the
eastern part of the Basin and Range province and the western
margin of the Colorado Plateaus province. The area includes
the transition between the two provinces that will be referred
to as the transition zone (fig. 1). The Study Unit began in
1988 and has been supported since 1992 by the National
Geologic Mapping Program, as established by the National
Geologic Mapping Act of 1992. One objective of the study
is to compile existing geologic mapping of the BARCO area
at a scale of 1:100,000. A group of eight 1:100,000 quadran-
gles, extending from the western margin of the Colorado
Plateau to the eastern side of the Basin and Range province,
contains the BARCO study area (fig. 2). A parallel objective
of the study is to map previously unmapped areas, particu-
larly near populated areas. This component of the BARCO
study addresses a variety of societal and environmental
issues, including earthquake, landslide, and volcanic haz-
ards, and evaluates natural resource and hydrologic parame-
ters related to the structural and stratigraphic framework of
southeastern Nevada, southwestern Utah, and northwestern
Arizona. Mapping in the BARCO area is being published as
U.S. Geological Survey Open-File Reports, Geologic Quad-
rangle Maps (GQ maps), Miscellaneous Investigations
Series Maps (I maps), and Miscellaneous Field Studies
Maps (MF maps). Additionally, mapping is being published
cooperatively by the Utah Geological Survey. Some map-
ping conducted at 1:100,000 scale is being compiled as
quadrangle maps (30x60 minute maps). Other mapping is
being conducted at scales of 1:12,000 to 1:24,000, in order
to portray essential geologic and structural details needed to
understand geologic problems. The status of mapping in the
BARCO Study Unit at the end of 1993 is shown in figure 3.

The general geologic and geophysical framework of the
BARCO study areca was described by Scott and Swadley
(1995) and Blank and Kucks (1989). Other summaries of the
geology of the region are given in Eaton (1979; 1982),
Anderson (1989), Hamilton (1989), Pakiser (1989), and
Smith and others (1989). The general geology of the study
area 1s therefore only briefly reviewed here.

The BARCO study area includes (1) that portion of
the Basin and Range province in extreme southeastern
Nevada and southwestern Utah; (2) the western margin of
the Colorado Plateaus province in southwestern Utah; and
(3) the transition zone between these two physiographic
provinces (figs. 1 and 2) in southwestern Utah and north-
western Arizona. The Basin and Range province is charac-
terized mainly by north- to northeast-trending mountain
ranges separated by wide alluvial basins. This structural
fabric resulted from intense east-west-directed extensional
deformation in the Cenozoic. Significant magmatism in the
Basin and Range resulted from the emplacement of crustal
magma chambers associated with the “ignimbrite flareup”
throughout the Cordilleran belt. In contrast, the Colorado
Plateaus province has remained relatively stable structur-
ally. Magmatism was mostly limited to the emplacement of
relatively small cinder cones, domes, laccoliths, and lava
flows along the margin of the Colorado Plateau. The tran-
sition between these two provinces contains features com-
mon to both, which represent various stages in the
structural evolution. In the BARCO study area (fig. 1), the
transition zone is bounded on the west by the Grand Wash-
Gunlock fault zone in the Littlefield and St. George
1:100,000-scale quadrangles, and by the Hurricane fault in
the Panguitch quadrangle (fig. 2). The eastern margin of
the transition zone, for our purposes, is expressed by the
Hurricane fault in the Littlefield quadrangle, by the Tor-
oweap-Sevier fault in the Kanab quadrangle, and by the
Paunsaugunt fault in the eastern part of the Panguitch
quadrangle (fig. 2).

This is the second in a series of assembled reports
describing the geology of the BARCO area. The first volume
(U.S. Geological Survey Bulletin 2056, edited by Scott and
Swadley, 1995) contains reports that describe mainly the
geology of the western part of the BARCO study area. This
volume contains reports that describe the geology in both the
western and eastern parts of the area. The volume is com-
posed of two parts.

The first part emphasizes the transition zone in south-
western Utah and northwestern Arizona. The papers describe
several stratigraphic units (youngest to oldest) in the area

1
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Figure 1. Regional map showing the BARCO Study Unit area, boundaries of the Basin and Range and Colorado Plateaus

provinces, and transition zone between the provinces.

and then discuss the tectonic and basaltic magmatic evolu-
tion of the area. In chapter A, Sable and Maldonado reinstate
the Tertiary Brian Head Formation as a formal unit after its
abandonment in 1975. Locally, an informal Tertiary unit, the
“variegated unit,” underlies the Brian Head Formation. Feist
and others (chapter B) discuss the environment of deposition
and age of parts of this unit based on the presence of charo-
phytes in the unit for the Sevier Plateau area. The Brian Head
Formation and the variegated unit are underlain by the Ter-
tiary Claron Formation. Bown and others (chapter C)
describe hymenoptera and other insect trace fossils recov-
ered from paleosols of the Claron Formation and discuss its
paleoenvironments. The Claron Formation is underlain by
the Paleocene Grand Castle Formation, a unit formalized by
Goldstrand and Mullett (chapter D). The Tertiary units are
underlain by a series of Cretaceous units; in chapter E,
Nichols discusses the significance of palynomorphic data
obtained from the Cretaceous Dakota Formation, Tropic
Shale, and Straight Cliffs and Kaiparowits Formations, from
the Markagunt Plateau and the area just east of the BARCO
area in the northwestern part of the Kaiparowits Plateau. In
chapter F, Billingsley describes the Permian clastic sedimen-
tary sequence in northwestern Arizona.

The structure of the transition zone is more complex
than previously thought. Maldonado and others (chapter G)
discuss the complex evolution of Cenozoic low-angle normal
and thrust faults and a system of anastomosing high-angle
faults along the western front of the Markagunt Plateau. In
chapter H, Sable and Maldonado outline the structural signif-
icance of breccias and megabreccia deposits that are wide-
spread throughout the Markagunt Plateau. The evolution of
basaltic magmas within the transition zone is also quite com-
plex. Nealey and others (chapter I) present elemental and iso-
topic data for Quaternary basaltic rocks from the western
margin of the Markagunt Plateau and Red Hills area and
relate the volcanism to the tectonic evolution of the transition
zone. Mattox (chapter J) examines the origin of Cenozoic
basaltic rocks in the adjacent parts of the transition zone and
high plateaus. Nusbaum and others (chapter K) evaluate the
importance of mantle sources in the origin of basaltic rocks
of the St. George area southeast of the Markagunt Plateau.

The second part of this volume contains reports on the
Basin and Range province. Topics include igneous rocks in
southwestern Utah and tectonic evolution of structures in
southeastern Nevada. McKee and others (chapter L) discuss
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Figure 2. Map of BARCO Study Unit area showing locations of the eight 30x60 minute quadrangles (1:100,000); C, Caliente; CM,
Clover Mountains; O, Overton; CC, Cedar City; SG, St. George; L, Littlefield; P, Panguitch; K, Kanab. Basin and Range province
shown by lightly shaded ranges and unshaded basins; transition zone shown by a stipple pattern; Colorado Plateaus province shown

by a medium shade. Heavy line, fault; bar and ball on downthrown side.

the relation between Tertiary intrusive and extrusive igne-
ous rocks from the Bull Valley and Pine Valley Mountains
located west of the Markagunt Plateau. They present K-Ar
ages obtained from these rocks and discuss their signifi-
cance. Byron (chapter M) identifies contractional features
along the Pahranagat shear system in southeastern Nevada
(Clover Mountain quadrangle) that are interpreted to be
coeval with regional extension. Burke and Axen, in chapter
N, discuss the tectonic history of several episodes of Ter-
tiary extensional faulting in the Chief Range area, eastern
Nevada (Caliente quadrangle), and describe the evolution
of their geometry.

The affiliations of several authors of reports in this vol-
ume clearly indicate that BARCO is not solely a USGS
project. In fact, the Survey’s study group has encouraged all
interested researchers to become active participants in the
project since its inception. As a result, numerous current and
former geology students and university faculty members and
volunteers have provided field and laboratory support to the
Survey’s small staff of geologists working on this project.
We thank all these individuals for their support and interest
in furthering an understanding of the evolution of the Basin
and Range—Colorado Plateau transition zone.
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The Brian Head Formation (Revised) and Selected
Tertiary Sedimentary Rock Units, Markagunt Plateau and
Adjacent Areas, Southwestern Utah

By Edward G. Sable and Florian Maldonado

ABSTRACT

The name Brian Head Formation is herein revised after
its reinstatement in 1993; the original formational bound-
aries are redefined, and its significance as the earliest wide-
spread Tertiary volcaniclastic unit in the region is
emphasized. The name applies to a distinctive succession of
fluvial and lacustrine sedimentary rocks, mostly tuffaceous
sandstone, claystone, clay, and conglomerate, lesser nontuf-
faceous clastic rocks, and locally volcanic rocks. The unit is
as much as 220 meters thick on the Markagunt Plateau,
southwestern Utah, and is present in adjoining areas such as
the Red Hills and the Sevier Plateau. The formation com-
prises three informal units (ascending): (1) sandstone and
conglomerate unit, consisting of nontuffaceous varicolored
lithic arenite, rudite, claystone, and limestone; (2) gray vol-
caniclastic unit, characterized by tuffaceous sandstone and
clay, and lesser amounts of limestone and chalcedony, and
(3) volcanic unit, locally present, that includes volcanic
mudflow breccia, volcanic autoclastic breccia, mafic lava
flows, immature sandstone and conglomerate, and ash-flow
and ash-fall(?) tuffs. The age of the Brian Head is probably
late Eocene to middle Oligocene. It overlies, with apparent
paraconformity, both the white and the red members of the
Claron Formation (Paleocene and Eocene). A regional low-
angle unconformity also may underlie the gray volcaniclas-
tic unit. Autochthonous units that directly overlie the Brian
Head are ash-flow tuffs of the Needles Range Group, the
Isom Formation, alluvial facies of the Mount Dutton Forma-
tion, and the 20 Ma tuffaceous and the sedimentary strata of
Limerock Canyon unit of Kurlich (1990). Allochthonous
rocks overlying the Brian Head have been incorporated in
megabreccia units of Miocene age that were decoupled by
gravity-sliding or low-angle faulting.

Recent mapping has further delimited the distribution
and stratigraphic position of other Tertiary sedimentary rock
units of the region, especially those that contain strata similar
to those of the Brian Head Formation. The Claron Formation
is bracketed by the Brian Head Formation, as revised here,
and the underlying Grand Castle Formation. Several tuf-
faceous sedimentary rock units lithologically similar to but

younger than the Brian Head Formation include the Bear
Valley Formation (upper Oligocene), the mudflow and lava-
flow breccia and tuffaceous sandstone unit (Oligocene),
other largely mudflow breccia units probably of the Mount
Dutton Formation (Oligocene and Miocene), and the strata
of the Limerock Canyon unit (lower Miocene). In structur-
ally complex areas these lithologically similar units present
serious and locally seemingly insurmountable problems of
proper identification and correlation.

INTRODUCTION

The main purpose of this report is to revise the Brian
Head Formation, a middle Tertiary stratigraphic unit
exposed in and near the Markagunt Plateau, and to discuss its
lithologic characteristics, distribution, geologic relation-
ships, and historic significance. We also briefly review cur-
rent information relating to selected Tertiary sedimentary
rock units of the region that has resulted from recent map-
ping and topical studies.

The High Plateaus of southwestern Utah include, from
west to east, the Markagunt, Paunsaugunt, Sevier, and Table
Cliff Plateaus, and several other named plateaus (fig. 1) that
lie within the structural transition zone between the Basin
and Range and Colorado Plateaus provinces. This report
deals mainly with selected Tertiary sedimentary rock units of
the Markagunt Plateau, and to a lesser extent includes those
in adjacent areas such as the Red Hills in the easternmost part
of the Basin and Range province, and those in the Paunsau-
gunt, southern Sevier, and Table Cliff Plateaus, east of the
Markagunt. The east-west extent of the Markagunt Plateau is
from the Hurricane Cliffs eastward to the Sevier River val-
ley, and the north-south extent from the vicinity of Cedar
City northward to about lat. 38°00' N. (fig. 2).

The name Brian Head Formation was introduced by
Gregory (1944), abandoned three decades later by Anderson
and Rowley (1975), and reinstated in 1993. The abandon-
ment was largely due to the inclusion of regional volcanic
units that were subsequently formally named, to the miscor-
relation of Brian Head strata with units of similar lithology

7
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but disparate ages, and to the inconsistent placement of
boundaries of the unit in the High Plateaus region. The rein-
stated stratigraphic interval of the Brian Head (Anderson,
1993) was defined in a more restricted sense than that first
published in 1944. Identification of the unit is difficult in
many places because it is overlain by both autochthonous
and allochthonous units, and an exposed section may not
represent the entire stratigraphic interval of the formation
because of low-angle displacement surfaces within the unit.
Regional disconformities are interpreted to lie at the base of
and within the formation. The correlation chart (fig. 3) illus-
trates the development of stratigraphic terminology relating
to the Brian Head Formation and other lower Tertiary units
of southwestern Utah.

NOMENCLATURAL HISTORY

The name Brian Head Formation was first used and
described for strata at Brian Head peak by Gregory (1944),
who further discussed its component lithologies, distribu-
tion, correlation, and inferred age in ensuing reports (1945,
1949, 1950) (fig. 3). Threet (1952a, b) discussed problems

Index map of southwestern Utah. (Modified from Anderson and Rowley, 1975.)

relating to the Brian Head and suggested restriction, redefi-
nition, or abandonment, in that order. Anderson (1965)
mapped most of the Brian Head Formation interval as part of
the upper gray member of the Claron Formation, a name first
introduced by Leith and Harder (1908). Anderson (1971, p.
1181-1182) criticized Gregory’s usage on the basis of (1)
Gregory’s inconsistent and unclear use of the Brian Head as
a mapping entity, (2) the inclusion in the original unit of
regional ash-fall tuff units that subsequently were formally
named, and (3) in part, the lack of conformity to the 1970
Code of Stratigraphic Nomenclature. Later, Judy (1974)
noted that Gregory’s reconnaissance maps failed in part to
delineate the Brian Head, even in its type area.

Anderson and Rowley (1975) formally abandoned the
names Brian Head Formation and Wasatch Formation in
the region (fig. 3). Their specific reasons for elimination of
the Brian Head name were (1) the inclusion by Gregory of
units in the Brian Head that later were recognized as

Figure 2 (facing page). Map of Markagunt Plateau and adjoining
areas. Base from U.S. Geological Survey 1:100,000 Panguitch
(1980). Contour interval 1,000 feet. Triangle, described section and
reference locality.
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regionally widespread ash-flow tuff units of the Needles
Range Group and Isom Formation (fig. 4); (2) the inclusion
in the original Brian Head of sedimentary rock units that
are lithologically similar but not coeval, such as the later
named Bear Valley Formation (Anderson, 1971) and other
units; and (3) the inconsistent or unclear inclusion or exclu-
sion of prominent, cliffy white limestone units, the now
white member (informal unit) of the Claron Formation, in
the basal Brian Head. Anderson and Rowley (1975, p.
11-13) reassigned the Wasatch—Brian Head stratigraphic
interval to the Claron Formation. Their Claron consisted of
ared member and an overlying white member that included
tuffaceous sedimentary rocks of the former Brian Head
Formation as well as the distinctive cliff-forming white
limestone beds. They defined the top of the Claron as
“below the base of the lowest overlying lava flow, mudflow
breccia, or ash-flow tuff.” The base of the Claron was
expressed more enigmatically, presumably because of the
lack of regional correlation information. Anderson (1965)
had mapped the approximate Brian Head interval as an
“undifferentiated uppermost member” of the Claron. More
recently, these rocks were mapped separately from the
Claron as “local sedimentary and volcanic strata” (Ander-
son and Rowley, 1987; Anderson and others, 1987), or as
“sedimentary and volcanic rocks of the Red Hills” (Mal-
donado and Williams, 1993a, b; Maldonado and others,
1990, 1992). In the Red Hills, these rocks underlie tuffs of
the Needles Range Group and include, in addition to sedi-
mentary rocks, local ash-flow and ash-fall(?) tuff beds (see
“Red Hills Section” in this report).

Despite nomenclatural changes, usage of the name
Brian Head has persisted in some published reports and has
appeared regularly in informal correspondence of geologists
working on the stratigraphy of the region. Anderson (1993,
p. 5-6) reinstated the name Brian Head Formation for “rocks
that paraconformably overlie the Claron Formation and most
commonly underlie the Needles Range Group or, where it is
missing, the Isom Formation; or elsewhere underlie other
volcanic strata, including ash-flow tuff, lava, flow breccia,
and lahar, but not airfall tuff; or cap the local section.”
Although he defined the lower contact in general terms, he
clearly excluded rocks that he referred to as “locally derived
volcanic strata that in places overlie these sedimentary
strata” from the upper boundary zone. He implied that these
volcanic strata constitute a separate unit or units.
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DEFINITION AND DISTRIBUTION

The Brian Head Formation (revised) as defined here
includes a heterogeneous assemblage of lower Tertiary dom-
inantly volcaniclastic fluvial, lacustrine, and tuffaceous
strata that paraconformably overlies units of the Claron For-
mation. In an autochthonous succession the Brian Head
underlies welded ash-flow tuffs of the Needles Range
Group, or where the Needles Range is absent, tuffs of the
Isom Formation, or volcanically derived breccias and sedi-
mentary rocks, such as those of the Mount Dutton Formation
or the tuffaceous and sedimentary strata of Limerock Can-
yon unit of Kurlich (1990). The Brian Head consists of tuf-
faceous and nontuffaceous sandstone and conglomerate,
limestone replaced in part by varicolored chalcedony, and
minor ash-flow and air-fall tuff; locally the uppermost part
consists of autoclastic flow breccia, mudflow breccia, and
lava flows. The formation records the earliest extensive Ter-
tiary volcanic activity in the region. The type section is at
Brian Head (peak) (figs. 5 and 6) in the Brian Head 7.5-
minute quadrangle; the base of the section is exposed 1 km
north of Cedar Breaks National Monument. In the Red Hills,
the Brian Head was mapped as the informal “sedimentary
and volcanic rocks of the Red Hills” by Maldonado and Wil-
liams (1993a, b).

In most structurally undisturbed sections on the Mark-
agunt Plateau, the Brian Head Formation (fig. 3) lies
between an underlying distinctive white limestone unit and
overlying volcanically derived units. The limestone unit is
the uppermost bed of the white member of the Claron For-
mation (the upper of two relatively thick (more than 5 m)
widespread “white” limestone beds of the member (Moore
and others, 1994)). Where the white member is absent, the
Brian Head rests on beds of the red member of the Claron.
The upper boundary of the Brian Head Formation, where
structurally undisturbed, is placed at the base of ash-flow
tuffs of the Needles Range Group or Isom Formation, and
locally beneath rocks of the Mount Dutton Formation,
Limerock Canyon unit of Kurlich (1990) (see “Other Ter-
tiary Sedimentary Rock Units”), or younger Tertiary and
Quaternary units. As such, this boundary includes units that
Anderson (1993) excluded from the Brian Head. We
believe it necessary to include them, however, in order to
establish a regionally distinctive top. The upper part of the
Brian Head as defined here is too variable to be useful in
regional lithostratigraphic correlations. The volcanic and
volcanically derived rocks in the upper unit of the Brian
Head have not been correlated with certainty beyond local
areas. Conversely, the most consistent boundary markers
for the top of the Brian Head Formation are the overlying
ash-flow tuffs of the Needles Range Group or of the Isom
Formation, which are distinctive and regionally persistent.
Moreover, our definition of the lower and upper boundaries
satisfies the criterion of mappability to a greater extent than
previous boundary placements. The above relationships are
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Figure 6. Brian Head peak, looking northeast. Lowlands underlain by sandstone and conglomerate
unit of Brian Head Formation; light-hued slopes expose gray volcaniclastic unit of Brian Head For-
mation; dark rocks on west side of peak are Isom Formation tuffs and unnamed volcanic rocks; Leach
Canyon Formation felsic tuff caps peak.

autochthonous rock unit relationships; allochthonous rock
units overlying the Brian Head Formation are the Marka-
gunt megabreccia of Anderson (1993) and other megabrec-
cia units such as that overlying the Red Hills shear zone, a
zone of low-angle decoupling in or above the Brian Head
Formation (Maldonado, 1995) (see Sable and Maldonado,
this volume, chapter H).

Delimiting the specific regional extent of the Brian
Head Formation (revised) will require more work because
lithologically similar but younger units are sporadically
exposed on the Markagunt Plateau and adjoining areas (see
section, “Other Tertiary Sedimentary Rock Units™). They
include the Bear Valley Formation (Anderson, 1971) and
equivalents, the “tuffaceous and sedimentary rocks of
Limerock Canyon” (Kurlich, 1990; Kurlich and Anderson,
1991), and other clastic and tuffaceous rocks which probably
are part of the Mount Dutton Formation or part of younger
Tertiary units. From west to east, however, known Brian

Figure 5 (facing page). Acrial photograph showing location of
Brian Head Formation type section traverse (arrows) and apparent
overlap relationship of gray volcaniclastic unit on sandstone and
conglomerate unit. Tlc, Leach Canyon Formation; Tu, unnamed
lava and boulder agglomerate unit, the “mudflow and lava-flow
breccia and sedimentary rocks” unit of Maldonado and Moore
(1995); Ti, Isom Formation; Thhv, gray volcaniclastic unit of
Brian Head Formation; Thhs, sandstone and conglomerate unit of
Brian Head Formation; Tcw, white member of Claron Formation;
Ter, red member of Claron Formation; co, colluvium. Contact
dashed where inferred.

Head rocks are present in the Red Hills and along the western
margin of the Markagunt Plateau from the town of Parowan
southwestward and nearly to Cedar City in the hills north of
Cedar Canyon (fig. 2). Eastward from the Cedar
Breaks—Brian Head area, the formation is poorly exposed
but can be traced as an autochthonous unit 22 km to south-
east of Panguitch Lake. Parts of the high Markagunt Plateau
west of Panguitch Lake are covered by basalt of late Ceno-
zoic age, and tracing the Brian Head Formation is tenuous in
these areas. At Panguitch Lake, the Brian Head and younger
units, such as the Isom Formation, are overridden by the
main body of the allochthonous Markagunt megabreccia
(Anderson, 1993) along a low-angle structural detachment.
The Brian Head Formation can be traced from Haycock
Mountain, east of Panguitch Lake, eastward to the vicinity of
the town of Hatch, and thence in intermittent exposures,
southwards along the eastern margin of the Markagunt Pla-
teau to the Long Valley Junction area. At Hatch, a unit orig-
inally believed to be coeval with the Brian Head
unconformably overlies a thin succession of Brian Head
strata. This unit, the tuffaceous and sedimentary rocks of
Limerock Canyon (Kurlich, 1990), is now known to be more
than 10 million years younger than the Brian Head (see sec-
tion, “Other Tertiary Sedimentary Rock Units”). East of the
Markagunt Plateau, in the Paunsaugunt Plateau and the
southern Sevier Plateau, as much as 260 m of lithologically
similar strata is interpreted to be correlative with the Brian
Head; these strata lie above the white member of the Claron
Formation and underlie mudflow breccia and lahar deposits
of the Mount Dutton Formation. Locally, these strata lie
below rocks mapped as the Wah Wah Springs Formation of
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the Needles Range Group (Rowley and others, 1987), which
strongly suggests that the entire interval is correlative with
the Brian Head Formation. Farther northeast in the Table
Cliff region (fig. 1), Bowers (1972) reported a white tuf-
faceous sandstone unit overlying the Wasatch (present
Claron) Formation. The Wasatch, as described by Bowers,
consists of (in descending order) the variegated sandstone,
white limestone, and pink limestone members. The white
tuffaceous sandstone unit and the variegated sandstone
member of the Wasatch are here provisionally correlated
with the gray volcaniclastic rocks unit and sandstone and
conglomerate unit, respectively, of the Brian Head
Formation (revised) (fig. 3).

LITHOLOGY AND THICKNESS

The Brian Head Formation is here subdivided into three
informal units (ascending): the sandstone and conglomerate
unit, the gray volcaniclastic unit, and the volcanic rocks unit.
Regional paraconformities or low-angle unconformities are
interpreted to underlie both the sandstone and conglomerate
unit and the gray volcaniclastic unit. The volcanic rocks unit
appears to be of local and sporadic occurrence; regional cor-
relation of the unit has not been achieved.

SANDSTONE AND CONGLOMERATE UNIT

This unit is rarely exposed, but commonly weathers to
easily recognized red and brown soil and rubble. Good par-
tial exposures are present at locations at the northern part of
and north of Cedar Breaks National Monument. There the
unit overlies the upper ledge-forming “white” limestone of
the white member of the Claron Formation. It is a nontuf-
faceous, varicolored unit of reddish-brown, pink, and red-
dish-orange hues. At the type section, sandstone and
granule- to pebble-conglomerate are submature lithic are-
nites and rudites with fine-grained clastic, in part silicified
matrix containing subangular to subround clasts of gray and
black chert, gray and pink quartzite, light-gray milky
quartz, and abundant angular to subangular grains of pink
and gray micritic to silty limestone identical to that in the
underlying Claron Formation. Siltstone, claystone, and thin
beds of micritic limestone constitute about 60 percent of
the basal part of the unit; sandstone and conglomerate are
more common in the upper part. Exposures farther east,
south of Panguitch Lake (fig. 2), contain less conglomerate.
The unit is about 30 m thick in the type area, and about 40
m near Panguitch Lake. It is absent or very thin in the Red
Hills and in the westernmost and easternmost Markagunt
Plateau. No age indicators have been found in the unit in
the study area, but because of its stratigraphic position the
sandstone and conglomerate unit is provisionally correlated
with the finer grained variegated sandstone member of the

Wasatch (Claron) Formation of Bowers (1972, p.
B27-B28) of the Table Cliff Plateau region, 50 km north-
east of the Markagunt Plateau. Preliminary determinations
of a vertebrate fauna by J.G. Eaton (University of Utah,
oral commun., June 1994) suggest a late Eocene age for the
variegated sandstone member in the southern Sevier
Plateau, less than 20 km east of the Markagunt.

GRAY VOLCANICLASTIC UNIT

The extensive and distinctive strata of the gray volcani-
clastic unit constitute the largest volume of the Brian Head
Formation. The unit has been mapped from the Red Hills
eastward to the vicinity of Hatch, about 40 km, thence south-
ward for about 8 km (fig. 2). No complete section of this unit
is exposed on the Markagunt Plateau; its outcrops are com-
monly slumped or covered by clayey debris and highly plas-
tic mudflow deposits. Dominant rock types are clayey,
tuffaceous sandstone, conglomeratic sandstone, and clay-
stone and clay of grayish, greenish-gray, and yellowish-gray
hues. The sandstone is a lithic arenite, commonly of bimodal
grain-size distribution and salt-and-pepper texture, is imma-
ture to submature, and consists of about 30 percent plagio-
clase (mostly oligoclase-andesine), 20 percent rounded
calcite, 20 percent quartz, 15 percent sanidine, 5-10 percent
volcanic rock fragments, and 5-10 percent fresh-appearing
biotite and hornblende. Pebbles in the lower part of the unit
consist largely of subrounded quartzite, organic limestone of
Paleozoic age, and chert in a clayey, calcareous matrix. The
pebbles and cobbles in the upper part of the unit, however,
are dominantly moderately to highly welded ash-flow tuffs
of mafic to felsic composition that do not resemble known
tuffs of the region. Bioturbation is intense in some sand-
stones; root casts, worm(?) tubes, and small-scale penecon-
temporaneous slump of the bedding are common. Fluvial
crossbedding is uncommon, having been obliterated in many
beds by bioturbation and soft-sediment deformation pre-
served as convolute bedding. Other lithic components of the
unit are ledge-forming light-gray to white micritic to sandy
limestone beds as much as 2 m thick that are in part replaced
by distinctive chalcedony that is amoeboid, lenticular, and in
part brecciated and recemented. The chalcedony is of strik-
ing brown, red, gray, blue, yellow, orange, and black hues.
Some chalcedony is highly brecciated and recemented by sil-
ica; some is suitable for lapidary use, but most is highly frac-
tured. Geochemical analysis of chalcedony in the Brian
Head Formation was reported by Maldonado (1995). Minor
components of the unit are thin sandy ash-fall(?) tuff beds.

VOLCANIC ROCKS UNIT

The volcanic rocks unit is the most heterogeneous and
the most poorly understood succession of the Brian Head
Formation. Either it consists of scattered different but
roughly contemporaneous rock facies or it was variably
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eroded before emplacement of younger Tertiary units.
Lithologies characteristic of this unit are mudflow breccia,
immature lithic arenite, conglomerate containing pebbles to
large boulders of volcanic rocks of felsic, intermediate, and
mafic compositions, monolithologic autoclastic(?) breccia,
mafic lava characterized by augite phenocrysts, and minor,
but locally thick ash-flow tuff. Exposures of the unit are gen-
erally in steep-sided cliff- and ledge-dominated slopes such
as those in the Red Hills (reference section 1), on the south
slope of Haycock Mountain, and at a structural dome near
Bear Valley Junction (Anderson and Rowley, 1987). The
mudflow breccia and mudstone-matrix-supported conglom-
erate and conglomeratic sandstone contain many subround
pebble- to boulder-sized clasts as much as 2 m in diameter
and angular slabs as much as 20 m long, almost exclusively
of ash-flow tuffs. Some of these tuff clasts and slabs are pet-
rographically similar to tuffs of the Wah Wah Springs For-
mation of the Needles Range Group, the Baldhills Tuff
Member of the Isom Formation, and the Bauers Tuff
Member of the Condor Canyon Formation. At least one
moderately welded, highly lenticular ash-flow tuff is present
in the Red Hills (Maldonado and Williams, 1993 a, b). The
tuff is dated at about 33-34 Ma (see section, “Age of the
Brian Head Formation”). Sandstone and conglomerate
matrix in the unit is a volcanic wacke locally containing
abundant dark glass shards. Monolithologic autoclastic or
volcanic mudflow breccia directly underlying the Needles
Range Group tuff at the Bear Valley Junction dome, 15 km
north of Panguitch, was included in a unit informally named
“local volcanic and sedimentary strata” by Anderson and
Rowley (1987) that also includes latite and trachyandesite
lavas and ash-flow tuff. The volcanic rocks unit is not
present at the type section of the Brian Head Formation, but
is about 100 m thick in the Red Hills (reference section 1).

Some conglomerate beds contain pebble- to boulder-
sized clasts of rocks that are also petrographically similar to
tuffs in the Needles Range Group, Isom Formation, and Con-
dor Canyon Formation (for example, in reference section 1
and reference locality 2), but are provisionally considered to
be in the volcanic rocks unit of the Brian Head. The identity
of the clasts remains enigmatic; if the clasts are from the
above units, the enclosing strata are clearly younger than the
Brian Head. In the Red Hills, however, the conglomerates
underlie an ash-flow tuff dated at about 33-34 Ma that lies
below rocks of the Needles Range Group (Maldonado, 1995;
L.W. Snee, U.S. Geological Survey, written commun., Feb-
ruary 1994). The geologic map of the Parowan Gap quadran-
gle (Maldonado and Williams, 1993a) that delineates the tuff
also shows a low-angle structural discontinuity (Red Hills
shear zone) at the base of overlying Needles Range rocks of
reference section 1, but as explained in their map text, the
discontinuity may not specifically coincide with the mapped
contact; in this vicinity it lies within the lower 110 m of the
reference section.

LOWER CONTACT

The basal contact of the Brian Head Formation with
underlying units of the Claron Formation is rarely exposed.
Over much of the area the abrupt change from the red clas-
tics of the sandstone and conglomerate unit of the Brian
Head to the limestone beds of the Claron white member is
easily mapped. This relationship extends from Cedar
Breaks eastward to the vicinity of Panguitch Lake. Farther
east, in and south of the vicinity of Hatch, the middle gray
volcaniclastic unit of the Brian Head overlies the Claron
white member, and the contact is placed at the first appear-
ance of volcanic constituents such as fresh-appearing
biotite. Still farther northeast, in the southern Sevier Pla-
teau, the variegated sandstone member of the Wasatch
(Claron) (Bowers, 1972), which we correlate with the Brian
Head sandstone and conglomerate unit, is widespread; its
contact with the Claron white member is also distinctive
and easily mapped on the basis of color contrast and slope-
versus cliff-forming character.

Anderson and Kurlich (1989) reported a paraconfor-
mity at the base of beds now included in the Brian Head For-
mation, but what unit of the Brian Head they referred to is
not clear. We suggest, mainly on the basis of the presence of
the different underlying Claron members, that a disconfor-
mity representing erosion on a bevelled surface of east-dip-
ping Claron strata lies at the base of the sandstone and
conglomerate unit. The abundance of Claron-derived lime-
stone clasts in the sandstone and conglomerate unit also sug-
gests that an erosional interval preceded deposition of these
basal Brian Head strata.

North and west of the Brian Head type section, the
white member of the Claron Formation is only locally
present; it is absent farther west in the northern Red Hills.
At locations where the white member is absent, the gray
volcaniclastic unit directly overlies the Claron red member
in what we interpret to be an unconformable relationship
because the sandstone and conglomerate unit is also absent.
One of the very few exposures of the basal contact of the
Brian Head Formation is along the West Fork of Braffits
Creek (reference locality 1 of this report), where tuffaceous
conglomerate and sandstone of the gray volcaniclastic unit
overlie the Claron red member. At the Brian Head type sec-
tion, the base of the gray volcaniclastic unit overlaps the
underlying sandstone and conglomerate unit (fig. 5). This
relationship, however, may in reality represent slump and
slide deposits of Quaternary age rather than an intra-Ter-
tiary crosional and depositional feature. The absence of the
sandstone and conglomerate unit in some areas, such as
those near Hatch and in the Red Hills, however, also sug-
gests that an unconformity is present at the base of the gray
volcaniclastic unit.
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UPPER CONTACT

The upper contact of the Brian Head Formation with
structurally autochthonous ash-flow tuffs of the Needles
Range Group or Isom Formation is generally marked by a dis-
tinct lithologic change from clastic sedimentary rocks to
superjacent resistant vitrophyres or welded tuffs. Good expo-
sures of sedimentary rocks underlying tuff of the Needles
Range Group can be seen along the upper part of Lowder
Creek 3 km east of Brian Head (peak) in the Brian Head 7.5-
minute quadrangle. Volcanic breccia, here included in the
Brian Head Formation, underlies rocks of the Needles Range
Group at the Bear Valley Junction dome (Anderson and Row-
ley, 1987), and a similar relationship west of Bear Valley was
reported by Anderson and others (1987). At outcrop scale, the
contact of the Brian Head with Needles Range or Isom tuffs
appears to be conformable, but the absence of Needles Range
rocks in many places may represent either an erosional inter-
val before emplacement of Isom Formation rocks or nonem-
placement of Needles Range tuffs. In some places, thinning
or absence of the Needles Range is the result of low-angle
structural displacement, along either the Red Hills shear zone
or the base of other allochthonous bodies of rock. The other-
wise extensive distribution of Needles Range tuffs and the
time interval of several million years between deposition of
the Brian Head and emplacement of Isom rocks, however,
suggest that an erosional hiatus separates the two units.

THICKNESS

Few reliable thicknesses of the Brian Head Formation
have been measured in the study area because of poor expo-
sures and real or inferred structural and mass-movement
complications. Measured and estimated thicknesses range
from about 200 m in the western part of the Markagunt Pla-
teau to incomplete sections of about 30 m near Hatch, along
the plateau’s eastern margin. The interval between the
Claron Formation and Needles Range Group at Bear Valley
Junction dome is 230 m thick (Anderson and Rowley, 1987);
similarly, the interval in the Red Hills is more than 200 m
thick (Maldonado and Williams, 1993a, b). A 290-m-thick
section in the Casto Creek drainage, southernmost Sevier
Plateau, was described by Rowley (1968), who assigned the
rocks to the white member of the Claron Formation. We cor-
relate the approximately upper 260 m of that section with the
Brian Head and propose that the lower 30 m is part of the
white member of the Claron. Farther north at Adams Head
peak, Sevier Plateau, as much as 165 m of comparable strata,
mapped as the Claron white member, lies below ash-flow
tuff of the Needles Range Group (Rowley and others, 1987),
thus indicating that these strata are Brian Head equivalents.
Much of the strata in the Sevier Plateau exposures is highly
pumiceous, and conglomerate clasts are almost entirely of
volcanic rocks of unknown derivation.

STRATIGRAPHIC SECTIONS
AND LOCALITIES

The Brian Head Formation is almost everywhere a
poorly exposed unit owing to poor cementation and an
expansive clay mineral fraction. Poorly resistant tuffaceous
sandstone and clay weather to low to moderate slopes that
are largely well vegetated or colluvium covered. These beds
are exposed mostly in actively downcutting drainages. The
more resistant beds such as limestone, limestone partly or
wholly replaced by chalcedony, and to lesser extent, poorly
to moderately welded tuff, crop out sporadically on slopes
and in stream beds. Some roadcuts provide good exposures
of the unit, but many are obscured by slumping. In wet
weather, gumbo-like clay makes even improved unpaved
roads impassable for most vehicles. Soil creep is common on
hillsides, and at times, highway travel is obstructed by small
earthflows and landslides within the gray volcaniclastic unit.
Some slump and slide features occur at stratigraphic hori-
zons where the rocks may have been comminuted by differ-
ential movement associated with low-angle faulting, such as
along the Red Hills shear zone of Maldonado and others
(1992; also see Maldonado, 1995).

Two measured and described sections are shown
herein; they are the type section of the Brian Head Formation
at Brian Head (peak) and the Red Hills reference section, 30
km north of the type section (fig. 2). The type section is pro-
visionally considered to be an undisturbed section, but it
does not contain the uppermost, volcanic rocks unit. If the
zone of abundant chalcedony (units 6 to 8) represents silici-
fication along the Red Hills shear zone as suggested by Mal-
donado (1995), some beds in this interval may be missing or
attenuated. The Red Hills section is incomplete because the
base of the formation is below ground level and because the
Red Hills shear zone is suspected to occur in the upper part
of the section.

BRIAN HEAD FORMATION TYPE SECTION

Brian Head (peak), Brian Head 7.5-minute quadrangle.
Contiguous quarters of secs. 11, 12, 13, and 14, T. 36 S., R.
9 W., Iron County, Utah. The section, about 220 m thick, is
exposed in mostly rubble covered slopes and in gullies and
bedrock ledges from the top of cliffs of the uppermost lime-
stone bed of the Claron Formation (white member) below
the junction of Utah State Highway 143 and the road to Brian
Head (peak) to cliff- and ledge-forming tuffs of the Isom
Formation in the upper part of the peak (fig. 6). Reddish-
brown sandstone and conglomerate and minor limestone in
roadcuts and drainage ditch cuts form the basal unit of the
formation, and they are overlain by mostly volcanic arenite
containing minor limestone, pink tuff and conglomerate
beds, and abundant chalcedony. Units 1-5 represent the
sandstone and conglomerate unit division of the formation,
and units 6-34 the gray volcaniclastic unit. The volcanic
rocks unit is not present. This was the type area of the origi-
nal Brian Head Formation of Gregory.
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[Measured by E.G. Sable and Michael Hill, May 22, 1992]

Thickness
{meters)
Leach Canyon Formation (Oligocene) of Quichapa Group
(in part):
Narrows Tuff Member:
40. Tuff, grayish-red to brownish-gray: weathers pale red,
dense, massive, lithic and crystal poor; crystals are
about 25 percent quartz, 20 percent sanidine, 45 per-
cent plagioclase, 5 percent biotite, and S percent
red lithic fragments .............coooovvriiiieiiiiee e 13+
39. Basal vitrophyre, brownish-gray to dark-gray, mas-
sive; contains probable sanidine and plagioclase
PhENOCTYSES ..ot 6+
Unnamed unit:
38. Partly covered by rubble and talus of aphanitic
dark-gray, platy-weathering lava(?) ........cccooooooniriccniennnn. 8+
37. Boulder agglomerate; contains clasts of brick-red
and black aphanitic volcanic rock, basalt(?),
obsidian, scoria, and vitrophyre. Elsewhere in
places, this unit also contains clasts of Needles
Range Group and Isom Formation (Maldonado
and Moore, 1993) ..o 21.3
Isom Formation (Oligocene):
36. “Tuff lava,” medium-dark-gray, aphanitic, nonpor-
phyritic. dense; contains conspicuous elongate
vesicles. A few angular, cobble- to small
boulder-sized fragments of Needles Range
Group tuff present as slope litter ..., 152
35. Rubble, mostly tuff lava; dark-reddish-brown clay
AL DASE ... 127
Brian Head Formation (middle Oligocene to upper Eocene?):
Gray volcaniclastic unit:
34.  Mostly covered:; rubble of aphanitic siliceous rock,
mottled black and white, probably a thin bed.
Minor chalcedony float ............ocooccoieviiieee e 4.1
33. Chalcedony, light-gray to brownish-gray; minor
light-gray limestone rubble, forms ledge..........cccoovrinnn. 0.5
32. Rubble slope: clay, comminuted siltstone and sand-
stone, and white limestone partly replaced by
gray chalcedony.................. e 153
31. Rubble, ash-fall(?) tuff, white, chalky...........cc.c.ooovniin 0.3+
30. Rubble, sandy clay, gray .54

29. Rubble and ledges of tuffaceous sandstone, thin ash-fall
tuff, and brown, plastic sandy clay. Includes thin
resistant ledge of limestone partly replaced by
grayish-brown chalcedony; sandstone is light gray
to olive gray. fine to coarse grained, salt-and-pepper
texture; unit capped by 3 cm of white chalcedony .......

28. Sandstone, light-gray to dark-olive-gray. tuffaceous:
bimodal with fine to granule-sized grains; interbed-
ded with two ash-fall(?) tuff beds in lower 0.6 m
of unit. Upper tuff is light brown, clayey. soft, in
part with channeled upper surface; lower tuff | ¢m
thick, pale red, contains possible black biotite...............

27. Covered; sandy SOil........cocociviieiiiiiiiiieiee e

26. Sandstone, gray, tuffaceous, contains borings or
TOOE CASES ...ttt

25. Covered: sandstone float..............ccooneinnininnciinennn.

24. Limestone, very light gray, thin-bedded, sandy; partly
replaced by white chalcedony..........ccoooooviiiiiiinnnnn.

23. Rubble, sandstone

22. Sandstone. gray, very fine grained, calcareous: borings
OF TOOL CASLS ...uiiiiiiiiiieeitce e

143

.18
. 1.6

.09

.05

19
Thickness
(meters)
Brian Head Formation Type Section—Continued
21. Sandstone, medium- to light-gray, fine-grained; exhibits
salt-and-pepper texture: friable to moderately indur-
ated, weathers in irregular shapes; contains pits,
probably root molds, and convolute bedding.................... 1.5

20. Covered; low-angle slope with gray clay and silty clay
REAVIIES ..ottt ettt ettt 79
19. Limestone. very light gray, aphanitic; forms resistant

18. Limestone, yellowish-gray; weathers white; partly re-

placed by gray chalcedony: forms ledge..........ccooveinee 0.3
17. Rubble from unit 18 on low-angle slope; much gray clay....5.1
16. Limestone, medium-light-gray. crystalline to silty:

“StoCkWOrk™ fTACtUre ....c.oviviviiiiecce s 0.3
15. Covered. Much gray clay in soil ... 1.6
14. Limestone, light-gray. partly replaced by translucent

gray, blue, red, and black chalcedony; forms bench ........0.3
13.  Partly covered; rubble of clay and limestone ........................ 6.3

12. Rubble. Clay and clayey siltstone, olive-gray; minor

very light gray limestone as chips and thin limestone

Bed At TOP ..o 79
T1. COVETEA ..o 32
10. Dolomitic(?) limestone and chalcedony; limestone very

light gray to white to moderate pink; micritic, exhibits

irregular fracture; in part brecciated and recemented

with pink calcite cement; contains calcite-filled vugs,

pisolite-like structures and possible shell fragments.

Replacement chalcedony occurs mostly in lower

0.3 m; moderate reddish brown, black, dusky blue,

and gray: in part brecciated and recemented with

silica; forms prominent bench............ccooooeivniinienn 1.8
9.  Rubble covered. Lower one-half of unit is clay or clayey

siltstone, light-olive-gray, plastic, and minor

fine-grained sandstone. Upper part contains very

light gray limestone and minor chalcedony.................... 349
8. Chalcedony, varicolored red. yellow, orange, gray:

massive; forms ledge-like bench........cocooiiiinivinn 1.0+

Section below mostly covered: section intervals calculated from altimeter
survey and by hand level; measurements are approximate, were made
directly to southeast of section described above down to headwater drain-
age of Mammoth Creek; includes minor gully exposures.
7. Mostly rubble and vegetation cover. Interval includes
olive-gray sandy clay, very light gray limestone chips,
and concentrated float of rounded pebbles as much as
6 cm in diameter of red and pink aphanitic felsic ash-
flow tuff and lesser amounts of gray intermediate tuff
or lava. Includes dark, carbonaceous-appearing soil .....12.2
6.  Rubble and vegetation cover. Float of olive-gray to
gray medium to coarse sand of salt-and-pepper
texture in plastic mud matrix. Scattered large
chalcedony blocks as much as 2 m in width. Mud
probably bentonitic..........occeevireieriieeccrcncee . 318

Note: See Maldonado (1995) for chemical analysis of chalcedony
samples from southwest side of Brian Head peak.

Section below measured immediately south of State Highway 143, 300 m
north of Mammoth Summit road to Brian Head peak; measured uphill
from limestone cliffs of white member of Claron Formation.

Sandstone and conglomerate unit:
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Thickness
(meters)
Brian Head Formation Type Section—Continued
5. Mostly vegetation cover. Scattered hillside rubble and road-
cut exposures; light-olive gray to reddish-brown sand-
stone, conglomeratic sandstone, and conglomerate;
conglomeratic rocks contain rounded pebbles of gray
and black chert, varicolored quartzite, and angular

clasts of pink to gray micritic limestone ........................ 259
4. Rubble of silty limestone, pink, very finely crystalline;
weathers reddish brown; irregularly fractured............... <0.3

3. Soil, reddish-brown
2. Claystone, gray.................
1. Clay, gray, plastic.........c.cccocoeverirerrrrrrieennne

Claron Formation, white member. Limestone, very light gray, weathers
yellowish orange, in two cliff-forming units separated by varicolored
claystone, sandstone, conglomerate, and limestone. Not measured; 2 km
to south of above section, total thickness of white member is about 70 m.

RED HILLS SECTION

Reference section 1. Red Hills, Parowan Gap quadran-
gle, NW!/, and NE!/, of SE!/,, sec. 8, T.33 S.,R. 9 W., Iron
County, Utah. Section occurs in steep, southwest-facing
slopes, gullies, and ledges of a prominent unnamed hill.
Along strike to the north, upper part of section contains a
fairly prominent pink ash-flow tuff.

[Measured by E.G. Sable and Michael Hill, May 20, 1992]

Thickness
(meters)
Needles Range Group (Oligocene) (part):
34. Rubble. Low slope. Needles Range Group tuff overlain
by cliffs of same rocks to hilltop. Estimated
thiCKNESS ......covieiirctecee e, <15
33. Vitrophyre, medium-gray, foliated; contains probable
plagioclase phenocrysts ..........cooocceeveemerrerieeereeecnenn. 0.9
32. Talus of Needles Range Group tuff..........ccccc.ooovrivvreneean.. 3.0

Brian Head Formation (part):
Volcanic rocks unit:

31. Conglomerate, grayish-green to reddish-brown, iron-
stained, grain-supported, poorly sorted, moderately
indurated; contains clasts of large variety of tuff and
lava, mostly subangular to round, 20-70 cm diameter;
lithologies range from pink felsic to andesitic to basal-
tic rocks. Minor interbedded planar-bedded sandstone;
ledge-forming unit...........ccocoovveueineieieceieeee e 52

30. Sandstone, dusky-red; as small ledges and talus................... 1.5

29. Conglomeratic sandstone, bright-green to grayish-green,
rusty-weathering; pebble- to large cobble-sized volcanic
TOCK CIASES ..o e et 1.5

28. Mostly debris covered. Conglomeratic sandstone in basal

" part is grayish orange pink. Upper part is a steep talus

slope of conglomeratic sandstone debris. This covered
interval may conceal pink ash-flow tuff elsewhere as
much as 60 m thick reported by Maldonado and
Williams (1993a) as a bed in their “sedimentary and
volcanic rocks of Red Hills” (present Brian Head
Formation) Unit.............ccooevoveieeeeeeeereereeeeeees oo 13.7

Thickness
(meters)
Red Hills Section—Continued
27. Cobble to boulder conglomerate, with subangular to
rounded clasts as much as 0.8 m in diameter;
clast- and matrix-supported; coarsens upwards.
Clasts entirely of volcanic ash-flow tuff, mostly
red felsic aphanitic rock of unknown origin; a few
clasts of ash-flow tuff resemble those of Needles
Range Group and Isom Formation............cccccoevevveveuneee. 38
26. Talus of sandstone, gray, clayey, tuffaceous; contains
scattered pebbles and cobbles..........coc.vreeiviineiiveicenne 6.1
25. Conglomeratic sandstone and sandstone, pale-green to
grayish-green, probably tuffaceous, moderately resistant;
vivid green hues at clast boundaries. Clasts as large
as 0.6x0.2 m in diameter composed of felsic aphanitic
rocks with glassy feldspar; a few clasts of ash-flow
tuffs that resemble those of Needles Range Group
and Isom FOrmation............ccvvcrrecrercucmneneennncresnnnescrcnens 9.5
24. Conglomerate and breccia, grayish-green, friable, very
immature; fine- to medium-grained sandstone matrix;
probably @ mudflow ...........ccceeeeieiririreee s 2.7
23. Sandstone and conglomeratic sandstone, grayish-green;
clasts are matrix-supported; unit moderately resistant..... 4.6
22. Talus, sandstone and clay, gray to grayish-green.................. 43
21. Conglomeratic sandstone, gray to pale-green; contains
volcanic tuff and quartzite clasts as much as 5 cm in
QIAMELET ... .ottt s 0.9
20. Tuffaceous sandstone and clay, gray; includes a
0.3-m-thick resistant conglomerate ledge; forms slope ... 4.9
19. Conglomerate, conglomeratic sandstone, and breccia,
pale-yellowish-brown, blocky to massive, resistant
cliff- and ledge-former. Basal 0.2 m is conglomerate
with clasts as much as 3 cm in diameter; bedding
ranges from planar to very low angle crossbeds;
contains angular to subround clasts of volcanic
ash-flow tuffs. Resistant unit ..........cccocceveveieinenicicnnennns 55
18. Rubble slope; clayey sandstone and sand................co.oc...... 1.8
17. Rubble of ash-fall(?) tuff, moderate-orange-pink to
moderate-pink, chalky, soft; appears to be a lens that
thickens southward.............coccoveniiininnic e 1247
16. Sandstone and conglomeratic sandstone grading upwards
into breccia; clasts entirely of volcanic tuff; resistant
LEAZE ..ot 12
15. Sandstone, poorly resistant, slope former .........c...cc.cooeeenence. 1.5
14. Sandstone, planar-bedded, moderately crossbedded;
ledge-fOrmer ..........ccoviiieiciiienrcce e 03
13. Sandstone and conglomeratic sandstone, tuffaceous;
salt-and-pepper texture; possible zeolitic matrix; in

part crossbedded; resistant unit ............ccccoooeinenininnninn. 1.4
12. Conglomerate, similar to unit 10; clasts include Paleozoic

limestone in tuffaceous sandy matriX...........ccoceeveerrenennne 0.6
11. Sandstone, gray, fine- to medium-grained, moderately

TESISTANL ...vevveviieierirereere vt et esen et rene e ensse e eanesassesesaesrasan 1.2

10. Conglomerate with rounded to subangular clasts 1-10 cm
in diameter of volcanic tuffs (dominant), chert, red
and pink quartzite; grades into unit 11.........oooeecnn. 0.9
9.  Conglomeratic sandstone similar to unit 5 with basal
0.4-m-thick conglomerate, yellowish-gray to very light
gray, tuffaceous, bimodal grain size distribution; con-
glomerate clasts 1-8 cm in diameter of volcanic rocks
in medium to coarse sand matrix; weathers to rounded
DOSSES .vvcvvetie ettt 38
8. Sandstone similar to unit 6. 1.6



BRIAN HEAD FORMATION, SOUTHWESTERN UTAH 21

Thickness
(meters)
Red Hills Section—Continued
7.  Breccia and conglomerate. pinkish-gray: clasts less than
1 cm in diameter of a variety of volcanic tuffs in
mudstone matrix; very resistant ...........co.ococeevvveveerirvenenene. 0.2
6.  Sandstone similar to unit 2, tuffaceous; high clay or
ZEONIE CONLENL ...ttt 6.4

5. Conglomerate and sandstone, gray, medium- to
coarse-grained, matrix-supported; contains 70 percent
well-rounded clasts 1-15 c¢m in diameter of volcanic
ash-flow tuff, including medium-gray olivine-bearing
lava, pink felsic crystal tuff containing biotite and
hornblende grains, grayish-green vitric tuff with
quartz, feldspar, bright-green ferromagnesian mineral,
and maroon aphanitic to finely crystalline rock with
green matrix; grades into overlying unit ..............c..co..... 1.2

Gray volcaniclastic unit (part):
4.  Tuffaceous sandstone, very light gray, coarse-grained;
thickens southeastwards ............cccccoierimircinciieinne 03
3. Tuffaceous sandstone, claystone, and white ash-fall(?)
tuff in basal 3 ¢cm of unit and as lenses within
UIE .ot 0.2-0.3
2. Tuffaceous sandstone and conglomeratic sandstone,
yellowish-gray, coarse-grained to very fine grained;
minor dusky-green very thin clay(?) laminae;
salt-and-pepper texture; contains pebbles of
light-gray ash-flow tuff containing brown biotite
and minor pink felsic rock; moderately resistant
SIope fOIMET ... 57

Section below is largely covered by rubble but contains a few ledgy
exposures.

1. Rubble of tuffaceous sandstone, clay, conglomerate, and
mudflow breccia; sandstone is very light gray to olive
gray, contains very fine to medium grains of biotite and
white feldspar in zeolitic(?) and calcareous matrix;
weathers flaggy to platy; generally moderately to well
indurated; unit forms low-angle slope; conglomerate
contains well-rounded to subangular pebbles. cobbles,
and boulders as much as 0.7 m diameter similar in
composition to Needles Range Group ash-flow tuffs,
andesitic or basaltic lavas, chert, and quartzite.

Mudflow breccia contains clasts similar to those
described above ... 110+

Base of formation not exposed.

Total exposed thickness of Brian Head Formation:.................... 203+

REFERENCE LOCALITIES

In addition to the type and reference sections
described, three reference localities (fig. 2) are briefly
described here:

Reference locality 1. West Fork of Braffits Creek, Sum-
mit quadrangle, NW!/,NE!/4sec. 15, T.35S.,R. 10 W., Iron
County, Utah. High cutbanks along east side of creek below
small waterfall. This is one of the few known exposures of
the basal contact of the Brian Head Formation. More than 15
m of the gray volcaniclastic unit, tuffaceous sandstone and
conglomerate containing rounded quartzite, chert, and lime-
stone clasts, overlies about 10 m of the red member of the

Claron Formation. More than 100 m of tuffaceous sandstone,
conglomerate, chalcedony, and limestone overlies the basal
beds of the Brian Head in limited, mostly slumped exposures.

Reference locality 2. Haycock Mountain, Haycock
Mountain quadrangle. NW1/,NE!/sec. 1, T.36 S, R.7TW,,
and SE!/4SE!/, sec. 36, T. 35 S., R. 7 W, Garfield County,
Utah. Exposures in south-facing slopes and cliffs on south
side of Haycock Mountain. Lower part of section, more than
122 m thick, contains volcanic arenites, thin limestone beds,
and chalcedony of the gray volcaniclastic unit that overlie
rubble and discontinuous outcrops of the sandstone and con-
glomerate unit, about 40 m thick. Upper part of section,
interpreted to be the volcanic rocks unit, is more than 30 m
thick, and consists of mostly sandstone and conglomerate
containing clasts of rocks resembling ash-flow tuffs of Nee-
dles Range Group, Isom Formation, and Condor Canyon
Formation. This upper part is provisionally included in the
Brian Head Formation, and is overlain (in ascending order)
by rubble of allochthonous(?) porphyritic pyroxene-pheno-
cryst lava, Baldhills Tuff Member of Isom Formation, and
Haycock Mountain Tuff of Anderson (1993).

Reference locality 3. Bear Valley Junction dome, Pan-
guitch NW quadrangle, secs. 5,6, and 7, T. 33 S, R. 5 W,
Garfield County, Utah. Section of the Brian Head Forma-
tion about 230 m thick occurs as west- to north-dipping
strata on the northwest flank of the domal structure.
According to Anderson and Rowley (1987), the section
consists of tuffaceous sandstone and siltstone and volcanic
mudflow breccia complexly interbedded with several kinds
of lava as well as ash-flow tuff. The lavas are porphyritic
latite and trachyandesite, and the tuff is a hornblende-sani-
dine vitric-crystal welded tuff. The top of the section is
marked by a massive (>30 m), medium-gray, monolitho-
logic volcanic autoclastic(?) flow breccia; it is overlain by
Needles Range ash-flow tuff.

AGE OF THE BRIAN HEAD
FORMATION

The Brian Head Formation is here provisionally consid-
ered to be late Eocene to middle Oligocene age. Although
the age of some ash-flow tuff in the volcanic rocks unit is
reasonably well established at about 32-34 Ma (middle Oli-
gocene), those for the lower and middle units are less well
constrained. Two radiometric ages have been reported from
rocks known or interpreted to be in the upper part of the
Brian Head Formation (revised) or in probable coeval strata.
A 31.910.5 Ma K-Ar age from an ash-flow tuff in beds
apparently equivalent to the upper Brian Head Formation in
the Bear Valley area was reported by Fleck and others
(1975), and a K-Ar age of 34.2+2.1 Ma on plagioclase was
obtained from a sample of ash-flow tuff 3.5 km north of the
Red Hills section, mapped by Maldonado and Williams
(1993) (H.H. Mehnert, written commun., January 1992).
Subsequent “VAr/39Ar ages of the same Red Hills sample are
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33.00+0.13 Ma on plagioclase and 33.70+£0.14 Ma on biotite
(L.W. Snee, written commun., February 1994). (“0Ar/3%Ar
determinations of apparent age and error factors are based on
2 sigma.)

Two samples of ash-flow tuff of the Wah Wah Springs
Formation of the Needles Range Group directly overlying
the Brian Head Formation along Lowder Creek, 3.2 km east
of Brian Head peak, gave K-Ar ages of 30.4+3.1 and
32.4+3.4 Ma on biotite and 30.4£1.1 and 29.1+1.0 Ma on
hornblende respectively (H.H. Mehnert, oral commun., Jan-
uary 1987; reported in Rowley and others, 1994, p. 10).
(Parameters for age determinations of the Wah Wah Springs
Formation are given in Rowley and others, 1994.)

No fossils of unequivocal age have been found to 1995
in the Brian Head on the Markagunt Plateau or Red Hills;
Gregory (1945, 1949, 1951) assigned the formation to the
Miocene. Feist and others (this volume, chapter B) report a
maximum age of middle Eocene for charophytes from the
basal part of the Brian Head in the southern Sevier Plateau.
On the basis of palynomorphs, Goldstrand (1990) assigned
the underlying Claron Formation a Paleocene and Eocene
age in the Pine Valley Mountains, about 50 km southwest of
the Markagunt Plateau, but he believed the basal beds to be
time transgressive in an easterly direction. Eaton (1995)
assigned Bowers’ (1972) variegated sandstone member of
the Wasatch (Claron) Formation a late Eocene age based on
preliminary identification of vertebrate remains.!

DEPOSITIONAL ENVIRONMENTS
AND SOURCES

The Brian Head Formation marks the earliest major
pulse of Tertiary volcanism affecting the Markagunt Pla-
teau and surrounding areas, as shown by abundant swelling
clays and fresh biotite in volcanic arenites and claystones,
as well as the presence of ash-flow tuffs and highly pumi-
ceous ash-fall tuffs in these nonmarine rocks. Crossbedding
and other current indicators in the clastic sedimentary rocks
indicate a fluvial origin; local contorted bedding suggests
penecontemporaneous aqueous slump features. Limestone
locally contains abundant root casts, suggesting a marshy
pond or lake environment favorable to calcium carbonate
accumulation. Fauna reported by Gregory (1944, 1949,
1950) are sparse continental gastropod and pelecypod
remains, suggesting lacustrine conditions. Sandstones and
conglomerates appear to be discrete but lensing units that

!After completion of this report, a “°Ar/*Ar mean age determination
of 34.99+0.22 Ma was reported from fresh-appearing biotite in a tuffaceous
sandstone about 20 m above the base of the formation (Lisa Peters, New
Mexico Geochronological Laboratary, written commun., September 3,
1996). Location: roadcut west side of U.S. Highway 89, lat 37°35°14” N.,
long 112°28°12"” W. Volcaniclastic unit: errors reported at two sigma con-
fidence level; decay constant and isotopic abundances are those suggested
by Steiger and Jiger (1977, Earth and Planetary Science Letter 36, p.
359-362).

do not show features of extensive lateral distribution such
as would be expected in braided stream deposits; thus, we
infer that they represent deposits of separate ephemeral
streams incised in a landscape of low relief. The well-
rounded clasts of Precambrian(?) and Paleozoic rocks in
conglomerates of the Brian Head do not necessarily
indicate the presence of bedrock of those ages in the source
areas, because identical well-rounded clasts are found in
Upper Cretaceous and lower Tertiary (Claron and Grand
Castle Formations) rocks of the region. Our opinion is that
these well-rounded clasts represent recycled resistates from
these older strata, possibly from uplifted areas along the
Sevier orogenic belt west of the plateaus region. Chalce-
dony masses are amoeboid to irregular and are clearly
replacements of limestone, and to a lesser degree tuff, pos-
sibly by ground-water (hydrothermal?) percolation of sil-
ica-rich solutions. Some limestone is highly brecciated and
recemented by calcite; some chalcedony also exhibits a
brecciated texture recemented by silica. If the brecciation is
related, then replacement by silica postdated limestone dep-
osition and lithification. Maldonado (1995) has suggested
that some of the chalcedony may be the result of selective
replacement along the Red Hills shear zone.

About 34 Ma, voluminous andesitic to rhyolitic volca-
nism associated with caldera complexes in southeastern
Nevada and southern Utah (for example, Monroe Peak,
Indian Peak, Marysvale) became a dominant source of dep-
osition in southwestern Utah. The 33-34 Ma ash-flow tuff
unit of the Brian Head Formation in the Red Hills, a discon-
tinuous unit as much as 60 m thick (Maldonado and Will-
iams, 1993a), may represent one of these regional tuff units.
Air-fall(?) tuff units may be the distal parts of pyroclastic
eruptions from calderas in Nevada or southern Utah. One or
two thin felsic air-fall(?) tuff units are present at various
locations on the Markagunt Plateau, and ash-flow tuff has
been mapped in limited areas there. Volcanic sources for
these tuffs may have lain to the west, north, or northeast. The
apparent eastward or southward gross fining of sedimentary
rocks in the Brian Head may suggest western or northern
sources. The Brian Head thins eastward in the eastern Mark-
agunt Plateau (Sable, unpub. mapping, 1994). The thinning,
however, may not be depositional, but the result of erosion
prior to the deposition of the overlying much younger strata
of the Limerock Canyon unit near Hatch. Rowley and others
(1994, p. 10) suggested a northeastern source, the Marysvale
volcanic field, for rocks of the Brian Head. The volcanic
rocks unit of the Brian Head contains ash-flow tuffs, lava
flows, and mudflow breccias in its northern and eastern
exposures; thus volcanic centers north or northeast of the
Markagunt Plateau or local vents may have been sources for
these rocks. In addition, the thick pyroclastic Brian Head
equivalents in the southern Sevier Plateau contain clasts
whose compositions do not resemble known volcanic tuffs
from the western Great Basin. Thus, volcanic sources may
have been bidirectional prior to emplacement of Needles
Range Group rocks, and interfingering of volcanic and sedi-
mentary materials from the two sources may have continued
from middle Oligocene into early Miocene time.
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OTHER TERTIARY SEDIMENTARY
ROCK UNITS

In addition to the Brian Head Formation, other units of
dominantly sedimentary Tertiary rocks are exposed in the
Markagunt Plateau and other areas of southwestern Utah.
Some of these units contain lithologic components that, to
the time of this writing, are indistinguishable from those of
the Brian Head, and have therefore been correlated with the
formation. The following brief discussions of some of these
units afford an overview of recent and current developments
during mapping and topical studies in this region. Besides
inclusion of published material, unpublished data and inter-
pretations derived from mapping and age determinations
since Gregory’s early work are also presented. The units,
generally from older to younger, include the Claron Forma-
tion (Leith and Harder, 1908; first used on the Markagunt
Plateau by Anderson, 1965), the Bear Valley Formation
(Anderson, 1971), mudflow and lava-flow breccia and tuf-
faceous sandstone unit (Maldonado and Moore, 1995), allu-
vial facies rocks of the Mount Dutton Formation (Anderson
and Rowley, 1975), tuffaceous and sedimentary strata of
Limerock Canyon (Kurlich, 1990), and several local or
uncorrelated, apparently discontinuous successions of flu-
vial and gravity-emplaced strata.

CLARON FORMATION

Many authors have reviewed and discussed the strati-
graphic history of nomenclature of the Claron (formerly
Wasatch) Formation, including resumés by Bowers (1972),
Anderson and Rowley (1975), and most recently, Rowley
and others (1994). Regional topical studies of the Claron in
the plateaus of southwestern Utah and adjacent areas have
been conducted; chief among these are those by Schneider
(1967), who called the unit the Cedar Breaks Formation,
Mullett and others (1988a, b), Mullett (1989), and Taylor
(1993). This section presents evidence relating to the upper,
lower, and intra-unit lithostratigraphic boundaries that have
been recognized in mapping on the Markagunt Plateau and
Red Hills by us and by D.W. Moore (Moore and others.
1994). These studies include reexamination of previously
described Claron exposures and boundary contacts, espe-
cially as they relate to the Brian Head Formation, and older
Tertiary units that have in the past been generally included in
the lowermost Claron (Cashion, 1967; Sable and Hereford,
1990) or with underlying Cretaceous units.

Our field examination of stratigraphic sections reported
by previous authors coupled with our review of literature
related to the Claron (Wasatch) Formation indicates consid-
erable variation in the placement of Claron unit contacts.
Some of our interpretations (see correlation chart, fig. 3) are
tentative because many ecarlier reports, although they

describe lithologic criteria used to identify the Claron units,
do not specify contact criteria or indicate by descriptive lan-
guage that different criteria are used in different areas; thus
those reports not only are lithologically inconsistent, but also
put forth confusing time-stratigraphic relationships.

On the Markagunt Plateau and at least in parts of the
southern Sevier and Paunsaugunt Plateaus, the Claron For-
mation has been genecrally considered to comprise two
units, a lower red or pink member containing fluvial sand-
stone, conglomerate, siltstone, mudstone, and sandy to
argillaceous to relatively pure lacustrine limestone charac-
terized by red, orange, and pink hues; and an upper white to
gray member characterized by relatively pure, cliff-forming
“white” limestone in the lower part and by tuffaceous sand-
stone, clay, mudstone, and minor interbedded tuff in the
upper part. Some workers have subdivided the upper white
to gray member into a lower white limestone unit and an
upper gray tuffaceous unit—the gray volcaniclastic unit of
the Brian Head Formation of this report. The base of the
Claron, generally at the base of red-hued strata, has been
mapped, in some cases, to include (or in others, to exclude)
conglomerate, sandstone, and shale that are probably equiv-
alent to the Canaan Peak (Upper Cretaceous and Pale-
ocene?), Grand Castle (Paleocene), and Pine Hollow
(Paleocene? and Eocene) Formations (Goldstrand and Mul-
lett, this volume, chapter D). For mapping purposes, the
base of a red cliff-forming bed of sandstone and calcareous
siltstone more than 17 m thick at Cedar Breaks is consid-
ered to correspond to the base of the Claron Formation,
mainly on the criterion of color. The red hues, however, in
the cementing agents, may be the result of secondary stain-
ing. Without such staining, the basal bed might be consid-
ered as the uppermost bed of the Grand Castle Formation,
which it lithologically resembles.

Recent mapping has also revealed the presence of as
much as 30 m of intermittently exposed Canaan Peak ortho-
quartzitic sandstone and Pine Hollow variegated shale
(Bowers, 1972) underlying the Claron Formation along the
“Pink Cliffs” from Long Valley Junction nearly to Navajo
Lake (fig.-2). These lithologic units were previously
included in an undivided Cretaceous rock unit by Cashion
(1967) and in the basal Claron Formation by Sable and Here-
ford (1990). In cliffs south of the lake, however, Claron beds
rest on Cretaceous sandstone and mudstone of probable San-
tonian age (Nichols, this volume, chapter E), and lithologi-
cally similar but undated strata underlie the Claron along
State Highway 14 south of Cedar Breaks National Monu-
ment. Within and north of the monument, however, gray
sandstone and conglomerate of the Grand Castle Formation
(Goldstrand, 1990; Goldstrand and Mullett, this volume,
chapter D) underlie basal Claron strata. These three lower
Tertiary units are also absent in the Bryce Canyon area,
Paunsaugunt Plateau, although a discontinuous conglomer-
ate bed, a possible Grand Castle equivalent, was mapped in
the basal Claron Formation there (Bowers, 1990).
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The red member of the Claron is a widespread unit; it
extends along the western margin and throughout the higher
parts of the Markagunt Plateau and adjacent areas. It is as
much as 370 m thick in the Red Hills (Threet, 1952a, b), is
400 m thick at Cedar Breaks (our interpretation of
Schneider’s 1967 data), and is about 244 m thick to the north-
east in the Table Cliff Plateau region (Bowers, 1972) (fig. 1).

The white member of the Claron is generally composed
of basal and upper distinctive “white” limestone units sepa-
rated by sandy mudstone or by a succession of mudstone,
sandstone, and conglomerate. Regionally, the relationships
of the three units of the white member are not yet well under-
stood, as indicated by Moore and others (1994, p. 4). The
white member of the Claron is absent in the northern Red
Hills; only sporadically present and thin along the western
margin of the Markagunt Plateau and possibly the southern
Red Hills (Maldonado and Sable, unpub. mapping); about
58-69 m thick at Cedar Breaks (Schneider, 1967; Moore and
others, 1994); 26 m thick in the southeastern Markagunt Pla-
teau (Moore and others, 1994); and it averages 168 m thick
in the Table Cliff region (Bowers, 1972).

Bowers (1972, p. B27-B28) included in his Wasatch
(Claron) Formation an uppermost, variegated sandstone
member containing a sporadically occurring distinctive con-
glomerate characterized by clasts of black chert and light-
hued limestone and quartzite overlain by varicolored sand-
stone, siltstone, and mudstone, including in the northern
Table CIiff region, white and gray, “salt-and-pepper” sand-
stones “that appear to be slightly tuffaceous” in the upper
part. The unit is about 80-90 m thick in the Table CIliff Pla-
teau region. Schneider (1967, p. 185-186) included a similar
but coarser grained succession about 33 m thick in the upper-
most part of his Cedar Breaks Formation (Paleocene and
Eocene). According to Schneider, scarce to abundant mica
zones, not found by later investigators (Rowley and others,
1994), occur in these beds, and the section is overlain by the
“light grays” of the Brian Head Formation. In this report, the
variegated sandstone member of Bowers and the upper 33 m
of Schneider’s Cedar Breaks Formation are provisionally
considered to be correlative and are included in the Brian
Head Formation. No definitive age evidence has been
obtained from the 33-m-thick section, but a late Eocene age
1s suggested by J.G. Eaton (oral commun., June 1994) based
on vertebrate fossils, and by Feist and others (this volume,
chapter B) for charophytes in the variegated sandstone mem-
ber exposed on the Sevier Plateau.

BEAR VALLEY FORMATION,
LIMEROCK CANYON UNIT, OTHER UNITS

The simplistic view visualized by early workers that
sections of dominantly gray, tuffaceous “salt-and-pepper”
sandstone, conglomerate, and associated tuffs exposed in the
study region all represented the Brian Head Formation has

been undermined by recognition of similar, but distinctly
younger clastic sedimentary units such as the Oligocene
Bear Valley Formation (Anderson, 1971). This unit contains
zeolitic sandstone of eolian and fluvial origin, conglomerate,
mudflow breccias, and thin tuff beds. Locally more than 300
m thick, it is dated at about 24.5 Ma (Rowley and others,
1994) and was apparently deposited in local grabens in the
northern Markagunt Plateau.

An informal “mudflow and lava-flow breccia and tuf-
faceous sandstone unit as much as 150 m thick” (Maldonado
and Moore, 1995), overlying the Isom Formation, is sporad-
ically exposed along the western front of the Markagunt Pla-
teau and has been recognized as far east as the Panguitch
Lake area. The unit contains tuffaceous sandstone similar to
that in the Brian Head Formation, along with mudflow brec-
cia that locally contains megaclasts of the 26-27 Ma Bald-
hills Tuff Member of the Isom Formation and of the 28-30
Ma Needles Range Group. Its stratigraphic position is the
same as that of the Bear Valley Formation and it is provision-
ally correlated with that unit.

Another unit that was incorrectly correlated with the
Brian Head Formation is exposed near the town of Hatch in
the eastern Markagunt Plateau. This unit was mapped by
Kurlich (1990) and informally named “tuffaceous sedimen-
tary strata of Limerock Canyon.” The type sections of this
unit, according to Kurlich, comprise 76 m of mostly gray,
green, white, and bluish-white volcanic wacke and lesser
amounts of calcareous, in part silicified, mudstone, tuf-
faceous siltstone, ash-fall tuff, and tuffaceous conglomerate
containing predominant igneous clasts, in contrast to the
metamorphic and sedimentary rock clasts dominant in basal
Brian Head strata. As mapped by Kurlich, the Limerock
Canyon unit directly overlies the white member of the
Claron Formation, and contains varicolored chalcedony and
dominantly calcareous strata in its lower part that are identi-
cal to those in the gray volcaniclastic unit of the Brian Head
Formation. Thus, based on lithologic similarities and appar-
ently similar stratigraphic position, the Limerock Canyon
was considered to correlate with the Brian Head. However,
radiometric ages show clearly that this correlation is invalid.

The Limerock Canyon unit is younger than the Brian
Head by more than 10 million years, although their compo-
nent lithologies are similar. K-Ar age determinations of
samples of two poorly welded tuffs from the upper part of
the Limerock Canyon unit, along Limestone Creek west of
Hatch, yielded ages of 20.2+1.4 and 21.5£0.6 Ma on biotite
and 19.84£0.8 and 21.0£1.0 Ma on sanidine (H.H. Mehnert,
written commun., January 1992). 40Ar/3%Ar determinations
of a tuff between the two previously dated tuffs in the same
stratigraphic section yielded an age of 20.48+0.8 Ma on
biotite and 21.0£1.0 Ma on sanidine (L.W. Snee, written
commun., 1994).

Further examination of the Limerock Canyon unit and
mapping just west of the Hatch area (Sable, unpub. data,
1994) indicate that about 45 m of Limerock Canyon strata
unconformably overlies a thin (about 30 m) succession of
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Brian Head gray volcaniclastic unit strata that in turn over-
lies the white member of the Claron Formation. We suggest
that the Limerock Canyon unit may be the basal part of
extensive alluvial deposits that have been mapped as val-
ley-fill gravels in the eastern Markagunt Plateau (Kurlich,
1990; Moore and others, 1994). Salt-and-pepper sandstone
and conglomerate interbedded with coarser valley-fill grav-
els along the Sevier River 2.5 km north of Hatch closely
resemble Limerock Canyon rocks. Work continues on this
perplexing problem.

Recent mapping has confirmed the presence of appar-
ently discontinuous thin (less than 15 m) units of tuffaceous
sandstone and mudflow breccia between tuffs of the Needles
Range Group and the Isom Formation at several locations in
the western Markagunt Plateau; these are generally mapped
with the Needles Range rocks. Other tuffaceous sandstone
and conglomeratic sandstone units of uncertain correlation
occur within the Markagunt megabreccia near Panguitch
Lake. These contain clasts of ash-flow tuffs, some of which
are compositionally identical to the Bauers Tuff Member of
the Condor Canyon Formation (23.5-23 Ma). Locally the
units underlie mudflow breccias interpreted to be part of the
Mount Dutton Formation.

SUMMARY AND CONCLUSIONS

Revival and revision of the Brian Head Formation as a
distinctive mappable unit remove it from the underlying
Claron Formation with which it had been combined. Brian
Head strata, of late Eocene to middle Oligocene age, show
evidence of the earliest widespread Tertiary volcanic activity
in the region, a precursor to the emplacement of the very wide-
spread Great Basin ash-flow sheets and the voluminous vol-
canically derived material from the Marysvale volcanic field.

Regionally, the Brian Head Formation occupies the
stratigraphic interval between the underlying white member
of the Claron Formation and several overlying units, the Nee-
dles Range Group, Isom Formation, Mount Dutton Forma-
tion, Limerock Canyon unit, and late Tertiary valley-fill
fluvial sediments. Along western margins of the Markagunt
Plateau and in the northern Red Hills, the Brian Head overlies
the older, red member of the Claron Formation, providing
evidence for a regional disconformity at the base of the Brian
Head. The basal sandstone and conglomerate unit of the for-
mation, containing nontuffaceous sedimentary strata, is pro-
visionally correlated with the variegated sandstone member
of the Claron (Wasatch) Formation of the southern Sevier
and Table Cliff Plateaus. The base of the middle, gray volca-
niclastic unit, characterized by widespread tuffaceous rocks,
is also suspected to coincide with a low-angle regional dis-
conformity. The upper, volcanic rock unit is not everywhere
present, due either to discontinuous deposition or emplace-
ment or to erosion prior to deposition of overlying units.

Other dominantly sedimentary rock units of Tertiary
age which contain strata that resemble those of the Brian
Head Formation are relatively thin units between ash-flow
tuff sheets of Great Basin origin, the 24 Ma Bear Valley For-
mation and probable equivalents, and the 20 Ma Limerock
Canyon unit. In areas of poor exposure or structural com-
plexity within the Markagunt Plateau correct recognition of
such units is extremely difficult.
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Significance of Charophytes from the Lower Tertiary
Variegated and Volcaniclastic Units, Brian Head Formation,
Casto Canyon Area, Southern Sevier Plateau,
Southwestern Utah

By Monique Feist,! Jeffrey G. Eaton,? Elisabeth M. Brouwers, and Florian Maldonado

ABSTRACT

Sparse charophyte gyrogonites representing the new
combination Stephanochara aff. Stephanochara vera (Hu
and Zeng) are described from the variegated and volcaniclas-
tic units of the Paleogene Brian Head Formation in the Casto
Canyon quadrangle. Based on documented ages of the
charophyte species in the People’s Republic of China, we
infer that the basal part of the Brian Head Formation has a
maximum age of middle Eocene.

INTRODUCTION

Specific ages, original depositional environments, and
correlation of lower Tertiary sedimentary rocks exposed in
southwestern Utah have been difficult to evaluate because of
discontinuous exposures, facies changes, and post-deposi-
tional diagenetic alteration of sediments. In this report, we
focus on nonmarine deposits of the Brian Head and Claron
Formations exposed in the 7.5-minute Casto Canyon quad-
rangle, southern Sevier Plateau (figs. 1 and 2). Cretaceous
and Paleocene nonmarine sedimentary rocks underlie these
Paleogene units, and Oligocene and younger volcanic rocks
overlie them.

This report documents a sparse, low-diversity charo-
phyte flora collected from the variegated unit, considered to
be the basal part of the Brian Head Formation, and from
overlying volcaniclastic sediments of the Brian Head Forma-
tion. During reconnaissance field work in 1994 we identified
several localities, in addition to those reported here, which
contain nonmarine ostracodes and charophytes from Upper

! Institut des Sciences de I’Evolution, Université de Montpellier,
34095 Montpellier Cedex 05, France.

2 Utah Museum of Natural History, The University of Utah, Salt Lake
City, Utah 84112.

Cretaceous strata of the Kaipairowits Plateau and from the
Paleogene Brian Head Formation. During 1995 we plan to
further examine and collect the sedimentary rocks and fossils
of the Claron and Brian Head Formations in order to better
understand the paleoenvironmental and diagenetic history of
southwestern Utah during the Eocene and Oligocene. Jeffrey
G. Eaton (Utah Museum of Natural History, Salt Lake City,
Utah) and Thomas M. Bown (U.S. Geological Survey, Den-
ver, Colorado) have identified initial collections of abundant
and diverse ichnofossil (trace fossil) assemblages from the
Claron Formation (see Bown and others, this volume), which
have yielded information on the paleoclimate and paleoenvi-
ronment of these units. The ichnofossil collections will also
be supplemented during 1995 field work.

GEOLOGIC SETTING

Beginning in the latest part of the Cretaceous and end-
ing during the Paleogene, the Sevier foreland basin in Utah
and Nevada was deformed during the Laramide orogeny,
producing a geographically complex province of basement-
cored and thrust-bounded uplifts separated by numerous,
isolated, internally drained basins (Dickinson and others,
1986; Goldstrand, 1992, 1994). Our study area is within the
eastern part of the structural transition zone that separates the
Basin and Range province from the Colorado Plateaus prov-
ince. Upper Cretaceous and lower Tertiary nonmarine sedi-
mentary rocks predominate in the four uplifted plateaus
shown in figure 1 (the Markagunt, Paunsaugunt, Table CIiff,
and Kaiparowits Plateaus).

Active upwarping was still occurring in the southern
Markagunt and Paunsaugunt Plateaus during the early Pale-
ocene, as evidenced by pinching out and absence of the
Grand Castle Formation (Goldstrand, 1994). This stage of
uplift and erosion is also evidenced by conglomerates of the
Canaan Peak Formation that were reworked into the basal
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part of the Claron Formation. Sandstones and conglomerates
of the basal Claron Formation represent sediments deposited
in a broad basin that developed in the Pine Valley Mountains
area, the southern Paunsaugunt Plateau, and the Markagunt
Plateau, beginning in late Paleocene time and continuing into
the Eocene. Overlap of anticlinal structures by the Claron
Formation indicates the time of cessation of the Laramide
orogeny, estimated to be about 50 Ma (Goldstrand, 1991).

Sedimentary strata in the basal part of the Claron For-
mation in southwestern Utah represent deposition in inter-
nally drained basins that developed between Laramide
uplifted areas. From early Paleocene to middle Eocene time,
fluvial and lacustrine deposition occurred in the Claron inter-
montane basins, with marginal lacustrine shorelines trans-
gressing northeastward (Goldstrand, 1994). Alluvial, fluvial,
and restricted lacustrine environments prevailed during the
Paleocene and early Eocene.

The Brian Head Formation, overlying the Claron For-
mation, provides a record of the earliest extensive post-Lara-
mide volcanism in southwestern Utah. The Brian Head is a
complex unit that consists predominantly of fluvial strata
and to a lesser extent lacustrine-derived and volcanic rocks.
The upper part of the Brian Head Formation consists of mud-
flow breccia, sandstone, conglomerate, minor mafic rocks,
and ash-flow tuff. The contact between the Brian Head and
overlying, structurally autochthonous ash-flow tuff of the
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Needles Range Group is sharp (Sable and Maldonado, this
volume, chapter A). However, in the Red Hills—western
Markagunt Plateau area, the upper contact of the Brian Head
is suggested to be structural in nature (Maldonado and
others, 1992; Maldonado, 1995).

A period of volcanic activity and sediment deposition
marks Oligocene and Miocene time in southwestern Utah
and adjacent parts of southeastern Nevada. Ash-flow tuffs,
alluvial sediments, and tuffaceous sedimentary rocks are
present in units younger than the Brian Head Formation.
These units include the Needles Range Group, Isom Forma-
tion, Mount Dutton Formation, Leach Canyon Formation,
and Limerock Canyon rock units.

STRATIGRAPHY

CLARON FORMATION

The Claron Formation was defined by Leith and Harder
(1908) in the Iron Springs mining district, 100 km west of
our study area. No type section was designated and no mea-
sured section was published, although it seems likely that
Leith and Harder were referring to an outcrop at Mount
Claron east of Iron Mountain (SW sec. 27, T.36 S.,R. 13 W,
Desert Mound 7.5-minute quadrangle). The description by
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Figure 2. Schematic diagram of stratigraphic sequence in western part of study area near Cedar City—Iron Springs mining district, along
west side of Markagunt Plateau near Cedar Breaks National Monument, and in southern part of Sevier Plateau.

Leith and Harder refers to a unit that consists mostly of lime-
stone about 300 m in thickness. The name Claron was
extended eastward to the plateau region by Mackin (1954,
1960), Cook (1957, 1965), and Averitt (1967). Other names
proposed for the pink and white limestone include the Cedar
Breaks Formation (Schneider, 1967), the informal Bryce
Canyon beds (McFall, 1955), and Wasatch Formation (Bow-
ers, 1972). Anderson and Rowley (1975) combined the rocks
previously assigned to Brian Head and Wasatch Formations
in southwestern Utah into the Claron Formation.

In southwestern Utah, the name Claron Formation was
applied by Robison (1966) to a sequence of red and white
limestones cropping out in the southwest margin of the
Sevier Plateau. Robison divided the unit into a lower, pink
member about 300 m thick and an upper, white member at
least 200 m thick. Bowers (1972) used the term Wasatch
Formation (originally named for lacustrine and fluvial sedi-
ments in central and northeastern Utah) for lower Tertiary
rocks east of the Sevier and Paunsaugunt Plateaus, in the
Table Cliff region. He divided beds previously assigned to
the lowermost part of the Wasatch into two new forma-
tions, the Canaan Peak and the Pine Hollow. Bowers rede-
fined the “Wasatch Formation” in the Table Cliff area to

include the pink limestone member and the white limestone
member, and he added an uppermost “variegated sandstone
member.” Bowers (1990) recognized the term Claron For-
mation in his report on the geology of Bryce Canyon. The
variegated sandstone member, which we here call the “var-
iegated unit,” has previously been correlated with the lower
part of the redefined Brian Head Formation. Sable and Mal-
donado (this volume) correlate the variegated unit with the
basal sandstone and conglomerate unit of the Brian Head
Formation described from the Markagunt Plateau, west of
our study area (fig. 1).

Strata of the Claron Formation have been interpreted to
represent fluvial and lacustrine deposition in the internally
drained basins that were flanked by Laramide uplifted areas.
Mullett and others (1988) and Mullett (1989) described
much of the Claron as having been altered by pedogenic pro-
cesses. Bown and others (this volume, chapter C) describe
ichnofossils developed on these paleosols. Diagenetic alter-
ation of the original lithology by pedogenesis has probably
destroyed most of the original fluvial and lacustrine inverte-
brate fossils; only a few nonmarine gastropods have been
recovered, in contrast to the very fossiliferous Wasatch
Formation to the north.
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The Claron Formation directly underlies the variegated
unit of the Brian Head Formation. Any age determinations
for the Claron Formation therefore provide maximum age
constraints for the overlying Brian Head Formation. Most
suggestions for the age of the Claron have been based on
stratigraphic position, but scattered paleontological data pro-
vide some relative ages. Schneider (1967) suggested a Pale-
ocene to earliest Eocene age for the lower Claron (his lower
Cedar Breaks Formation) based on a correlation with the
Flagstaff Limestone. Nonmarine gastropods collected from
the Claron Formation include Viviparus trochiformis,
Goniobasis sp., and Physa sp. (Eaton in Goldstrand, 1994);
these taxa occur in the Paleocene to Eocene Flagstaff Lime-
stone of central Utah. Goldstrand (1991) and Goldstrand and
others (1993) reported a late Paleocene age for the lower part
of the Claron Formation in the Pine Valley Mountains based
on the palynomorph flora. Goldstrand (1994) suggested a
middle Eocene age for the basal Claron Formation in the
Table Cliff Plateau area based on fission-track analyses from
the upper part of the underlying Pine Hollow Formation.
This suggests a time-transgressive younging of the basal
beds of the Claron Formation from west to east. Goldstrand
(1994) noted that preliminary mammalian fossil ages from
an overlying mudstone unit northwest of Table Cliff Plateau
indicate that the upper Claron is no younger than latest
Eocene (data of J.G. Eaton).

BRIAN HEAD FORMATION

The name Brian Head Formation was first used by Gre-
gory (1945) for volcaniclastic rocks on the Markagunt Pla-
teau. The name was abandoned by Anderson and Rowley
(1975) because of confusion over what Gregory had
intended to include within the formation. The name Brian
Head Formation (restricted) was reintroduced as a useful
genetic and stratigraphic unit by Anderson (1993), and the
formation is described in detail by Sable and Maldonado
(this volume). For the purposes of this report, we divide the
Brian Head Formation into the informal “variegated” and
“volcaniclastic” units.

VARIEGATED UNIT

Bowers (1972, p. B27) assigned a sequence “of inter-
bedded red, pink, and purplish-gray very fine grained friable
sandstone, siltstone, mudstone, and limy mudstone and gray
to white fine- to medium-grained sandstone and calcareous
sandstone” to the “variegated sandstone member” of the
Wasatch Formation. Bowers suggested a range of 100-200
m for the thickness of the unit on the Table Cliff Plateau. He
described a conglomerate (the “conglomerate at Boat Mesa’;
Bowers, 1990) occurring between the Claron and Sevier

Formations that is as much as 30 m thick and that contains
conspicuous black chert pebbles. Gregory (1945) correlated
these beds with his Brian Head Formation. This conglomer-
ate is well developed along the southwest margin of the
Sevier Plateau, where it forms the sharply defined top of the
white limestone cliffs, which are made up of the upper white
member of the Claron Formation. The conglomerate matrix
is a white carbonate mudstone containing matrix-supported
chert pebbles. The conglomerate is not genetically part of the
Claron Formation, but it is difficult to map separately from
the white limestone member. The term “sandstone” has been
omitted from the original member name of Bowers (1972) in
this report because the variegated unit is comprised
dominantly of finer grained sediments. Because the varie-
gated unit is distinct from other lithologies of the Brian Head
Formation and because the Brian Head was not clearly
described until this volume (Sable and Maldonado), we
informally refer to these sediments as the variegated unit of
the Brian Head Formation.

The variegated unit ranges from 16 to 38 m thick in
the Casto Canyon 7.5-minute quadrangle, located along the
southwest margin of the Sevier Plateau (fig. 1); this is the
region where Rowley (1968) measured 290 m of strata that
he called upper Claron Formation. Sixteen meters of the
variegated unit was measured by Eaton at SW!/, SWl/,
SW1/, sec. 29, T. 34 S., R. 4 W, along the east side of
Hancock Canyon, and 38 m was measured 2 miles (=3.2
km) to the northwest in the SE/4 sec. 13, T. 34 S., R. 4
W., in a tributary of the South Fork of Limekiln Creek. The
variegated unit is lithologically the most similar to the
Wasatch Formation of any Wasatch-equivalent units in
southwestern Utah to which that name has been applied.
The variegated unit consists of gray mudstones, yellow-
gray mottled mudstones, deep red siltstones, orange mud-
stones, and relatively rare gray-brown sandstones. A thin
(few centimeters), gray, carbonate bed containing gastro-
pods and bivalve fragments is locally present. Several
horizons have yielded vertebrate remains, including mam-
mals, turtles, crocodiles, and fish; these vertebrates are
presently under study by Eaton and Hutchison (1995 and
work in progress).

The variegated unit is clearly thinner on the western
Sevier Plateau than in the Table Cliff Plateau area and is
absent on the eastern Markagunt Plateau, where the volcani-
clastic unit overlies the white member of the Claron Forma-
tion. Sable and Maldonado (this volume) have redefined the
Brian Head Formation on the Markagunt Plateau and
subdivided it into three informal units: the lower sandstone
and conglomerate unit, the gray volcaniclastic rocks unit,
and the upper volcanic rocks unit. Sable and Maldonado sug-
gest that the variegated unit may be equivalent to the sand-
stone and conglomerate unit of the Brian Head Formation.
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The variegated unit is lithologically distinct from the under-
lying cliffs of the upper white member of the Claron and
from the overlying volcaniclastic sediments of the Brian
Head Formation.

The age of the variegated unit is not well constrained.
Bowers (1972) suggested an Eocene age for the unit based
on stratigraphic position. Since then, the unit has not been
referred to in the literature, so no other age estimates are
available. A complex assemblage of vertebrate fossils of late
Eocene age from the variegated unit has been reported by
Eaton and Hutchison (1995).

VOLCANICLASTIC UNIT

Overlying the variegated unit is a thick sequence (more
than 300 m) dominated by volcaniclastic sediments, which
are lithologically almost identical and probably coeval with
the middle part of the Brian Head Formation, the gray volca-
niclastic rocks unit described from the Markagunt Plateau by
Sable and Maldonado (this volume). The overall color of the
volcaniclastic unit is gray, but layers of bright green, orange,
and lavender are present. Lithologies include thick bento-
nitic mudstones and sandstones. Rare conglomerates contain
Paleozoic chert, quartzite, and igneous rock pebbles and cob-
bles. Volcaniclastic chalcedony lenses are characteristic of
the unit. The volcaniclastic unit is well exposed on south-
west-facing slopes in the NW sec. 29, T. 34 S.,, R. 4 W_,
Casto Canyon 7.5-minute quadrangle.

Until recently, no fossils had been reported from the
volcaniclastic unit of the Brian Head Formation. Fossil tur-
tles, mammals, and fish (under study by Eaton and Hutchi-
son, 1995) have been recovered from locality JGE 9202,
located stratigraphically low in the volcaniclastic unit (fig.
3). Eaton and Hutchison (1995) have reported a late Eocene
vertebrate fauna from this unit.

Minimum age constraints for the volcaniclastic unit are
based on two isotopic dates reported from ash-flow tuffs in
the upper volcanic rocks unit of the Brian Head Formation
and from an overlying tuff of the Needles Range Group.

Maximum age constraints are based on several isotopic
dates in Brian Head equivalent units. An ash-flow tuff
mapped in a Brian Head equivalent unit by Anderson and
others (1990) in the Bear Valley area gave a K-Ar date of
31.9 + 0.5 Ma (Fleck and others, 1975). Three isotopic dates
were derived from a single ash-flow tuff interbedded with
Brian Head equivalent units in the Red Hills (Maldonado
and Williams, 1993): (1) a K-Ar date of 34.2 + 2.1 Ma on
plagioclase (H.H. Mehnert, written commun., 1992); (2) a
“Ar/*Ar date of 33.00 + 0.13 Ma on plagioclase (L.W. Snee,
written commun., 1994); and (3) a “Ar/*Ar date of 33.70 +
0.14 Ma on biotite (L.W. Snee, written commun., 1994).

YOUNGER VOLCANIC ROCKS

In the study area, the volcaniclastic unit is overlain by
mudflow and lahar breccias of the Mount Dutton Formation.
An age range of 26-21 Ma was published by Anderson and
Rowley (1975) for the formation; recently Rowley and others
(1994) have expanded the age range to 32-21 Ma. Locally,
where the Mount Dutton Formation is missing, the volcani-
clastic unit is overlain by the Wah Wah Springs Formation
of the Needles Range Group (Rowley and others, 1994). The
Wah Wah Springs Formation is a dacite ash-flow tuff that has
been dated as 29.5 Ma by Best and Grant (1987), and as
29.1-32.4 Ma based on K/Ar by H.H. Mehnert (written com-
mun., 1987) as reported in Rowley and others (1994).

CHAROPHYTE LOCALITIES

During screen washing for micro-vertebrates, several
dozen charophyte gyrogonites were recovered from two sed-
imentary horizons in the Brian Head Formation (fig. 3).
Charophytes from the lower variegated unit were recovered
by Eaton in June 1992 (field number 9201) along the east
margin of a line between the SW and NW quadrants of sec-
tion 5, T. 35 S., R. 4 W., Casto Canyon 7.5-minute quadran-
gle, Garfield County, Utah (fig. 2). The locality is on the
west side of Tent Hollow, the southernmost outcrops of gray
siltstones above the south tributary to Casto Creek. The
locality is a few meters above a pebble conglomerate bed
containing chert and quartzite clasts in a carbonate matrix,
interpreted to be just above the top of the white member of
the Claron Formation. The locality is thus a few meters
above the base, or stratigraphically very low, in the
variegated unit.

Charophytes from the upper volcaniclastic unit of the
Brian Head Formation were discovered by Eaton in June
1992 (field number JGE 9202) approximately at the NW SE
NW section 29, T. 34 S., R. 4 W., Casto Canyon 7.5-minute
quadrangle, Garfield County, Utah. The locality is on the
west side of the easternmost amphitheater on the east margin
of the Casto Canyon quadrangle. Charophytes were recov-
ered from a greenish-gray bentonitic layer interbedded with
whitish-gray siltstones near the top of a drab gray silty sec-
tion that underlies a prominent lavender-colored layer,
which in turn underlies a distinctive orange-colored
sequence. The conglomeratic bed referred to in the preced-
ing paragraph and the variegated unit are both present in the
drainage (E!/2NE SE sec. 30) leading to the locality. The
beds are relatively flat lying and the sampled horizon is no
more than 37 m above the top of the variegated unit, within
the lower part of the volcaniclastic unit.
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CHAROPHYTE ANALYSIS

TAXONOMY

Order CHARALES
Family CHARACEAE
Subfamily CHAROIDEAE

Genus STEPHANOCHARA Grambast

The species occurring in the variegated and volcani-
clastic units of the Brian Head Formation is very similar to
Eotectochara vera Hu and Zeng, 1982. Following the
generic criteria established by Feist and Grambast-Fessard
(1982, 1991), the genus described as Eotectochara Hu and
Zeng (1982) is characterized by gyrogonites that possess
prominent apical nodules surrounded by a periapical groove,
and lacking a noticeable reduction of the cellular width and
thick basal plate; this falls within the definition of Stephano-
chara Grambast. We assign the three species formerly
included in Eotectochara into Stephanochara:

Genus STEPHANOCHARA Grambast, 1959=EQOTECTOCHARA Hu
and Zeng, 1982, Beijing Geological Memoirs (2) 1, p. 562.
Stephanochara hunanensis n. comb.=FEotectochara hunan-
ensis Hu and Zeng, 1982, Beijing Geological
Memoirs (2) 1, p. 562, pl. 372, figs. 1-7.

Stephanochara vera n. comb.=FEotectochara vera Hu and
Zeng, 1982, Beijing Geological Memoirs (2) 1, p.
563, pl. 372, figs. 8-15.

Stephanochara yuanshuiensis n. comb.=Eotectochara yuan-
shuiensis Hu and Zeng, 1982, Beijing Geological
Memoirs (2) 1, p. 563, pl. 372, figs. 16-19.

STEPHANOCHARA aff. S. VERA (Hu and Zeng) n. comb.
Plate 1, figures 1-8

Material —Thirty-two specimens from the variegated
unit and 16 specimens from the volcaniclastic unit, both
from the lower part of the Brian Head Formation.

Description.—The gyrogonites are pear shaped with a
convex apex and salient base. The apical ends of the spiral
cells bear prominent rounded nodules; at the periphery of
the apex, the width of the spirals is not modified, but their
thickness is strongly reduced. The basal ends of the spiral
are thickened, forming a funnel-shaped basal opening. The
basal plate is simple, pentahedral, as large as thick. The spi-
ral surface bears a medium crest, either continuous or
divided into tubercles of variable size. The medium crest
persists to the apex.

Dimensions. (based on 32 specimens from sample JGE
9201):

Convolutions Length Width Isopolarity
(micrometers) (micrometers) index
Maximum 11 1,100 950 136
Minimum 9 930 750 111
Average 10 997 829 120

Affinities.—Based on the characters of the apex and the
base of the gyrogonite, the species from the Brian Head For-
mation is related to Stephanochara. Among the species
referred to this genus, it shows the most resemblance to
Stephanochara vera (Hu and Zeng) new combination, previ-
ously reported from the Hunan Province of southern Peo-
ple’s Republic of China (Hu and Zeng, 1982, 1985). The
gyrogonite shape, with the upper part rounded and the base
tapered, and the dimensions are similar. The American form
differs in having better developed ornamentation of the spi-
ral cells and a slightly larger gyrogonite width (750-950 um
versus 714-867 um for the samples from Hunan). These
slight differences do not justify the distinction of a new spe-
cies, and we therefore consider the species from Utah as
affinis to S. vera. The great geographic distance between the
two localities or a slight difference in age could explain these
morphological variations.

POSITION OF STEPHANOCHARA AFF. S.
VERA AMONG EARLY TERTIARY
CHAROPHYTE FLORAS
OF NORTH AMERICA

Among the few reports describing Tertiary charophytes
from North America, only “Tectochara” matura Holifield is
similar to Stephanochara aff. S. vera. The thick basal plate
and the prominent apical nodules, surrounded by a periapical
groove with a slight reduction of cellular width, are similar
in both species. “Tectochara” matura differs by being much
larger in size and by its weakly developed ornamentation.
The characters of the apex and base show that “7.” matura
should be referred to Stephanochara. However, revision of
this species is beyond the scope of this report.

Holifield (1964) reported “Tectochara” matura from
the Paleocene Flagstaff Member of the Green River For-
mation in San Pete County, Utah. The specimen illustrated
on plate 1, figure 9 was recently collected by Feist in East
Colton, Utah, from a coeval horizon with Holifield’s Flag-
staff locality; the East Colton locality has also yielded the
Nitelloideae charophyte Tolypella pecki (Feist and
Brouwers, 1990).

PALEOECOLOGY

The Brian Head Formation has yielded a single species
of Stephanochara that is very closely related to S. vera Hu
and Zeng, an Eocene charophyte species described from the
Hunan region in China. It is on the basis of this species that
we interpret the paleoenvironments prevailing during depo-
sition of the Brian Head Formation.

A considerable amount of information is available on
the ecology of extant charophytes (Wood, 1965 and refer-
ences therein). In contrast, little has been published on the
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Head Formation.

paleoecology of fossil forms with the exception of recent
studies (Tambareau and others, 1991; Schudack, 1993;
Soulie-Maersche, 1993; Lucas and Kietzke, 1994). The ecol-
ogy of extant and fossil forms is similar, so we will reference
extant ecology in our interpretations.

Most living charophyte species grow in quiet, clear
water with a high pH. They are superficially fixed on a sub-
stratum which may be mud, sand, or silt-covered peat and
sand (Moore, 1986). The climate, hardness, and salinity of
water are the most obvious factors affecting their distribution
(Corillion, 1975).

Climate—The great majority of extant calcified spe-
cies producing calcified and thus fossilizable oogonia are
found in temperate and intertropical zones, and the fossil
record shows the same general distribution. It has been
shown that analysis of charophyte data, and even of lacus-
trine deposits in general, does not allow for direct extrapola-
tion to paleoclimatology (Soulie-Maersche, 1993; Gasse and
others, 1987).

Hardness.—In extant forms, 15 to 200 mg/liter of cal-
cium carbonate is necessary for the calciphilous species
(Corillion, 1975). In the Brian Head Formation, Stephano-
chara aff. S. vera lived under these conditions, as suggested
by the carbonate matrix of the variegated unit (JGE locality

9201), which has yielded the greatest number of specimens.
The species is clearly less abundant in the overlying volcani-
clastic unit (JGE locality 9202), which does not contain a
high percentage of carbonates.

Salinity.—Another aspect of charophyte ecology is tol-
erance to salinity. Some species are entirely lacustrine and
others are restricted to polyhaline biotopes, but most species
can support wide ranges of salinity (up to 70 ppt; Burne and
others, 1980). Similar data were obtained in the early Eocene
of Cabardes (southern France), where the composition of the
charophyte assemblages varied according to salinity; the
salinity ranges were determined by analysis of the associated
ostracode faunas (Tambareau and others, 1991). In the Han-
shou Formation of the Dongting Basin (Hunan Province,
People’s Republic of China), Stephanochara vera is associ-
ated with representatives of the genus Lamprothamnium
(“Obtusochara” in Hu and Zeng, 1985), which is recognized
to be the most polyhaline charophyte genus (Burne and oth-
ers, 1980; Soulie-Maersche, 1993). In a recent paper, Lucas
and Kietzke (1994) reported Lamprothamnium and Chara
from Pliocene saline deposits in the Monticella Point Maar
of Sierra County, N. Mex. The occurrence of the inferred
polyhaline species Stephanochara aff. S. vera suggests that
the Brian Head Formation was deposited at least partly in
water with somewhat elevated salinity.
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AGE DETERMINATION

The Brian Head Formation has yielded only one species
of charophyte. The sample processing techniques that we
used in the field were designed to recover micro-vertebrate
material, and therefore probably only large charophyte spec-
imens and species were retained on the coarse screen mesh.
We cannot exclude the possibility that small charophyte spe-
cies such as Tolypella, a better understood genus that would
provide more detailed age and paleoenvironmental data, may
be recovered in future collections.

In the People’s Republic of China, Stephanochara
vera has been reported from Assemblages 8 and 9 of the
Hunan Province (Hu and Zeng, 1982, 1985), extending
from the late Paleocene to the middle Eocene. Stephano-
chara hunanensis (Hu and Zeng) n. comb. occupies a simi-
lar age range; this species was also formerly referred to the
genus Eotectochara. According to Tang and Di (1991),
Assemblage 5 of Qaidam Basin (Qinghai Province, north-
ern People’s Republic of China), which represents Assem-
blage 9 of the Hunan Province (containing S. vera), does
not extend into the upper Eocene.

We do not suggest restricting the age of the Brian Head
Formation based solely on one charophyte taxon that does
not correspond exactly to the type species. We believe that
the similarities between the American and Chinese represen-
tatives of Stephanochara vera indicate that they are contem-
poraneous or of very similar ages. The presence of S. aff.
vera supports, but does more finely constrain, the relative
ages derived from the vertebrate and invertebrate fauna.

The charophyte data suggest that the variegated and
volcaniclastic units of the Brian Head Formation are no
younger than middle Eocene. The maximum age for the
Brian Head Formation is thus middle Eocene, based on the
charophytes and on nonmarine mollusks and palynomorphs
from the underlying Claron Formation (Goldstrand and oth-
ers, 1993; Goldstrand, 1994). Preliminary analyses of the
vertebrate fauna by Eaton and Hutchison (1995) suggest a
late Eocene age for the variegated unit and the lower part of
the volcaniclastic unit of the Brian Head Formation.
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PLATE 1

[Figures 1-6, x50; figure 7, x100; figure 8, x50, figure 9, x40]

Figures 1-8.  Stephanochara aff. S. vera (Hu and Zeng) n. comb. Brian Head Formation, Utah.
1,2,3,6. Lateral views showing variations of shape and ornamentation.
4. Basal view.
5. Apical view.
7. Axial longitudinal section showing the basal plate.
8. Axial longitudinal section, general view.
9. “Tectochara” matura Holifield. Flagstaff Member, Green River Formation, East

Colton, Utah. Lateral view.
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Trace Fossils of Hymenoptera and Other Insects, and
Paleoenvironments of the Claron Formation
(Paleocene and Eocene), Southwestern Utah

By Thomas M. Bown,! Stephen T. Hasiotis,? Jorge F. Genise,? Florian Maldonado,
and Elisabeth M. Brouwers

ABSTRACT

About 650 hymenopteran trace fossils recently recov-
ered from paleosols of the Paleocene and Eocene Claron
Formation of southwestern Utah include a partial nest of an
ant (Formicidae) and the larval cells and cocoons of bees
(Sphecoidea) and wasps (Vespoidea). Parowanichnus for-
micoides, ichnogen. and ichnosp. nov., is the second
described fossil ant nest and consists of superposed cham-
bers and horizontal galleries that are connected by vertical
shafts, resulting in a lattice-like nest architecture. The
traces of digging bees include two varieties of cells (cf.
Celliforma sp.) and cocoons, and the digger wasps are rep-
resented by a few cells and four sizes of cocoons, some of
which appear to have been parasitized by other
hymenopterans or dipterans. The new ichnogenus Eaton-
ichnus is named to accommodate Xenohelix? utahensis Gil-
liland & LaRocque from the Colter Formation of central
Utah, and a new species, E. claronensis, is described from
the Claron Formation. Eatonichnus is probably a nest con-
structed of mud, possibly by an unknown dung beetle.

The new ichnofauna indicates that environments in
southwestern Utah during development of ichnofossil-rich
Claron paleosols were characterized by moderate plant
growth and moist soils that underwent periodic (perhaps sea-
sonal) episodes of drying.

GEOLOGIC SETTING AND
INTRODUCTION

The Claron Formation was defined by Leith and Harder
(1908) for sedimentary rocks exposed in the Iron Springs
mining district, southwest of the Red Hills in southwestern
Utah (fig. 1). Mackin (1960) informally divided the Claron

Present address: Boulder, CO 80303.

2University of Colorado, Boulder, CO 80309, and U.S. Geological
Survey.

3Museo Argentino Ciencias Naturales, 1405 Buenos Aires, Argentina.

Formation into a lower red member and an upper gray mem-
ber (fig. 2). The gray member has been referred to more fre-
quently in the literature as the white member. The red
member consists predominantly of poorly to moderately
resistant sandstone that is intercalated with variegated mud-
stone, limestone, and pebble conglomerate believed to be of
mixed fluvial and lacustrine origin. The overlying white
member is well developed to absent; for example, it is present
in the southern part of the Red Hills area, but is absent in the
northern part of that area. The white member is characterized
by cliff-forming white limestone and varying proportions of
mudstone, sandstone, and conglomerate. Mullett and others
(1988) and Mullett (1989) have described various degrees of
alteration of Claron sediments by pedogenesis.

The Claron Formation is late Paleocene and Eocene in
age (Goldstrand, 1994), and is extensively developed
throughout most of the Colorado Plateaus province, in parts
of the Basin and Range province, and in the transition zone
between these two provinces (High Plateaus subprovince, of
which the area of fig. 1 is a small part). The formation is
approximately 370 m thick (Threet, 1952a; Maldonado and
Williams, 1993), but is as much as 435 m at Cedar Breaks
National Monument where both members are fully devel-
oped and well exposed (Schneider, 1967).

The Claron Formation is underlain by the Grand Castle
Formation and is overlain by the Brian Head Formation (fig.
2). The Grand Castle Formation is Paleocene in age and con-
sists of about 275 m of conglomerate and sandstone. It is
accorded formal unit status and described elsewhere in this
volume (Goldstrand and Mullett, this volume, chapter D).
The previously abandoned Brian Head Formation (Threet,
1952b; Anderson, 1971) was formally reinstated as a valid
unit (Anderson, 1993) and revised (Sable and Maldonado,
this volume, chapter A). The Brian Head Formation is late
Eocene to middle Oligocene in age and as much as 300 m
thick; it consists mainly of tuffaceous sandstone, sandstone,
mudflow breccia, and pebble-to-boulder conglomerate, with
lesser amounts of limestone, calcareous shale, lenses of chal-
cedony, and ash-flow and ash-fall tuffs. An ash-flow tuff
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Figure 1. Map showing location of trace fossil localities in the Claron Formation of southwestern Utah. 1, Locality TMB U94-3,
site of Parowanichnus formicoides (uppermost part of lower red member of Claron Formation); 2, Locality 94-EB-21 (lower red
member of Claron Formation); 3, Locality 94-EB-22 and 94-EB-23 (upper part of lower member of Claron Formation); 4, Locality
JGE 94-06 (lower part of upper member of Claron Formation). Modified from D.J. Nichols (this volume, chapter E).

present in the northern Red Hills in the upper part of the
Brian Head Formation (termed the sedimentary and volcanic
rocks of the Red Hills) has been dated at 34—33 Ma (Mal-
donado and Williams, 1993; Maldonado, 1995).

In the Sevier Plateau west of the study area and locally
on the Markagunt Plateau (fig. 1), a unit termed the “varie-
gated unit” by Bowers (1972) overlies the Claron Formation
and underlies the Brian Head Formation. This unit is com-
posed of variegated sandstone and mudstone and is dis-
cussed further by Feist and others (this volume, chapter B).

Field studies of the Claron Formation over many years
by Jeffrey G. Eaton and reconnaissance examination of
Claron exposures in 1994 by FM., EM.B., and T.M.B.
resulted in the discovery and collection of numerous trace
fossils of insects from four localities. The majority of these
specimens appear to be of hymenopteran origin, and include
the subterranean part of the nest of an ant (Formicidae), and
numerous brood cells and cocoons of burrowing wasps and
bees and their probable parasites.

The insect trace fossils of the Claron Formation occur
in sandstones, mudstones, and volcaniclastic mudstones, all

of which have undergone significant but varying degrees of
pedogenetic alteration. As in the Upper Cretaceous Asencio
Formation of Uruguay (Genise and Bown, 1996), the trace
fossils are abundant and generally well preserved, and
undoubtedly record numerous generations of insect nest-
building activity.
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SYSTEMATIC ICHNOLOGY PAROWANICHNUS FORMICOIDES, ichnospecies nov.
(Figs. 4, 5)
HYMENOPTERA

FORMICIDAE (ANT TRACES)

PAROWANICHNUS, ichnogenus nov.

Type Ichnospecies—Parowanichnus formicoides, ich-
nospecies nov.; type and only known ichnospecies.

Diagnosis.—Parowanichnus differs from Attaichnus
Laza (the only other described fossil formicid nest) in having
(1) a much smaller total nest volume; (2) much smaller and
less densely packed chambers; (3) chambers oblate to hemi-
spherical rather than globular; (4) galleries essentially of one
basic size—smaller than in Attaichnus; (5) galleries provid-
ing access equally to top, sides, and bottom of chambers; and
(6) a gallery network that is crudely trellate in plan, forming
a gridlike lattice with descending shaft galleries and lateral
tunnel galleries set more-or-less perpendicular to one
another. Resembles Aftaichnus in having irregular walls on
the insides of chambers.

Etymology.—Parowan, a village near the type locality;
and Gr. ichnos, track or trace.

Holotype—Natural cross section of central part of sub-
terranean nest and peripheral gallery system, in outcrop
(figs. 4, 5).

Hypodigm.—The type only.

Locality and Distribution.—Locality TMB-U94-3
(fig. 3; locality 1, fig. 1); uppermost part of lower member
of Claron Formation, southern Red Hills, center of NW!/,
section 27, T. 34 S., R. 10 W., Tron County, Utah. Type
locality only.

Diagnosis—Only known ichnospecies; same as for
ichnogenus.

Etymology.—L. formica, ant; and Gr. eides, like.

Description and Discussion.—The type and only spec-
imen of Parowanichnus formicoides is exposed in a weath-
ered natural cross section on a small cliff face (fig. 3). The
specimen consists of more than 100 chambers and numerous
interconnecting galleries (figs. 4, 5) that comprise the subter-
ranean part of a nest measuring approximately 1.0 m in
height and about 3.3 m across its widest diameter. Irregular
outcrop weathering at the type locality indicates that the cen-
tral part of the nest continues into the rock at least 0.5 m
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Figure 3. Type locality of Parowanichnus formicoides in the southern part of the Red Hills, about 13 km west of Parowan, Iron
County, Utah. Upper arrow shows contact between upper and lower members of Claron Formation, and lower arrow depicts expo-
sure with type specimen in place.

beyond the plane of best exposure. A system of small galler-
ies connecting much larger chambers indicates that
Parowanichnus is a trace fossil of social insect origin. The
presence of unlined galleries taken in conjunction with the
relative simplicity of the unlined chambers and overall nest
organization suggests (with a few exceptions) that the trace-
maker was an ant (Hymenoptera, Formicidae) and not a
termite (Isoptera).

The chambers (fig. 4) have one elongate dimension, are
wider than they are tall, and exhibit irregularly shaped inter-
nal walls. The walls are not reinforced with fine sediment or
excreta, as occurs in the termite ichnofossil Syntermesichnus
and many other termite nests (Bown and Laza, 1990). Cham-
bers range from 10 to 50 mm in diameter and appear to have
been constructed by the simple enlargement of galleries.

The galleries range from 4 to 12 mm wide and 2 to 4
mm in height. They are generally arranged horizontally, side
by side, with vertical tiers distal to the periphery of the nest
(fig. 4A), whereas near the nest center they comprise a laby-
rinthine swarm around the chambers (fig. 4B).

Attaichnus kuenzelii (Laza, 1982) is the only other
described trace known to us that represents a fossil ant nest.
Though possibly also constructed by an attine ant,

Parowanichnus formicoides has a much smaller nest volume
and differs from Attaichnus in several other important archi-
tectural attributes. The globular chambers in Attaichnus
range in diameter from 140 to 170 mm, dwarfing the oblate
to hemispherical, 10-50 mm chambers of Parowanichnus.
The galleries of Parowanichnus are also smaller, with the
largest (4—12 mm) corresponding in size to the smallest in
Attaichnus (5-9 mm). Galleries may enter any part of the
chamber in Parowanichnus, although the majority of access
is from the side. This arrangement contrasts significantly
with that in Atfaichnus, in which the galleries invariably
enter the chambers from the bottom.

Perhaps most importantly, nest organization is very dif-
ferent in the two traces. Attaichnus is characterized by a
dense network of chambers and galleries that are bunched
together, and the spatial relationships of the galleries and
chambers lack geometric organization. In contrast,
Parowanichnus is a more diffuse structure in which the
chambers and galleries radiate away from the center of the
nest and gradually decline in number. The galleries tend to
be arranged parallel and perpendicular to one another, form-
ing a boxwork of tiered galleries and chambers (fig. 44) that
extends up to a few meters distal to the nest center.
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Figure 4. Type specimen of Parowanichnus formicoides;
showing trellate arrangement of low, elongate chambers and interconnecting galleries at periphery of nest. B, Natural
cross section showing greater density of galleries and chambers in heart of nest. Scale (coin diameter=1.75 cm) same
in both A and B.

Excavated ant nests consist of a subterranean network
of galleries connecting chambers (rooms) that are utilized for
brood-raising, nursery caretaking, granaries and, in a few
species, fungus-gardening. Of the nearly 300 genera and
about 8,800 known species of ants (Holldobler and Wilson,
1990), the nest architectures are well known for only a hand-
ful of species that excavate their nests in soil. None of these
closely resembles the complete nest baiiplan seen in
Parowanichnus formicoides.

stereopairs. A, Natural cross section of weathered nest

Ants excavate two basic types of nests: those consisting
of a shallow maze of horizontal tunnels (for example, Lasius
alienus and Tetramorium caespitum); and those dominated
by vertical shafts (for example, many species of Formica,
Prenolepis, and Pogonomyrmex; Sudd, 1967). In general,
shallow nests with numerous horizontal galleries are typical
of humid soils, and deeper nests dominated by vertical shafts
are more commonly built by ants occupying drier regions.
Parowanichnus is arelatively shallow nest (about 1.0-1.5 m)
dominated by horizontal galleries. The short vertical shafts
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connecting different levels of tiered galleries and chambers,
however, might reflect that the nest was constructed in sedi-
ment that was subject to periodic drying.

Tiered chambers such as those seen in Parowanichnus
are built by certain species of Atta, Pogonomyrmex, Tet-
ramorium, and Formica as well as other ant genera (Talbot
and Kennedy, 1940; Brian and Downing, 1956; Sudd and
Franks, 1987), but these nests exhibit neither tiered galleries
nor the network of perpendicularly intersecting excavations
of Parowanichnus. Tiered galleries with perpendicular
shafts occur in soil nests of the primitive Australian wood ant
Myrmecia dispar (von Frisch, 1974), and tiered galleries and
chambers are known in the honey-ant Myrmecocystus mel-
liger from the western United States (McCook, 1882; Gregg,
1963). Parowanichnus does not resemble the nest of any
fungus-cultivating ant (Wheeler, 1907, 1910; Stahel and
Geijskes, 1939; Moser, 1963; Holldobler and Wilson, 1990).

APIDAE (BEE TRACES)
cf. CELLIFORMA sp. Brown, 1934
(Fig. 6B)

Material —22 complete and fragmentary cells.

Localities.—J.G. Eaton locality 89-32, SEY/,NW1/, sec-
tion 2, T. 36 S, R. 3 W, Garfield County, Utah. Upper part
of lower member of Claron Formation. E.M. Brouwers local-
ities 94-EB-22 (locality 3, fig. 1), NE!/,NW1/,SW1/,NW!/,
section 29, T. 37 S., R. 6 W.; and 94-EB-23 (locality 3, fig.
1), NW!/,SE!/,NE!/4 section 30, T. 37 S., R. 6 W., Garfield
County, Utah. Top of lower member of Claron Formation.

Description and Discussion.—Two distinct types of
structures from the Claron Formation, fossil cells and
cocoons, record the activity of bees and wasps, respectively.
Cells are excavated chambers where the eggs and food pro-
visions for the developing young are stored. Cells are con-
structed by both bees and wasps, and fossil cells resemble
the ends of burrows that have enlarged terminations.
Cocoons, on the other hand, are constructed by mature larvae
and may be either spun of body secretions or built out of
earth and saliva (Evans, 1957, 1963; Zahradnik, 1991).

In the Claron fossils, only one type of cell is preserved,
and it has smooth surfaces and rounded terminations (fig.
6B). In all specimens, the cell is broader than the entrance
burrow that leads to it. In contrast to the behavior of wasps,
most bees line their cell walls with secretions, thus reinforc-
ing the walls and causing them to be very smooth. It is also
common that this strengthening of the cell wall is extended
into the proximal part of the burrow, resulting in what is
commonly good preservation of the proximal part of the bur-
row as well as the enlarged cell (fig. 6B). No burrowing
wasps are known to harden either their cell walls or their bur-
rows (J. Rozen, written commun., 1994).

Claron fossil bee cells occur as solitary cells and are not
formed into combs; therefore, they are excluded from ichno-
genera Uruguay (Roselli, 1938) and Rosellichnus (Genise

Figure 5. Type specimen of Parowanichnus formicoides, show-
ing different levels of low, tiered chambers. Bar is 5 cm.

and Bown, 1996) and probably belong in Celliforma
(Brown, 1934). Retallack (1984, p. 585) rediagnosed this
ichnogenus, restricting it to only those forms with “polished
and smooth” cell walls. A revision of the ichnospecies of
Celliforma is beyond the scope of this contribution, but
would be necessary to determine if the Claron bee traces
belong in a new ichnospecies of Celliforma.

VESPOIDEA AND (OR) SPHECIDAE (WASP TRACES)
(Figs. 64, C-E; 84, B)

Material —612 complete and partial cocoons.

Localities—E.M. Brouwers localities 94-EB-22
(locality 3, fig. 1), NEY,NW!/,SW!/,NW!/, section 29,
T. 37 S.,, R. 6 W.;and 94-EB-23 (locality 3, fig. 1),
NwW!/,SE!/4,NE!/4 section 30, T. 37 S., R. 6 W., Garfield
County, Utah. Top of lower member of Claron Formation;
20 m above J.G. Eaton locality JGE 89-32, SE!/,NW!/,
section 2, T. 36 S., R. 3 W., Garfield County, Utah. Upper
part of lower member of Claron Formation.

Description and Discussion.—In contrast to cells,
cocoons are ovoid to spindle-shaped structures that were
constructed within the cells by mature larvae. They are

Figure 6 (facing page). Cells of unknown bees (B) and cells and
cocoons of unknown wasps (A, C-E) from the Claron Formation.
A, Five rugose wasp cocoons with pointed terminations. B, Four
smooth bee cells with rounded terminations. C, Four naturally erod-
ed wasp cells, each exhibiting an internal Group III cocoon. D,
Large, complete Group I wasp cocoon. E, Naturally eroded Group
II wasp cocoon, showing associated Group III (large arrow) and
Group IV (small arrow) cocoons. Note parallel-ridged bioglyph on
surface of largest (Group II) cocoon. Bars are 1.0 cm; upper bar is
scale for A-D, lower bar is scale for E. E is a stereophotograph.
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Figure 7. Histogram depicting four size groups (Groups I-IV, in text) of fossil cocoons from the Claron Formation.

closed structures that, aside from the large pores on some
wasp cocoons, do not have openings into the cell or into the
entrance burrow during the time of larval development. All
trace fossils of wasps from the Claron Formation consist of
cocoons (figs. 6A, C-E; 8A,B) and four fragments of cell
walls (fig. 6C).

The lengths of the cocoons fall into four distinct sizes,
termed Group I (largest) through Group IV (smallest, see fig.
7). The collection consists of but two examples of the largest
(Group I) cocoon. The only complete specimen (fig. 6D) is
4.32 cm in length; it has a conical top and narrows to a gently
rounded base. Although its surface is relatively smooth, it
exhibits no bioglyph to suggest that it might have been
woven as opposed to constructed of earth. Group II cocoons
(figs. 6E, 8A) range from 1.8 to 3.2 cm in length and are spin-
dle shaped. A few specimens preserve an external bioglyph
consisting of faint parallel ridges oriented circumferentially
around the short diameter of the cocoon (fig. 6E). This pat-
tern suggests that Group II cocoons might have been woven
by the larvae. Group III cocoons (fig. 6E, 8B) range from
1.05 to 1.60 cm in length and have an ovate shape. Their sur-
faces are very smooth but lack any perceptible bioglyph.
Group IV cocoons (fig. 6E) range from 0.35 to 0.75 cm in
length. Like Group III cocoons, they are ovoid in shape and
have a smooth exterior with no trace of a bioglyph.

The presence of four distinct size ranges of cocoons
from the Claron Formation suggests that four different wasps
might be represented in the ichnofauna. However, three
Group II cocoons contain Group III cocoons inside them,
and Group IV cocoons only occur inside both Group I and
Group II cocoons. This curious relationship introduces the
likelihood that some if not all Group III and Group IV
cocoons are those of wasp parasites that entered the original

Figure 8 (facing page). Cocoons of wasps (4, B), and holotype
and paratypes of Eatonichnus utahensis (C—F). A and B are from
the Claron Formation, and B—F are from the Colter Formation,
Utah. A, Six large Group II wasp cocoons, showing perforations
made by exiting adults or wasp parasites. B, Nine small Group III
wasp cocoons, showing perforations made by exiting adults or
wasp parasites. C, D, OM 20201, holotype of Eatonichnus utahen-
sis in external view (C) and in polished longitudinal cross section
(D). Note raised vertical bioglyph on whorls (C), and packed ob-
lique (top) and partially meniscate vertical burrow fill in interior
(D). E, OM 20203, paratype of Eatonichnus utahensis, showing
distinctive whorls and raised spiral bioglyph. F, Eatonichnus uta-
hensis; polished transverse section of OM 20204, paratype, show-
ing filled central burrow. Note feathery pattern of cross section of
whorls, tangential to periphery of internal burrow. Bars are 1.0 cm;
top bar is scale for A and B, bottom bar is scale for C-F.
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cells during provisioning and before closure, invaded the
cocoon, and then laid eggs on the developing larvae. Several
kinds of wasp parasites of this kind are known, including
other wasps (which then construct their own cocoons), and
rhipiphorid beetles and ichneumonid hymenopterans (which
do not). Some miltogrammine dipterans are also known to
pupate in wasp cocoons. The fact that Group IV cocoons
were found only within larger cocoons argues strongly that
its constructor was a wasp parasite.

Nearly all Group II and Group III cocoons (but no
Group I or Group IV cocoons) are breached by round or
oblong holes (fig. 84, B). The diameter of these holes ranges
from 30 to 50 percent of the length of the long axis of the
cocoon, and the holes were probably chewed through the
cocoon walls by parasites, because the adult wasp invariably
emerges from one end of the cocoon.

TRACE FOSSILS OF
UNCERTAIN ORIGIN
(COLEOPTERAY?)

EATONICHNUS, ichnogenus nov.

Type Ichnospecies.—Xenohelix? utahensis (Gilliland
and LaRocque, 1952, p. 502).

Included Ichnospecies.—The type ichnospecies and E.
claronensis, ichnospecies nov. (infra).

Diagnosis.—Closely appressed whorls tightly spiraled
around a central cylindrical cavity and converging termi-
nally, forming a closed, spindle-shaped helix. Helices sinis-
tral or dextral with whorls inclined away from the transverse
axis. Whorl diameter remains constant in size along helix
and is invariably greater than the diameter of the central cav-
ity. Central cavity fill closely packed, with or without menis-
cae. Differs from Monesichnus Roselli in having the central
cylindrical cavity surrounded by helical whorls. Differs from
Gyrolithes De Saporta (incl. Xenohelix Mansfield) and Dai-
monelix Barbour in (1) having constructed rather than exca-
vated whorls; (2) having closely appressed whorls forming a
closed, rather than an open helix; (3) having whorls converge
at both terminations along the long axis; and (4) having a
packed central longitudinal cavity enclosed by the whorls of
the helix. Differs from Elipsoideichnus Roselli and Ichnogy-
rus Bown & Kraus in having central longitudinal cavity.

Etymology.—For Dr. Jeffrey G. Eaton, collector of the
holotype of E. claronensis, and in recognition of his many
important contributions to the geology and paleontology of
the Cretaceous and Tertiary of Utah.

EATONICHNUS UTAHENSIS (Gilliland and LaRocque, 1952)
(Figs. 8C-F, 9A)

Holotype.—The Ohio State University Orton Geologi-
cal Museum (OM) 20201 (fig. 8C, D).

Diagnosis.—Eatonichnus utahensis differs from E.
claronensis (infra), its closest morphological counterpart, in
(1) its 200 percent larger size; (2) having whorls more
greatly inclined from the transverse axis; (3) having menis-
cate fill in the central cavity; and (4) having a bioglyph com-
posed of parallel ribbing that occurs in rows on the external
surface of the whorls.

Hypodigm—The holotype and four paratypes: UO
20202, 20203 (fig. 8E), 20204 (fig. 8F), 20205; possibly also
U.S. Geological Survey (USGS) 26755 (fig. 94) and 26756.

Type Locality.— West end of Bald Knoll Canyon, sec-
tion 26, Township 20 S., Range 1-1/2 W. (Salt Lake Merid-
ian), Sevier County, Utah***” (Gilliland and LaRocque,
1952, p. 502). Lower part of upper part of what is probably
Colter Formation.

Distribution—The type locality and possibly also
about 20 m above J.G. Eaton locality JGE 8§9-32;
SEY/,NW!/, section 2, T. 36 S., R. 3 W., Garfield County,
Utah. Lower part of upper part of Colter Formation and
upper part of lower member of Claron Formation.

Description.—The only known material of Eatonich-
nus utahensis consists of the holotype specimen and four
paratypes from the type locality in the Colter Formation
near Salina, Utah, and possibly two specimens from the
Claron Formation. The type materials were collected from
float (Gilliland and LaRocque, 1952), and it cannot be
determined if this trace fossil occurs singly or in groups. Of
the type materials, only the paratype OM 20202 preserves
the terminal convergence of whorls at both ends of the

. helix and exhibits the spindle-like shape of the complete

structure (Gilliland and LaRocque, 1952, Plate 59, figs. 4
and 5). The length of the long axis of this specimen is 100
mm and the trace possesses eight complete whorls (whorl
diameter=12.5 mm). The whorls are coiled sinistrally and
are inclined approximately 22° to the transverse plane of
the specimen. Unfortunately, the external vertical bioglyph

Figure 9 (facing page). Eatonichnus (A-I), and indeterminate
trace fossils (J-L) from the Claron Formation. A, Eatonichnus sp.,
cf. E. utahensis, USGS 26755, fragment of specimen in top (left),
side (center), and polished section along long axis (right). Note bur-
row in top and burrow meniscae in sectioned views, and faint
bioglyph in side view. B—I, Eatonichnus claronensis, n. sp.; show-
ing UMNH IP 2241, holotype (B), paratypes (D, E), external
bioglyph (B, D; F, H), natural sections of central burrow (C, E, I),
and polished section exhibiting central burrow (G). J-L, cf. Eaton-
ichnus sp., showing side and top views of two specimens (K and L),
and polished transverse section (J). Scales are 1.0 cm; use top scale
for A, middle scale for B/, and bottom scale for J-L.
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on the whorls is concealed by matrix. The specimen has
been longitudinally sectioned and polished and exhibits a
filled longitudinal cavity running the length of the speci-
men. This cavity is 22 mm in width and is nearly twice as
broad as the diameter of the external whorls. The medial
part of the cavity is 13.5 mm in diameter, and its fill exhib-
its tight, longitudinally stacked meniscae.

The holotype OM 20201 is 80 mm in length and pos-
sesses five complete whorls (whorl diameter=16.0 mm). The
whorls are coiled dextrally and are inclined 15° to the trans-
verse plane of the specimen. The external bioglyph on the
whorls is well preserved (fig. 8C) and consists of a subtle
vertical ribbing. The holotype has been sectioned along its
longitudinal axis and polished, and it also exhibits a filled
longitudinal cavity extending the length of the specimen (fig.
8D). This cavity is 21 mm in diameter, contrasting with the
smaller whorl diameter of 16.5 mm, and is tightly packed
with sediment that is meniscate in its lower third. At the
extremity of the cavity opposite that with the meniscate fill,
another cavity penetrates the fill of the longitudinal cavity
(fig. 8D). This cavity has a diameter of 16.5 mm (equal to the
whorl diameter) and is inclined 30° to the long axis of the
longitudinal cavity.

The paratype OM 20203 (fig. 8E) is 72.5 mm long and
has six complete whorls (whorl diameter=about 12 mm).
The whorls are coiled sinistrally and are inclined at 12° to
the transverse plane of the specimen. The whorls exhibit a
faint vertically ribbed bioglyph, but this feature is best pre-
served in the holotype. The longitudinal cavity is exposed
in cross section on the broken termination and has a
diameter of 23 mm.

OM 20204 (fig. 8F) and 20205 are broken specimens
that have been sectioned and polished in the transverse
plane. Although the whorls are the most obvious external
feature of Eatonichnus, their internal expression is consider-
ably subdued as seen in cut and polished sections. In trans-
verse section (fig. 8F), they appear only as a rind around the
central cavity; however, close inspection reveals an obscure,
feathery texture that is inclined and tangential to the periph-
ery of the central cavity. In the polished longitudinal section
of OM 20202 (not visible in the holotype), the margins of the
whorls are sharply defined and whorl interiors show a pat-
tern of irregular, nested crescents. This texture is unlike the
packed meniscate fill of the central cavities and is so subtle
that we have been unable to reproduce it photographically.

USGS 26755 (fig. 94) and 26756 may represent poorly
preserved specimens of Eatonichnus utahensis from the
Claron Formation. Both are incomplete. USGS 26755 is 37
mm long and preserves three whorls (whorl diameter=12.3
mm), and has a meniscate central cavity with a diameter of
23.4 mm. USGS 26756 consists of four preserved whorls, is
38.2 mm long (whorl diameter=9.5 mm), and has a nonme-
niscate central cavity with a diameter of 19 mm. More mate-
rial is necessary to ascertain the degree of detailed
morphological similarity between these specimens and E.
utahensis; however, they are clearly much too large to
belong to the new ichnospecies described next.

EATONICHNUS CLARONENSIS, ichnospecies nov.
(Fig. 9B-I)

Holotype.—Utah Museum of Natural History (UMNH)
IP 2241 (fig. 9B). Collected by J.G. Eaton.

Diagnosis.—Eatonichnus claronensis differs from E.
utahensis, its closest morphological counterpart, in (1) being
only 25-30 percent as large, (2) having whorls less inclined
from the horizontal, (3) lacking meniscate fill in the central
longitudinal cavity, and (4) lacking ribbed bioglyph on the
external surface of the whorls.

Hypodigm —UMNH-IP 2242 (paratype, fig. 9D), 2243
(paratype, fig. 9E); U.S. Geological Survey (USGS) 26759
(fig. 90), 26760 (fig. 9F), 26761 (fig. 9G), 26762 (fig. 9H),
26763 (fig. 9D).

Etymology.—After the Claron Formation, source of all
known specimens.

Type Locality.—About 20 m above J.G. Eaton local-
ity JGE 89-32; SE!/,NW!/, section 2, T. 36 S., R. 3 W,,
Garfield County, Utah. Upper part of lower member of
Claron Formation.

Distribution—The type locality and E.M. Brouwers
locality 94-EB-21 (locality 2, fig. 1), NE!/,SE!/4NE!/4 sec-
tion 30, T. 37 S., R. 6 W, Garfield County, Utah. Upper part
of lower member of Claron Formation.

Description.—Fourteen specimens of Eatonichnus
claronensis were collected from float at the two localities,
and one specimen was obtained in place at the type locality.
Matrix obscures details of coiling in most specimens; how-
ever, four were determined to be coiled dextrally and three
sinistrally. The specimens average one whorl every 4.0t0 6.5
mm, and the whorl diameter ranges from 60 to 70 percent of
the diameter of the central longitudinal cavity.

UMNH IP-2241, the holotype (fig. 9B), is the only
complete specimen, and exhibits the distinctive spindle
shape of Eatonichnus, resulting from closure of the whorls at
both terminations. The holotype is 29 mm in length and pos-
sesses six complete whorls (whorl diameter=about 4.8 mm).
The whorls are coiled dextrally and are inclined about 8°
with respect to the transverse plane of the specimen. The
specimen has not been sectioned, and its exterior reveals no
evidence of the central cavity that is evident in natural or arti-
ficial cross sections of all other specimens.

The paratype UMNH IP-2242 (fig. 9D) is broken in the
transverse plane. This specimen is 25.2 mm long and reveals
all or part of five whorls (whorl diameter=about 5 mm). The
whorls are coiled dextrally and are inclined at about 10° to
the transverse plane of the specimen. Natural transverse
breakage reveals a cross section of the internal cavity, which
has a diameter of 9.8 mm.

The paratype UMNH IP-2243 (fig. 9F) is also naturally
broken across the transverse axis and offers the best informa-
tion about the morphology of the central longitudinal cavity.
This specimen is 24 mm in length and retains five complete
whorls (whorl diameter=4.8 mm) that are dextrally coiled at
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about 12° to the transverse plane. Natural weathering has
partially excavated the central cavity, showing it to be a
smooth-sided feature having walls that are gently contoured
convergently toward the terminations. reflecting the spindle
form of the exterior of the trace. All other specimens of
Eatonichnus claronensis conform to the morphology of the
type sample in preserved parts of their structure.

EATONICHNUS sp.
(Fig. 9J-L)

Material —Six fragmentary specimens preserving the
middle portions of the trace and weathered natural transverse
sections of the filled central cavity (fig. 9/-L). Collected by
J.G. Eaton.

Locality—].G. Eaton locality JGE 94-06 (locality 4,
fig. 1), NE//,NE!/,NW!/, section 23, T. 38 S.,R. 7 W., Kane
County, Utah. Lower part of upper member of Claron
Formation.

Description—Though all are fragmentary, specimens
of Eatonichnus sp. are quite large, measuring up to 86 mm
along the long axis and 44 mm transversely. In OM 20201,
the nearly complete holotype of Eatonichnus utahensis, the
length is 80 mm, and in the complete paratype OM 20203, it
is 72.5 mm. All the specimens at hand have been naturally
breached by weathering across the transverse plane; the
longest specimen is breached near a termination (fig. 9K,
bottom of left figure). The widest part of this specimen is at
the other broken end, suggesting that if this trace was origi-
nally spindle shaped like Eatonichnus, its length would be at
least 160 mm—nearly twice as great as in E. utahensis. The
surfaces of all the specimens of Earonichnus sp. are eroded
such that the sides are nearly smooth (fig. 9K, L). Nonethe-
less, these surfaces in the five best preserved specimens
show evidence of either sinistral (four examples) or dextral
(one example) helical coiling. Transverse (fig. 9J) and longi-
tudinal natural and cut sections reveal a large, uncomplicated
central cavity, its fill lacking meniscae. The most complete
specimen possesses five complete whorls and is 86 mm long
(whorl diameter=17.2 mm), with a central cavity diameter of
22.5 mm.

Helically coiled. contacting whorls enclosing a filled
central cavity with a diameter greater than whorl diameter
are the signal diagnostic characters of Eatonichnus. The
above specimens almost certainly belong in that ichnogenus;
however, recovery of more and better material of Eatonich-
nuts sp. is desirable to ascertain (1) if this form possessed a
vertically arranged bioglyph like that in E. utahensis; (2) if
the complete traces are spindle shaped; and (3) the size of the
complete structure.

DISCUSSION OF EATONICHNUS

Since its original description in 1952, “Xenohelix? uta-
hensis™ has remained one of the most enigmatic of all conti-
nental trace fossils. Contrasted by its authors, Gilliland and

LaRocque, with both of the helical traces known to them
(Xenohelix Mansfield=Gyrolithes De Saporta, and Dai-
monelix Barbour), as well as with gastropods and spiral cop-
rolites, those authors cogently concluded that the morphol-
ogy of this trace is unlike that of any other ichnogenera with
helical form. Though “Xenohelix? utahensis” has a complex
morphology and is known from excellent specimens, it has
continued to defy classification, and no reasonable behav-
ioral explanation of its mode of construction nor identifica-
tion of its trace-maker has ever been proposed. We present a
new description of the type and paratype materials, offer an
emended diagnosis, and propose the new ichnogeneric name
Eatonichnus for this unique form. No new material of Earon-
ichnus utahensis is positively known; however, the new ich-
nofossil E. claronensis, ichnospecies nov., is quite similar
and (1) offers clarification of the probable paleoenvironment
of Eatonichnus; (2) provides some additional details regard-
ing its probable mode of construction; and (3) suggests infor-
mation about the nature of the trace-maker.

Examination of both species of Eatonichnus demon-
strates that all known specimens possess a consistent and
unique trace fossil morphology. The trace has a central cylin-
drical cavity that is enclosed in a structure with a helical
external architecture that converges toward the terminations,
forming a spindle. The whorls of the helix invariably have a
lesser diameter than the central burrow. The presence or
absence of a raised bioglyph on the whorls, variability in the
nature of sediment packing in the central cylindrical cavity,
and the variation in size among individual specimens are
attributed to ichnospecific distinctions among E. utahensis,
E. claronensis, and Eatonichnus sp. Aside from sharing a
general helical form, the ichnogeneric attributes of Eatonich-
nus clearly do not at all resemble those of Daimonelix
(Schultz, 1942; Martin and Bennett, 1977), or Gyrolithes, or
the various forms attributed to its widely used junior syn-
onym, Xenohelix (Mansfield, 1927, 1930; Hantzschel, 1962;
Kilpper, 1962; Keij, 1965). In all the latter forms, the whorls
neither contact each other nor converge at the terminations
of the helix (that is, the helices are open). Ichinogyrus (Bown
and Kraus, 1983) and an unnamed mammal burrow from the
upper Eocene of Egypt (Bown, 1982, fig. 13E) are helical
burrows with the whorls in contact; however, neither form
has an enclosed central cavity and both lack the spindle form
with terminally convergent helices. The Upper Cretaceous
Uruguayan traces Elipsoideichnus and Monesichnus
(Roselli, 1987) differ from Eatonichnus in lacking a central
cylindrical cavity and lacking an external helix, respectively.

Although they offered no solution as to its origin, Gilli-
land and LaRocque (1952) questionably referred Eatonich-
nus 1o Xenohelix (=Gyrolithes), thus implying that it might

* be a trace of burrow origin. Meniscate packing of the internal

longitudinal structure in Eatonichnus utahensis leaves little
doubt that this part of the structure in all cases represents a
packed cavity, but not necessarily a burrow. If the remainder
of the known surficial and internal morphology of
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Eatonichnus 1s taken into account, it is difficult to reconcile
production of the whole trace fossil to any single type of
behavior. If it is considered that the entire structure (whorls,
whorl ornamentation—where present, convergence of
whorls at terminations, and large internal longitudinal cav-
ity) was produced by the burrowing of a single organism, a
number of problems become apparent. Whereas the whorls
might have been produced by an organism burrowing in a
circular motion at an inclination to the horizontal (Toots,
1963), the whorl diameters in Eatonichnus are invariably
smaller than the diameters of the associated internal cavities.
Moreover, the sediment comprising the whotls is not menis-
cate but, where well preserved, appears instead to be lay-
ered—a circumstance suggesting that the whorls and the
central cavity might have been produced by two distinct
types of behavior. This idea is also supported by observa-
tions that (1) the whorls (so explicit on the exteriors of the
specimens) are not obvious in cut sections, and (2) the
whorls converge toward the center of the long axis at both
terminations of the structure, forming a helix that is closed at
both ends.

We suggest that Eatonichnus may be a subterranean
nest that was constructed of masticated mud and silt particles
taken from the sediment of the host soil. Such constructions
(aedificichnia of Bown and Ratcliffe, 1988) have excep-
tional preservation potential (Genise and Bown, 1994; Hasi-
otis and others, 1994) and therefore, like Eatronichnus,
generally occur as discrete, full three-dimensional-relief
trace fossils that are readily separable from host matrices.

The external aspect and size, as well as the shape and
size of the central cavity and the meniscate filling, suggest
that Eatonichnus might be the nest of an unidentified type
of dung beetle that constructed nests similar in some
aspects to those of Phaneina. Among Scarabaeinae, tunnels
with helicoidal pattern are known only in Eucranium
(Monteresino); it is unknown, to our knowledge, for any
other kind of underground insect nest. Although some
wasps and bees construct helical nests, they are aerial and
very different from Eatonichnus. The meniscate fill of the
central cavity is recorded in some extant and fossil scara-
baeid nests; for example, the trace fossils Scaphichnium
hamatum (Bown and Kraus, 1983; Hasiotis and others,
1993), and Monesichnus ameghinoi (Roselli, 1987; Genise
and others, submitted manuscript). The whorls with a verti-
cal bioglyph are reminiscent of the juxtaposed arched mud
cells of Chubutolithes gaimanensis (Genise and Bown,
1990); however, the internal structures of Eatonichnus and
Chubutolithes are completely different.

New studies in progress by two of us (J.F.G. and
T.M.B.) suggest that both Monesichnus and Eatonichnus
might be constructions of dung beetles.

SUMMARY: PALEOENVIRONMENTS
OF THE CLARON FORMATION

Insect trace fossils can be sensitive indicators of paleo-
climate to the extent that their morphology directly reflects a
general group adaptation to environmental circumstance, or
is characteristic of a group whose environmental distribu-
tion, within certain constraints, is known. The constructor of
Parowanichnus formicoides was almost certainly an ant;
however, the internal morphologies of the nests of most liv-
ing species of ants are unknown. Most ants prefer to dig in a
slightly moist substrate (Holldobler and Wilson, 1990), and
the construction of closely nested, tiered galleries and cham-
bers within a meter of the ancient ground surface in
Parowanichnus suggests a relatively high water table. Con-
versely, the vertical shafts connecting concentrations of
tiered chambers and galleries, though relatively shallow,
suggest that the water table might have fallen at times. This
combination of features would reflect adaptation to a climate
with inequable, perhaps seasonal rainfall.

Digging bees and wasps have achieved their greatest
diversity and are the most abundant in well-drained semiarid
to subhumid regions, in which insect food for their larvae
abounds and where there is adequate dry soil in which to nest
(Malyshev, 1935; Evans, 1957, 1963; Evans and Eberhard,
1970). Solitary bees prefer bare, dry soil that is exposed to
the sun (Batra, 1984). The abundance and variety of traces of
subterranean bees and wasps in Claron paleosols (at least six
different kinds) strongly argue for a mesic regime (wetter
than semiarid and drier than subhumid), with a lesser rather
than a greater density of ground vegetation (Genise and
Bown, 1994, 1996). This interpretation is consistent with
that of alternating wet and dry seasons that is suggested by
the morphology of the ant nest Parowanichnus.

The paleoenvironmental significance of ichnospecies
of the new trace fossil Eatonichnus is uncertain. The only
known occurrences of the ichnogenus are in the Colter and
Claron Formations of Utah, units that have been tentatively
correlated in part by Schneider (1967), and both believed to
be in part fluvial and in part lacustrine origin.
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The Paleocene Grand Castle Formation—A New Formation on
the Markagunt Plateau of Southwestern Utah

By Patrick M. Goldstrand! and Douglas J. Mullett?

ABSTRACT

Recent geologic studies in southwestern Utah have
defined a new formation, the Grand Castle Formation. The
Paleocene Grand Castle Formation unconformably overlies
the Upper Cretaceous Iron Springs Formation and is overlain
by the Paleocene to Eocene Claron Formation. Previously, the
Grand Castle was considered the basal part of the Claron For-
mation on the Markagunt Plateau. Lithologically similar
strata of the Grand Castle are present on the Table Cliff Pla-
teau (mapped as the upper part of the Upper Cretaceous to
lower Paleocene Canaan Peak Formation) and are uncon-
formably overlain and separated from the Claron Formation
by the Paleocene(?) to Eocene(?) Pine Hollow Formation. The
Grand Castle is considered to be Paleocene in age; it grades
upward into possible upper Paleocene strata of the Claron For-
mation on the Markagunt Plateau, and lithologically similar
strata to the Grand Castle on the Table Cliff Plateau are both
underlain and overlain by lower Paleocene strata.

The Grand Castle Formation consists of as much as 230
meters of boulder to pebble conglomerate and sandstone
deposited in a braided fluvial environment. Precambrian
quartzite and Paleozoic carbonate clasts, in conjunction with
east to south-southeast paleoflow indicators. suggest a
source from the Wah Wah, Blue Mountain, and Iron Springs
thrust sheets of southwestern Utah. The Grand Castle con-
glomerates unconformably overlie the easternmost, and pre-
sumably youngest, thrust fault attributed to the Sevier
orogeny, indicating that the formation postdates the Sevier
orogeny. Eastward, on the Table Cliff Plateau, correlative
strata to the Grand Castle are tilted by folds attributed to the
Laramide orogeny, indicating that the Grand Castle, in part,
was deposited before extensive Laramide deformation.
Thus, the Grand Castle provides a tectonostratigraphic
record between the Sevier orogeny and extensive partition-
ing of the foreland basin during Laramide orogeny for south-
western Utah.

!Geological Sciences Dept.. MS 172, University of Nevada, Reno, NV
89557.

Ford Motor Company, 15201 Century Dr., Suite 608, Dearborn, MI
48120.

INTRODUCTION

Episodes of thrust faulting (Sevier orogeny) in southern
California, southern Nevada, and western Utah controlled
the patterns of sedimentation in central and eastern Utah dur-
ing Cretaceous time, with sediment being shed eastward into
the foreland basin (fig. 1; Spieker, 1946, 1949; Armstrong
and Oriel, 1965; Armstrong, 1968; Fouch and others, 1983;
Lawton. 1983; DeCelles, 1988). Beginning in latest Creta-
ceous and continuing into Paleogene time, basement-cored
uplifts (Laramide orogeny) partitioned the Sevier foreland
basin into internally drained, intermontane basins (fig. 1;
Chapin and Cather, 1981; Dickinson and others, 1986, 1988;
Franczyk and others, 1992).

Exposures of Upper Cretaceous to lower Tertiary rocks
in southwestern Utah are important because they document
the temporal and spatial basin development of the southern
extension of the Sevier and Laramide orogenies. Of particu-
lar geologic interest is the recognition of a Paleocene forma-
tion that provides important evidence for the tectonic and
paleogeographic development in southern Utah between the
Sevier and Laramide orogenies. This report describes the
stratigraphy, petrology, and facies in the Grand Castle For-
mation (new name), a conglomerate and sandstone unit as
much as 230 m thick that lies between Upper Cretaceous
tforeland basin deposits and lower Tertiary intermontane
deposits in southwestern Utah.

The Grand Castle Formation is named for exposures
along the flanks of Grand Castle, a towering topographic
feature southeast of the town of Parowan (fig. 2). This for-
mation is lithologically distinctive from the underlying and
overlying formations: it unconformably overlies foreland-
basin sandstones and grades upward into intermontane
mudstones and carbonate rocks. Because the Sevier thrust
faults are truncated by the Grand Castle Formation, the for-
mation must postdate the Sevier orogeny. However, litho-
logically identical strata to those of the Grand Castle
Formation are present to the east in the Table Cliff Plateau
and are interpreted to be correlative to the Grand Castle.
These correlative strata in the Table Cliff Plateau are folded
and overlain by Laramide basinal deposits, suggesting that,
in part, rocks of the Grand Castle Formation were deposited
before extensive partitioning of the foreland basin during
the Laramide orogeny.
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Figure 1.

Paleotectonic map for Utah, northern Arizona, southern Nevada, and southeastern California showing positions of Sevier

and Laramide structures in relation to the study area. Laramide structures: 1, Kaibab monocline; 2, Johns Valley anticline and Table
Cliff syncline; 3, Circle Cliffs uplift; 4, Monument Upwarp; 5, San Rafael Swell; 6, Uinta Mountains. Arrows show dip and plunge
of structures. Sevier structures: 7, Iron Springs thrust; 8, Blue Mountain thrust; 9, Wah Wah thrust (modified from Cross, 1986).

Sawteeth on upthrust block.
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PREVIOUS WORK AND
STRATIGRAPHIC CORRELATIONS

The Grand Castle Formation has previously been
included in the basal part of the Claron Formation (Reeside
and Bassler, 1922; Thomas and Taylor, 1946; Gregory,
1950a, 1950b, 1951; Bissell, 1952; Cook, 1957, 1960;
Threet, 1963) in the Markagunt Plateau (figs. 2, 3). Moore
(1982) and Hilton (1984) distinguished this conglomeratic
unit from the Claron Formation in their investigations of the
west-central part of the Markagunt Plateau and called it the
Beehive unit. Goldstrand (1991, 1992, 1994) and Mal-
donado and Moore (1993) referred to this unit informally as
the “Grand Castle formation.”
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reports for the western Markagunt and Table Cliff Plateaus. Dashed boundary, exact age uncertain; vertical line pattern, erosional hiatus.

The Claron Formation of Leith and Harder (1908),
which overlies the Grand Castle Formation, is exposed
throughout the study area (fig. 2). This formation has been
previously referred to as the Claron Formation, Wasatch For-
mation, and Cedar Breaks Formation by different workers
(fig. 3). The use of Wasatch Formation has been questioned
(Robison, 1966; Schneider, 1967, Anderson and Rowley,
1975) because of differences in lithology and age from the
type Wasatch Formation (Hayden, 1869) in northern Utah
and Wyoming, whereas the use of Cedar Breaks Formation
(Schneider, 1967) has not gained wide acceptance.

Compositionally and texturally the Grand Castle For-
mation differs significantly from the Claron Formation and
is designated a separate lithostratigraphic formation. The
Claron Formation consists of as much as 640 m of pink to
white limestone and calcareous sandstone and shale (Gre-
gory, 1950a, 1950b; Bowers, 1972; Hackman and Wyant,
1973; Sargent and Hansen, 1982). In contrast, the Grand
Castle consists of as much as 230 m of pebble to boulder

conglomerate and sandstone. Calcareous beds are noticeably
absent within the Grand Castle.

At Table CIliff Plateau, a compositionally identical con-
glomerate to that of the Grand Castle Formation is present in
the upper part of the upper Campanian to lower Paleocene
Canaan Peak Formation. Bowers (1972) first noted an
upward compositional change in the conglomerate clasts,

from dominantly quartzite and felsic volcanic clasts in the

lower Canaan Peak to predominantly quartzite and limestone
clasts in the upper part of the formation. Goldstrand (1991,
p. 25-31) noted the compositional similarities between the

Grand Castle conglomerates in the western Markagunt Pla-

teau and those in the uppermost part of the Canaan Peak For-
mation at Table Cliff Plateau. The similarities in clast
compositions between the Grand Castle conglomerate in the
Markagunt Plateau and the conglomerate in the uppermost
Canaan Peak Formation suggest that they are correlative
(Goldstrand, 1991, 1992).
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STRATIGRAPHY

The Grand Castle Formation unconformably overlies
Cretaceous and Jurassic rocks and is overlain by the lower
Tertiary Claron Formation in the Markagunt Plateau and
Parowan Gap region. Along the Markagunt Plateau and the
eastern part of Parowan Gap, the contact between the under-
lying Iron Springs and Grand Castle Formations is erosional
and is placed at the abrupt change from sandstone of the Iron
Springs to conglomerate of the Grand Castle. In the western
part of Parowan Gap, the contact between the Grand Castle
conglomerate and fine-grained Cretaceous and Jurassic
strata is marked by a distinct angular unconformity.

The contact between the Grand Castle and overlying
Claron Formations is either gradational or abrupt. Where the
upper contact appears gradational, the contact is placed
where red, calcareous sandstone and siltstone beds (of the
Claron Formation) contribute greater than 50 percent of the
lithology. At the type section (fig. 4, section 2), this contact
is marked by an abrupt change from gray conglomerate to
red, calcareous sandstone. In the Cedar Breaks National
Monument area, 25 km south of the type section (figs. 2, 4),
the upper part of the Grand Castle consists of white, quartz-
rich sandstone. Here, the contact between the Grand Castle
and Claron Formations is placed at a slope break, where
white slope-forming Grand Castle (noncalcareous) sand-
stone is overlain by red, cliff-forming calcareous sandstone
and siltstone of the Claron Formation.

At its type section, the Grand Castle Formation has been
divided into three informal members: a lower conglomerate,
a middle sandstone, and an upper conglomerate (fig. 5: and
see Type Section). The lower conglomerate member forms
gray “hoodoo” or steep, cone-shaped topography, whereas
the upper conglomerate member forms red, massive cliffs.
The middle sandstone member forms white, steplike slopes.

The three members of the Grand Castle Formation vary
laterally in thickness along the Markagunt Plateau. South
from the type area. in the Cedar Breaks National Monument
area, the upper and lower conglomerate members thin and
pinch out, and the middle sandstone member thickens corre-
spondingly before it pinches out south of the monument (fig.
6). In the Parowan Gap area (fig. 4) the middle sandstone is
not present, and it is uncertain which conglomerate member
directly overlies the Iron Springs Formation and older Meso-
zoic strata. The steep cliff expression of the Grand Castle in
Parowan Gap may indicate that only the upper conglomerate
member is present in this area.

LITHOLOGY

Lithologies within the upper and lower conglomerate
members of the Grand Castle Formation are similar and are
therefore described together.

UPPER AND LOWER
CONGLOMERATE MEMBERS

The coarse-grained rocks of the Grand Castle Forma-
tion are predominantly composed of structureless to crudely
bedded conglomerate but include lesser amounts of planar
and trough-crossbedded conglomerate. Individual beds are
generally 0.3-0.9 m thick but rarely are as much as 3 m thick.
Amalgamated complexes dominate and are as thick as 11 m.
Beds are normally graded: boulder to pebble conglomerate
grades upward and laterally into horizontally stratified sand-
stone. Medium- to coarse-grained, horizontally stratified
sandstone lenses are common within the structureless to
crudely bedded conglomerate. Lower bounding surfaces of
individual complexes are eroded and channelled. Planar-
crossbedded conglomerate is present as individual 1-m-thick
beds or more commonly as amalgamated stacks of as many
as three beds that are normally graded. The conglomerate
commonly is overlain by lenses of trough and planar cross-
stratified sandstone. Planar-crossbedded conglomerate com-
monly overlies structureless to crudely bedded conglomerate
or, more rarely, trough-crossbedded conglomerate. Trough-
crossbedded conglomerate is present in amalgamated beds
as much as 8 m thick consisting of individual beds 1.5-2 m
thick. The trough-crossbedded conglomerate commonly is
overlain by structureless to crudely bedded conglomerate or
by lenses of horizontally stratified sandstone.

A distinctive 1.4- to 2.5-m-thick pink marker unit of
structureless and matrix-supported conglomeratic mudstone
and sandstone is present in the upper conglomerate member
at the type section and at surrounding outcrops. This unit
consists of two beds: a 1- to 2-m-thick boulder-cobble con-
glomerate supported in a fine-grained sandstone matrix, and
an overlying 0.4-m-thick pebbly mudstone (see Type Sec-
tion). The pebbly mudstone, which contains fossil plant frag-
ments and petrified wood, is overlain by a discontinuous bed
of laminated very fine grained sandstone and siltstone.

MIDDLE SANDSTONE MEMBER

The middle sandstone member differs texturally from
the lower and upper conglomerate members. With the
exception of rare intraclasts of mudstone, the middle mem-
ber is composed exclusively of very fine grained to fine-
grained sandstone. The member contains horizontally strat-
ified, planar and trough cross-stratified, and ripple-lami-
nated sandstone. Convolute beds and associated dish
structures are also abundant. The horizontally stratified
sandstone contains beds that are generally 20-50 cm thick
and fine upward into siltstone. Stacked sequences of hori-
zontally stratified beds range in thickness from 1 to 3.5 m.
The horizontally stratified sandstone generally overlies
trough and planar cross-stratified sandstone. Trough cross-
stratified sandstone is present in cosets as much as 4.5 m
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thick; single-trough sets are as much as 1 m thick and 3 m
wide. These sandstones have sharp basal contacts and both
gradational and erosional upper bounding surfaces. The
trough cross-stratified sandstone is overlain by planar
cross-stratified or horizontally stratified sandstone. Planar
cross-stratified sandstones are commonly interbedded with
horizontally stratified sandstone and siltstone lenses 10-20
cm thick. Planar cross-stratified sandstone beds range from
0.5 to 1.5 m in thickness. Ripple-laminated sandstone beds
are less than 20 cm thick and are present above horizontally
stratified and cross-stratified beds.

Log casts and carbonized wood debris are abundant in
the middle sandstone member of the Grand Castle Forma-
tion. Broad-leafed plant impressions and root traces are
locally abundant. Horizontal and vertical burrows are rare.

Paleocurrent data from the Grand Castle Formation are
highly variable but generally indicate paleoflow to the south-
east (fig. 7). Pebble imbrication in the lower and upper con-
glomerate members indicate an east to south-southeast
paleoflow. Paleocurrent measurements of trough crossbed
axes indicate a southeasterly paleoflow direction for the mid-
dle sandstone member.
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TYP E SECTION OF THE Thickness Cumulative

GRAND CASTLE FORMATION (meters)  thickness

(meters)

Composite section of the Grand Castle Formation and lower part of the Claron Forma-

Claron Formation —Continued

tion measured by Jacob staff: Lower conglomerate and middle sandstone members lo- 22, Limestone, red, yellow, and pink, silty,
cated at west side of Grand Castle, First Left Hand Canyon, NE,; sec. 6, T. 35 S., R. nodular ...... ... ... ... . ... .. .. .. ... 3 93
8 W., Parowan 7.5-minute quadrangle. Iron County, Utah. Upper conglomerate mem- 21. Sandstone, red; contains amalgamated beds
ber and the overlying Claron Formation Jocated above prospect pit on south side of (20-70 cm thick) with scour channels and
Grand Castle at NW!,NE!, sec. 8, T. 35 S., R. 8 W., Parowan 7.5-minute quadrangle, planar cross-stratification . ............. 13 106
Iron County, Utah. Measured by P.M. Goldstrand in July 1988. 20. Sandstone, gray to pink, calcareous, thick-
Thickness ~Cumulative bedded; exhibits horizontal stratification
(meters})  thickness and planar cross-stratification. Sharp basal
(meters) comtact. ...ttt ... 55 111.5
Claron Formation (lower part only): Partial thickness for Claron Formation ............ 1115
33. Limestone, silty, red, forms steep slopes. . . . .. 5 5 .
32. Conglomerate, cobble- to boulder-size clasts, Grand Castle Formation:
gray, structureless, channelized, with sand- Upper conglomerate member: bble-size cl
stone matrix; capped by discontinuous, 19. Conglyomerate, pebbk?- to co e-s;lz.ekc ast;,
white, very fine grained sandstone that stained red; some interbedded thick sand- us us
grades laterally into sandy micrite and stone lenses.......... S ) '
limestone. Clasts include quartzite 52 18 Sandstone, gray, ﬁnf:-gramed‘ scour bases
] commonly contain pebbly sandstone
percent, gray limestone 36 percent, L .
o . throughout; exhibits horizontal
dolostone 5 percent, silicified limestone - .
3 Kaolinite 1 b " stratification .......... ... ... L 3 7.5
percent, kaolinite 1 percent, other roc 17. Conglomerate; pebble-size clasts, structure-
types 2 percent... ......... e 4 9 less; interbedded lenses of fine-grained
31 Sandstone, purple, very fine grained, struc- sandstone with horizontal stratification.
tureless: contains calcrete nodules near Clasts are: quartzite 44 percent, gray
the top and root traces 2-3 cm in diameter limestone 34 percent, silicified limestone
and as much as 1 m long; beds 0.5-1 m 12 percent, dolostone 6 percent, kaolinite
thick. ........ .. ... . . ... 8 17 I percent, other rock types 3 percent. . .. .. 95 17
30. Sandstone, purple, very fine grained, calca- 16. Pebbly muds.tonc, white to pink, structure-
reous; contains calcrete nodules . ... ... .. 145 315 less, matrix supported; black siltstone
29. Conglomerate; cobble-size clasts, channel- and laminated very fine grained sand-
s, . - stone lenses at top of unit; very well
ized; grades upward into overlying . .
indurated and forms a pink marker
sandstone . .................. ... 15 33 L o .
) . bed within overall gray cliffs; contains
28. Conglomerate; cobb}c— to pebble-size clasts, fossil plant fragments; petrified wood
planar crossbc.’,ddmg; fines qu'ard to ‘sand» present, and Late Cretaceous palyno-
stone. Clasts include quartzite, gray lime- morphs that have possibly been reworked .. 0.4 17.4
stone, dolostone, and silicified limestone . . . 2.5 355 15. Conglomerate; boulder- to cobble-size clasts:;
27. Sandstone, red, very fine grained, calcareous; pink, structureless; matrix supported in
contains calcrete nodules and calcite-filled fine-grained sandstone ................. 2 19.4
root traces near top of unit and 0.5-m-thick 14. Conglgmerate: cobble-size clasts, gray; crude
pebble conglomerate at base. Sharp basal horizontal beddmg:. some pebble lenses at
COMACt v v v oo 115 47 Fop grade laterally into horizontally strat-
- ified sandstone. ....................... 3 224
26. Sandstone, red to purple, very fine grained . .
. ) . 13.  Pebbly sandstone, tan; exhibits horizontal
to fine-grained; exhibits crude horizontal - .
ification. bed 0 hick: bedding: fills a channel; cobble and boulder
strati .catlon. cds are 5_1 m thick: conglomerate at base and fines upward
contains algal and oncolitic rip-up clasts, into horizontal stratified sandstone. . . .. ... 45 26.9
grades upward to abundant calcrete 12.  Conglomerate; cobble- to pebble-size clasts
nodules overlain by 0.5-m-thick red poorly sorted: in crude beds 30-90 cm
limestone at top of unit; forms stcep thick that are thicker upward; overlain by
slopes. . ... 19 66 lenses of medium-grained sandstone with
25. Limestone, purple, mottled; beds 0.5-1.5 m planar cross-stratification .............. 19 459
thick......... ... . 9.5 75.5 11. Conglomerate; cobble-size clasts; gray,
24. Limestone with interbedded silty micrite crudely bedded: beds grade upward into
laminae, purple, yellow, light-gray; nodular pebble cor}glomerate and medium- to
) . . . coarse-grained sandstone lenses that
ayers common; forms massive cliffs . . . ... 8 83.5 . )
23. Sandstone, red, fine-grained, structureless are planar laminated; sharp basal contact
’ T Ag > uctu N with as much as 2 m of relief. Clasts
calcareous; contains horizontal calcite- include quartzite 46 percent, gray
filled fractures; a 0.5-m-thick basal limestone 28 percent, silicified lime-
conglomerate, containing rip-up clasts of stone 12 percent, kaolinite 9 percent,
underlying unit, rests on erosional dolostone 3 percent, other rock types
surface . . ... 6.5 90 2percent ... 10 55.9
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Thickness

(meters)

Grand Castle Formation —Continued

Middle sandstone member:

10. Sandstone, very light gray, very fine

9.

8.

7.

grained to fine-grained, quartz-rich,
horizontal stratification, planar and
trough cross-stratification; contains
abundant convolute beds; forms slope . ... 43

Sandstone, tan to orange (iron-stained),
very fine grained to fine-grained;
exhibits convolute lamination and
planar and trough cross-stratification . . . .. 30

Sandstone, very light gray, coarse-grained;
exhibits convoluted bedding and trough
cross-stratification; some dewatering
structures; overlain by very fine grained
ripple-laminated sandstone . .......... .. .35

Sandstone, light-gray. yellow, and tan, fine-
grained; exhibits convolute bedding, planar
and trough cross-stratification, and horizon-
tal stratification; sharp basal contact. ... ... 8

Lower conglomerate member:

6.

(9]

Conglomerate; pebble-size clasts; crude hori-
zontal bedding; coarse-grained sandstone
lenses abundant. Clasts include quartzite
63 percent, gray limestone 29 percent,
kaolinite 7 percent, other rock types
Ipercent ......... ... ... ... ... ... 25

Conglomerate: boulder-size clasts: structure-
less; horizontally stratified coarse- to
medium-grained sandstone lenses
COMMON. . o\ttt 4.5

Conglomerate; cobble-size clasts; mostly
structureless but some planar crossbeds:
abundant sandstone lenses; forms hoo-
doos and cone-shaped cliffs .......... .. 13

Conglomerate; cobble-size clasts, gray:
structureless to crude beds I m thick with
sharp basal contacts; commonly overlain
by lenses of planar cross-stratified sand-
stone; forms hoodoos and cone-shaped
cliffs. ... 16

Conglomerate; cobble- to boulder-size clasts,
gray; planar crossbedded to structureless:
contains abundant sandstone lenses; sharp
basal contact: forms hoodoos and cone-
shaped cliffs. Clasts include quartzite
78 percent, gray limestone 22 percent . . . .. 5

Total thickness of the Grand Castle Formation . . . . ..

Iron Springs Formation (part):

1.

Sandstone, brown to tan, medium- to
coarse-grained; convolute bedding
common, trough cross-stratified . .. ... ... 10+

Cumulative

thickness

(meters)

98.9

128.9

140.4

1429

147.4

160.4

176.4

181.4

181.4

10+

SANDSTONE AND CONGLOMERATE
COMPOSITIONS

Sandstones of the Grand Castle Formation are sublith-
arenites and litharenites (see Folk, 1974). Grains are mostly
fine to very fine, nonundulose, monocrystalline quartz
(Goldstrand, 1992). The grains are well rounded, commonly
have abraded quartz overgrowths, and have a frosted surface
texture. The major lithic types are silicified carbonate and
carbonate rock fragments. Grains of microspar and pseu-
dospar are most common, but micrite grains are locally
abundant (Goldstrand, 1992). Dolomite crystals and pseudo-
morphs are commonly preserved in the silicified carbonate
grains. Other sedimentary lithic grains include quartzite with
zircon and feldspar subgrains and foliated quartzite with
muscovite subgrains.

Clasts in the Grand Castle Formation consist of quartz-
ite, gray limestone, tan silicified carbonate, dark-gray dolo-
stone, and minor white kaolinite (Goldstrand, 1992). Quartz-
ite clasts are mostly red, purple, and tan and are banded and
cross-laminated similar to strata in the Late Proterozoic and
Lower Cambrian Prospect Mountain Quartzite. Paleozoic
fossils are common in the silicified carbonate and limestone
clasts and include the sponge Chaetetes sp.?, rugose corals,
bryozoans, crinoid columnals, brachiopods, and fusulinid
foraminifera; the fusulinid foraminifera suggest partial
source from upper Paleozoic strata. Minor amounts of dolo-
stone clasts are present within the upper part of the Grand
Castle Formation. Clasts of kaolinite are restricted to the
type section area.

AGE

The age of the Grand Castle Formation is not precisely
constrained because of a lack of fossils and radiometrically
datable material. Correlative strata in the uppermost part of
the Canaan Peak Formation at Table Cliff Plateau apparently
are early Paleocene in age. Early Paleocene palynomorphs
have been collected from mudstone in the Canaan Peak For-
mation underlying conglomerate lithologically identical to
that of the Grand Castle Formation. Early Paleocene palyno-
morphs have also been collected from the overlying lower
part of the Pine Hollow Formation (Goldstrand, 1991, p.
36-38), although they might have been reworked from the
underlying Canaan Peak Formation (Goldstrand, 1994).
Thus, at Table Cliff Plateau, strata lithologically identical
and apparently correlative to the Grand Castle Formation are
stratigraphically bounded by lower Paleocene rocks.

The Grand Castle Formation (on the Markagunt Pla-
teau) appears to grade upward into the Claron Formation and
may be as young as late Paleocene in age. Late Paleocene
palynomorphs have been collected from the basal Claron
Formation in the Pine Valley Mountains (fig. 2; Goldstrand,
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1991, p. 50). Assuming that the basal Claron is temporally
equivalent from the Pine Valley Mountains northeastward to
the western Markagunt Plateau (a distance of approximately
78 km), the Grand Castle on the Markagunt Plateau may be
as young as late Paleocene.

Preservation of palynomorphs in the Grand Castle For-
mation has apparently been inhibited because of oxidation of
the entire formation. Only one bed, a 0.4-m-thick very
poorly sorted and matrix-supported pebbly mudstone, has
provided palynomorph fossils. A Late Cretaceous (possibly
Santonian) palynomorph age was determined from this bed
(D.J. Nichols, written commun., 1991). As noted following,

we believe that this bed is a debris-flow deposit derived from
Late Cretaceous rocks, and that the Santonian-age palyno-
morphs were recycled into the Grand Castle Formation.

DEPOSITIONAL AND TECTONIC
INTERPRETATIONS

The lower and upper conglomerate members of the
Grand Castle Fermation were deposited in a gravelly braided
river, whereas the middle sandstone member formed in a
sandy braided fluvial environment. In the lower and upper
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Figure 8 (above and facing page).

Diagrammatic reconstructions of major tectonic features in southwestern Utah

during the Paleocene. A, During deposition of the lower conglomerate member of the Grand Castle Formation with sed-
iment transport from the Wah Wah and Blue Mountain thrust sheets. B, During deposition of the middle sandstone mem-
ber, showing fluvial systems tranporting sediment possibly derived from upper plate of the Iron Springs thrust. C,
During deposition of the upper conglomerate member with sediment transport from the Wah Wah and Blue Mountain
thrust sheets. Northeast-directed debris flow (arrow) in the upper member may have been derived from Iron Springs
thrust sheet. Short-dashed lines diagrammatically show possible braided fluvial system locations. CB, Cedar Breaks Na-
tional Monument; CC, Cedar City; P, Parowan; PG, Parowan Gap; SG, St. George; TC, Table CIiff Plateau.

members, the structureless to crudely bedded conglomerate
probably represents longitudinal bars developed during
high-flow periods. Trough- and planar-crossbedded con-
glomerate may represent sinuous and straight-crested bars,
respectively. Horizontally stratified sandstone lenses proba-
bly represent upper planar-bed flow across the bar tops as
water depths decreased during waning flow.

Although most of the Grand Castle conglomerates are
clast supported, one matrix-supported bed is present in the
upper conglomerate member. This bed may represent
emplacement of one or more debris flows into the upper
Grand Castle fluvial system. The laminated sandstone and
siltstone overlying this bed may indicate minor reworking of
the upper part of the debris-flow deposit.

Within the middle sandstone member, planar cross-
stratified sandstone probably represents sandy transverse
bars, and trough cross-stratified sandstone probably repre-
sents lunate dunes that migrated within the channels. The
overlying horizontally stratified sandstone represents pla-
nar-bed flow and modification of the bars and dunes during
lower-flow periods. Convoluted bedding and dish struc-
tures indicate rapid deposition and subsequent dewatering
of the sands.

The change in succeeding depositional systems, from
gravelly braided (lower conglomerate member) to sandy
braided (middle sandstone member), to still younger grav-
elly braided (upper conglomerate member) fluvial systems,
may be a result of several factors, such as changes in tecton-
ics, climate, or source area. The sandstone within the lower
and upper conglomerates contains quartz, silicified
carbonate, and carbonate lithic grains. Sandstone grain sizes
in the conglomerate members range from very fine to gran-
ule. In contrast, the middle sandstone member is almost
totally composed of well-rounded, very fine grained to fine-
grained, monocrystalline quartz.

Goldstrand (1992) proposed that compositional differ-
ences between the gravelly fluvial deposits (lower and upper
conglomerate members) and sandy fluvial deposits (middle
sandstone member) were a result of differences in source
areas. Southeasterly paleocurrents and the preponderance of
upper Precambrian quartzite and Paleozoic carbonate clasts
suggest that the source for the upper and lower conglomerate
members was strata in the upper plates of the Wah Wah and
Blue Mountain thrust sheets west of the study area (figs. 1,
8A4-C; Goldstrand, 1992). The proposed source for the mid-
dle sandstone member is the Lower Jurassic eolian deposits
of the Navajo Sandstone, based on the restricted fine-grain
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size, quartzose composition, frosted surface textures, and
abraded quartz overgrowths. The Navajo Sandstone is
exposed in the lower plate of the Blue Mountain thrust and
in the upper plate of the Iron Springs thrust at Parowan Gap
(fig. 1; Threet, 1963; Miller, 1966). Thus, during deposition
of the lower and upper conglomerate members, braided riv-
ers had source areas in the Precambrian and Paleozoic rocks
of the Sevier highlands. During the deposition of the middle
sandstone member, sediment was derived from the Navajo
Sandstone, suggesting that braided rivers either were incised
into the lower plate of the Blue Mountain thrust or were
derived from the Iron Springs thrust (fig. 8B). The absence
of the middle member in the Parowan Gap area may indicate
that this region was topographically positive during deposi-
tion of the middle sandstone member and also that the
Navajo Sandstone in the upper plate of the Iron Springs
thrust is a more plausible source area than the lower plate of
the Blue Mountain thrust (fig. 8B).

A possible geographical connection between rocks of
the Grand Castle Formation on the Markagunt Plateau and
lithologically identical rocks to the east in the uppermost
part of the Canaan Peak Formation in Table Cliff Plateau is
now buried beneath younger volcanic rocks north of the
Markagunt and Paunsaugunt Plateaus. At Table CIliff
Plateau, paleocurrents in conglomerate of the uppermost
part of the Canaan Peak Formation are to the east and south-
cast (fig. 7). If this conglomerate represents the distal part of
an easterly thinning clastic wedge, a thick conglomeratic
sequence may lie below the northern Paunsaugunt and
northeastern Markagunt Plateaus (fig. 2).

The absence of the Grand Castle Formation on the
Paunsaugunt Plateau and southward thinning of the forma-
tion on the southern Markagunt Plateau help to define the
Grand Castle basin geometry. Stratigraphic thicknesses of
the formation in the Markagunt Plateau and Parowan Gap
region indicate that the depocenter was approximately 15 km
south of Parowan (fig. 9). The southern basin margin may
have been about 5 km south of the present southern boundary
of Cedar Breaks National Monument (fig. 6). However, thin
conglomeratic units identical in lithology to that of the
Grand Castle are present in the southeastern part of the
Markagunt Plateau (E.G. Sable, written commun., 1994),
indicating that some Grand Castle conglomerate traversed
the southeastern part of the Markagunt Plateau. The northern
basin margin has not been identified due to the cover of Ter-
tiary volcanic rocks and disruption along the Hurricane fault
zone, but stratigraphic thinning to the north (Hilton, 1984;
Goldstrand, 1991, p. 120) suggests that the Grand Castle
Formation does not extend north much beyond Parowan. In
Parowan Gap, the lower(?) conglomerate and middle sand-
stone members are absent, which may indicate that a positive
topographic feature existed in the area before deposition of
the upper member of the Grand Castle Formation (fig. 8).

Along Parowan Gap, the upper(?) member of the Grand
Castle Formation unconformably overlies a fault-propaga-
tion fold and thrust within the Iron Springs Formation. Dur-
ing the Cretaceous, thrusting in Utah associated with the
Sevier orogeny propagated eastward (Armstrong, 1968), and
the thrust structures exposed in Parowan Gap are believed to
be the easternmost and youngest thrust faults of the Sevier
orogeny. Thus, the Grand Castle Formation postdates the
Sevier orogeny.

A debris-flow deposit within the upper conglomerate
member of the Grand Castle that contains Santonian(?)
palynomorphs indicates that Upper Cretaceous rocks were
exposed during deposition of the upper conglomerate mem-
ber. Although the Grand Castle Formation overlies a fault-
propagation fold in the Iron Springs Formation in the
Parowan Gap area, surface and subsurface mapping to the
southwest (Mackin and others, 1976; Mackin and Rowley,
1976; Van Kooten, 1988) indicates that this same fold-and-
thrust structure is overlain by calcareous sandstone of the
Claron Formation. We propose here that debris flows may
have been derived from this structural feature southwest of
the Parowan area, and that the structure formed a positive
topographic feature throughout deposition of the Grand Cas-
tle Formation. Eventually, this source area was eroded and
buried by sediments of the Claron Formation during late
Paleocene or early Eocene time.

At Table Cliff Plateau, structural and stratigraphic rela-
tions indicate that the conglomerate in the upper part of the
Canaan Peak Formation, correlative with the Grand Castle
Formation, predates the Laramide orogeny. The conglomer-
ate is tilted along the east limb of the Johns Valley anticline
and is overlain by the Pine Hollow Formation. Bowers
(1972) and Goldstrand (1994) have interpreted the rocks of
the Pine Hollow Formation as having been deposited during
the Laramide orogeny. Thus, strata correlative with the
Grand Castle predate the Laramide orogeny in this region.

Stratigraphic evidence suggests that the geometry of the
depositional basin may have been controlled by upwarping
in the northern part of the Paunsaugunt Plateau and southern
part of the Markagunt Plateau. The pinch-out and absence of
the Grand Castle Formation in the southern part of the Mark-
agunt and the Paunsaugunt Plateaus suggest upwarping and
erosion in these regions. A southwest-trending anticlinal
structure appears to project into the southern Markagunt Pla-
teau from the northern Paunsaugunt Plateau, and may have
formed the southern boundary of the Grand Castle deposi-
tional basin (Goldstrand, 1994).

However, as noted previously, conglomerates litholog-
ically identical to those of the Grand Castle are present on the
southeastern part of the Markagunt Plateau (fig. 2). The pres-
ence of this conglomerate may indicate that the proposed
upwarp, in the southeastern Markagunt Plateau, had not fully
developed prior to the initial deposition of the Grand Castle.
This upwarp may also have been a relatively lower topo-
graphic feature on the southeastern Markagunt Plateau with
respect to the southwestern part of the plateau (near Cedar
Breaks National Monument), thus allowing distal fluvial
conglomerate to be deposited farther to the southeast.
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SUMMARY

A sequence of conglomerate and sandstone previously
mapped as the basal part of the Claron Formation in the
Markagunt Plateau and Parowan Gap areas is herein formally
named the Grand Castle Formation. The Grand Castle differs
significantly from the Claron both compositionally and tex-
turally. In contrast to the fine-grained carbonate rock and cal-
careous sandstone and shale of the Claron Formation, the
Grand Castle Formation consists of siliciclastic conglomer-
ate and sandstone. The contact between the Grand Castle and
Claron Formations is placed at the boundary where red, cal-
careous sandstone and siltstone of the Claron Formation
become dominant. The contact of the Grand Castle with the
underlying Upper Cretaceous Iron Springs Formation, in the
Markagunt Plateau and eastern part of Parowan Gap, is
marked by an abrupt change from sandstone of the Iron
Springs to conglomerate of the Grand Castle. In the western
part of Parowan Gap, conglomerate of the Grand Castle For-
mation overlies fine-grained lithologies of various Creta-
ceous and Jurassic units with angular discordance.

The Grand Castle Formation is believed to be Pale-
ocene in age. Along the western Markagunt Plateau, the
Grand Castle grades upward into possible upper Paleocene
strata of the Claron Formation. Strata believed to be correla-
tive with the Grand Castle are present in the Table Cliff Pla-
teau and are stratigraphically overlain and underlain by
lower Paleocene units.

The Grand Castle represents a Paleocene braided flu-
vial system, the sediments of which were derived from the
inactive Wah Wah, Blue Mountain, and Iron Springs thrust
sheets of the Sevier thrust belt. Grand Castle conglomerates
overlie the easternmost and youngest Sevier thrust faults,
indicating that the formation postdates the Sevier orogeny.
Deposition of the conglomerate and sandstone that compose
the Grand Castle Formation was controlled initially by Lara-
mide upwarping within the Sevier foreland basin around a
depocenter south of the town of Parowan. Continued Lara-
mide deformation in the Table Cliff Plateau area tilted con-
glomerate correlative with the Grand Castle prior to
deposition of the intermontane deposits of the Pine Hollow
Formation. Thus, strata of the Grand Castle Formation and
its equivalents appear to have been deposited after the Sevier
orogeny and before extensive partitioning of the foreland
basin during Laramide orogeny.
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Palynology and Ages of Some Upper Cretaceous Formations
in the Markagunt and Northwestern Kaiparowits Plateaus,
Southwestern Utah

By Douglas J. Nichols

ABSTRACT

Upper Cretaceous formations in the Markagunt and
northwestern Kaiparowits Plateaus, southwestern Utah,
yielded assemblages of marine and nonmarine palynomorphs
that provide data on the geologic age of the formations and
therefore are of potential use in regional geologic mapping.
The study area is in and adjacent to the map area of the U.S.
Geological Survey’s Basin and Range—Colorado Plateau
Transition (BARCO) Study Unit, which is discussed in the
Introduction to this volume. Palynomorphs were recovered
from the Dakota Formation, the Straight Cliffs Formation,
and the Kaiparowits(?) Formation, units that range in age
from Cenomanian to Santonian.

In the study area the palynoflora of the Dakota Forma-
tion includes 35 taxa of fossil palynomorphs including pol-
len, spores, and dinocysts; this assemblage is no older than
Cenomanian. The palynoflora of the lower unit of the
Straight Cliffs Formation in the study area includes about
15 taxa of pollen and spores, all of which are present also
in the upper unit of the Straight Cliffs, and 7 or more
dinocyst taxa, which are not present in the upper unit. This
assemblage is not age-definitive, but falls within a palyno-
stratigraphic zone of Cenomanian through Turonian age.
The palynoflora of the upper unit of the Straight Cliffs For-
mation includes about 45 taxa of pollen and spores and no
dinocysts. Several species in this assemblage indicate an
age of early Coniacian. The palynoflora of the Kaiparo-
wits(?) Formation in the study area includes about 40 taxa
of pollen and spores (and no dinocysts). This assemblage is
characteristic of a palynostratigraphic zone of mid-Conia-
cian through Santonian age; the Kaiparowits(?) Formation
is most likely Santonian in age. Palynology indicates that
the Kaiparowits(?) Formation in the Markagunt Plateau is
older than the typical Kaiparowits Formation (Campanian)
in the southern Kaiparowits Plateau.

INTRODUCTION

This report summarizes results of analyses of palyno-
logic samples collected in the Markagunt and northwestern
Kaiparowits Plateaus, in and adjoining the study area of the
USGS Basin and Range—Colorado Plateau Transition
(BARCO) Study Unit in southwestern Utah (fig. 1). Samples
were collected to provide data on the palynostratigraphic
ages of Cretaceous rock units in the study area to assist in
mapping being conducted by personnel associated with the
BARCO project, specifically in the Cedar City and Pan-
guitch 30x60-minute quadrangles. Results also contribute to
compilation of a palynological database for Mesozoic rocks
of the region. Data in this report include sample localities
and units sampled, age determinations, and lists of palyno-
morphs present. Photomicrographic illustrations are pro-
vided for common and (or) stratigraphically important
spores, pollen, and dinocysts.

Samples were collected from several measured sec-
tions and a few isolated outcrops in the study area. Units
sampled are: the Dakota Formation, including beds possi-
bly transitional with the overlying Tropic Shale; the
Straight Cliffs Formation, which in the study area is infor-
mally divided into a lower and an upper unit; and a forma-
tion of uncertain relation to the Kaiparowits Formation in
its type area in the Kaiparowits Plateau that is referred to as
the Kaiparowits(?) Formation. Samples were collected also
from a unit of uncertain stratigraphic assignment thought to
be either the Kaiparowits(?) Formation or the Wahweap
Formation; it correlates palynostratigraphically with the
Kaiparowits(?) Formation.

PREVIOUS WORK

In addition to earlier studies that established the frame-
work for nomenclature of Cretaceous units in the Kaiparo-
wits Plateau (Gregory and Moore, 1931) and the Markagunt
Plateau (Gregory, 1950), more recent reports on the stratig-
raphy of the area include those by Peterson and Waldrop
(1965), Robison (1966), and Peterson (1969). Studies on
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Generalized geology of the study area, modified from Goldstrand and others (1993); light shade, undifferentiated Creta-

ceous rocks; dark shade, overlying Tertiary rocks. Samples discussed in this report were collected from the Markagunt Plateau and

northwestern part of the Kaiparowits Plateau.

stratigraphy, depositional environments, and tectonic impli-
cations of the Cretaceous rocks of the area were completed
still more recently by Moir (1974) and Gustason (1989).
Sable and Hereford (1990) first used the name Kaiparo-
wits(?) Formation in the Markagunt Plateau to refer to the
unit that is a major focus of the present palynological study.
Most recently, Eaton (1991) summarized the biostrati-
graphic framework of the Upper Cretaceous of the Kaipa-
rowits Plateau, and Goldstrand and others (1993)
summarized Late Cretaceous to early Tertiary tectono-
stratigraphy of the region. Eaton’s report includes some
palynological data; Goldstrand and others made use of
palynological age determinations but presented no data.

A few previous studies of the palynology of the Upper
Cretaceous rocks of the region have been published. Lohren-
gel (1969) conducted a palynological study on the Kaipa-
rowits Formation in its type area and purported to have
determined its age. Agasie (1969) described and illustrated
the palynoflora of the Dakota Formation in northeastern Ari-
zona; his taxonomy is useful in the present study. Orlansky
(1971) described and illustrated palynomorphs from the
Straight Cliffs Formation near Henrieville, Utah, and May

(1972) illustrated some palynomorphs from a coal field in
the Straight Cliffs Formation in the northeastern part of the
Kaiparowits Plateau. Bowers (1972) published some palyno-
logical data and interpretations of R.H. Tschudy (USGS) that
concern the Kaiparowits and Canaan Peak Formations in the
northern Kaiparowits Plateau and Table Cliff Plateau. May
and Traverse (1973) reported on the palynology of the
Dakota Formation near Bryce Canyon National Park, and
May (1975) described a species of pollen said to be useful as
a guide fossil for the Cenomanian of the region. am Ende
(1991) utilized palynology in a study of depositional envi-
ronments of the Dakota Formation at the southern edge of
the Kaiparowits Plateau. Eaton (1991) reviewed previously
published palynological data from the Kaiparowits Forma-
tion; they indicate that this unit is stratigraphically older than
Lohrengel (1969) had concluded. Farabee (1991) restudied
the palynology of the Kaiparowits Formation in its type area,
reaffirming Eaton’s conclusion about its age. Finally,
Nichols (1994) published a revised palynostratigraphic
zonation of the Upper Cretaceous of the Rocky Mountain
region that is applicable to the study area.
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STRATIGRAPHY

The stratigraphic units investigated in the present
study are (from oldest to youngest) the Dakota Formation,
Tropic Shale, Straight Cliffs Formation, Wahweap Forma-
tion, and Kaiparowits(?) Formation (fig. 2). All are Late
Cretaceous, ranging from Cenomanian to Santonian in age.
Brief discussions of the stratigraphy of each of these units
follow; more detailed information is presented in the refer-
ences previously cited.

The Dakota Formation consists of sandstone, mud-
stone, carbonaceous shale, and coal. It represents continental
deposits marginal to the Cretaceous seaway. In some places
in the study area, the Dakota is not clearly distinguishable
from the overlying marine Tropic Shale, and Gustason
(1989) presented evidence for intertonguing of these units.

The Tropic Shale, which represents shoreface and off-
shore marine deposits interbedded with lagoonal and mire
deposits, is poorly exposed in most places. Samples

Markagunt Plateau Kaiparowits Plateau
Canaan Peak
Formation (part)
Kaiparowits
Formation
Kaiparowits(?)
Formation
Wahweap
g Formation
o Wahweap
L 4
O Formation
<
'_
% Drip Tank
o
5 Member
o Straight upper unit Straight J?\;]Qnt{be:rry
=} Cliffs Cliffs
Fm. Em. Smoky Hollow
Member
2 Tibbet Canyon
|
ower unit Mermber
Tropic Tropic
Shale Shale
Dakota Dakota
Formation Formation
Figure 2.  Nomenclature and generalized lithostratigraphic

correlation of Upper Cretaceous formations in the study area.
Actual relative thicknesses of units are not implied; vertical line
pattern, hiatus.

collected in this study from an interval designated Dakota
Formation-Tropic Shale (undivided) in the Clear Creek
Mountain quadrangle, in the southwestern part of the study
area, may include part of the Tropic Shale (E.G. Sable, writ-
ten commun., 1992). Otherwise, the Tropic Shale was not
sampled in the present study.

The nonmarine Straight Cliffs Formation overlies and
intertongues with the Tropic Shale. The Straight Cliffs is
composed of sandstone, mudstone, carbonaceous mudstone,
carbonaceous shale, limestone, and coal. In its type area in
the Kaiparowits Plateau, the Straight Cliffs Formation is
divided into four formally defined members (Peterson,
1969), but in the Markagunt Plateau, it is divided into two
informal units (Sable and Hereford, 1990); see figure 3. The
lower unit of the Straight Cliffs Formation is predominantly
sandstone and is about 570 ft (174 m) thick. (Measurements
in feet are original data of previous workers.) It forms the
Gray Cliffs of the “Grand Staircase,” a regional steplike geo-
morphologic feature on the southern flanks of the Markagunt
and Kaiparowits Plateaus. The lower unit in the Markagunt
Plateau—Cedar Canyon area is the lithostratigraphic equiva-
lent of the Tibbet Canyon Member of the Straight Cliffs For-
mation of the Kaiparowits Plateau (Peterson, 1969).
However, the lower unit of the Straight Cliffs in the Cedar
Canyon area may be partly older than the Tibbet Canyon
Member of the Kaiparowits Plateau. The upper unit of the
Straight Cliffs in the Markagunt Plateau is composed of
interbedded shale and sandstone and includes carbonaceous
and coaly beds; it is about 1,450 ft (442 m) thick. It is litho-
stratigraphically equivalent to the Smoky Hollow and John
Henry Members of the Straight Cliffs Formation in the Kaip-
arowits Plateau. The lower part of the upper unit evidently is
not as young as the John Henry Member, based on results
from the present study; the upper part of the upper unit was
not dated in this study.

The Wahweap Formation overlies the Straight Cliffs
Formation. It consists of interbedded sandstone, mudstone,
and shale of nonmarine origin. It was not sampled in this
study. However, a unit of uncertain stratigraphic assignment
was sampled at one locality that appeared to be either the
Wahweap or the Kaiparowits(?) Formation. The significance
of this unit is discussed in the section, “Age Determinations
and Correlations.”

The presence of the Kaiparowits Formation (Gregory
and Moore, 1931) in the study area is a matter of some dis-
pute. A unit overlying the Wahweap and underlying the
Claron Formation (Tertiary) at some places is lithologically
similar to the Kaiparowits Formation in its type area in the
southern Kaiparowits Plateau. In the study area, this unit is
about 350 ft (105 m) thick south of Navajo Lake (fig. 4), but
in places it appears to be absent. The age of this unit has been
uncertain; it has been thought to be either Cretaceous or Ter-
tiary. Results of palynological analyses of samples of this
unit reported here establish its age as Cretaceous, but this
alone is not an adequate basis for recognition of the
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Kaiparowits Formation, a lithostratigraphic unit, in the study
area. In this report, the name “Kaiparowits(?)” is used to
refer to this disputed unit, following the usage of Sable and
Hereford (1990). Ultimately the Kaiparowits(?) Formation
of the Markagunt Plateau is concluded to be stratigraphically
older than the Kaiparowits Formation in its type area in the
eastern Kaiparowits Plateau.

Other units in the study area were evaluated in the field
for their potential for yielding palynomorphs. They were not
sampled because the rock types—sandstone or conglomer-
ate—were deemed unsuitable (palynomorphs generally are
not deposited in high-energy depositional environments in
which sand or gravel is deposited). The units for which it is
not possible to make palynological age determinations are (1)
undifferentiated sandstone in the Pine Knoll area, southeast
of Navajo Lake, that is transitional in appearance between
Wahweap and Kaiparowits(?) Formations; (2) conglomeratic
sandstone possibly equivalent to the Canaan Peak Formation,
in the Pine Knoll area; and (3) sandstone and conglomerate
in Parowan Canyon in the Markagunt Plateau. The ages of
these units remain problems probably not subject to solution
on the basis of palynological analysis. However, some prob-
lematic information pertaining to unit (3) is discussed in the
section, “Age Determinations and Correlations.”

SAMPLE LOCALITIES

Sample localities are listed by number within groups
representing the stratigraphic units sampled. Four-digit num-
bers preceded by the letter “D” are U.S. Geological Survey
paleobotany locality numbers registered in the Denver
palynological laboratory. Letters following the four-digit
numbers, if any, are used to distinguish multiple samples
collected from a measured section at a single locality. These
locality and sample numbers also identify microscope slides,
unmounted fossil material (residues), and unprocessed splits
of samples archived at the Denver laboratory. Geographic
and cultural features mentioned in locality descriptions are
shown in figure 4.

DAKOTA FORMATION

D7623.—Dakota Formation exposed in road cuts and
natural exposures along county road below and above con-
trol point 6757; sec. 3, T. 40 S., R. 9 W., Kane County, Utah;
Clear Creek Mountain 7.5-minute quadrangle; lat
37°21'31"-37°21'39" N., long 112°50'13"-112°5025" W.
Primary reference section for Dakota Formation in this
study; measured section may include Tropic Shale in upper-
most beds (not sampled). Sampled by E.G. Sable; positions
of samples given as stratigraphic distance below base of the
Straight Cliffs Formation.

Claron Formation

Grand Castle Formation

Kaiparowits(?) Formation

Wahweap Formation

upper unit

Straight Cliffs Formation

lower unit

Tropic Shale

Dakota Formation

Figure 3. Stratigraphic relationships of forma-
tions in the Markagunt Plateau mentioned or dis-
cussed in detail in the text (modified from Sable and
Hereford, 1990). Shading indicates units sampled
for palynology in the present study. Grand Castle
Formation is a new name (Goldstrand and Mullett,
this volume, chapter D).

Straight Cliffs Formation (lower unit).

Dakota Formation:
-295 ft (-89.9 m) (barren sample)
=518 ft (-<157.9 m) D7623-H, -1
-532 ft (-162.2 m) D7623-F, -G
-544 ft (-165.8 m) D7623-D, -E
-922 ft (-281.0 m) D7623-C
-961 ft (-292.9 m) D7623-B
-1,027 ft (-313.0 m) D7623-A
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Figure 4. Geographic and cultural features mentioned in descriptions of sample localities, part of southwestern Utah.

D7621-A.—Dakota Formation exposed along north
side of State Highway 12, east of Henrieville; sec. 8, T. 37
S., R. 1 W, Garfield County, Utah; Henrieville 7.5-minute
quadrangle; lat 37°35'50" N., long 111°55'43" W. Sample
collected by E.G. Sable about 4.5 ft (1.4 m) above base of
measured section that includes 220 ft (67 m) of mudstone,
sandstone, and carbonaceous shale below the Tropic Shale.

D7624-A.—Dakota Formation exposed in road cut
along State Highway 14 in Cedar Canyon; sec. 36, T. 36 S,
R. 10 W., Iron County, Utah; Flanigan Arch 7.5-minute
quadrangle; lat 37°36'31"-37°37'34" N., long 112°55'48"
W. Sample collected by E.G. Sable 181.0 ft (55.2 m) below
base of the Straight Cliffs Formation.

D7826.—Dakota Formation exposed along State High-
way 14 in Cedar Canyon; SE!/,SE!/4 sec. 26, T.36 S.,R. 10
W., Iron County, Utah; Flanigan Arch 7.5-minute quadran-
gle; lat 37°37'45" N., long 112°56'40" W. Sample collected
by D.J. Nichols and E.G. Sable, probably from upper coal
zone of the middle member of the Dakota Formation of
Gustason (1989).

D7831.—Uppermost part of the Dakota Formation as
mapped by Averitt and Threet (1973) exposed along Kolob
Reservoir Road; SW!/,SW1/, sec. 25, T. 36 N,, R. 11 W,
Iron County, Utah; Cedar City 7.5-minute quadrangle; lat
37°37'45" N., long 113°01'58" W. Two samples collected by
D.J. Nichols and E.G. Sable from about the same strati-
graphic level, about 18 ft (5.5 m) below base of Straight
Cliffs Formation; sample D7831-A is coal and sample
D7831-B is carbonaceous shale.

STRAIGHT CLIFFS FORMATION
(LOWER UNIT)

D7624—Lower unit of Straight Cliffs Formation
exposed in road cuts along State Highway 14 in Cedar Can-
yon; sec. 36, T. 36 S., R. 10 W, Iron County, Utah; Flanigan
Arch 7.5-minute quadrangle; lat 37°36'31"-37°37'34" N.,
long 112°55'48" W. Section measured and sampled by E.G.
Sable, as follows:
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Straight Cliffs Formation:
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sandstone, coquina 16.0 ft (4.9 m)
carbonaceous shale 1.5 ft (0.5 m) D7624-E
sandstone 276.0 ft (84.1 m)
carbonaceous shale 0.5 ft (0.2 m) D7624-D
sandstone 252.0 ft (76.8 m)
carbonaceous shale,

coal 0.5 ft (0.2 m) D7624-C
sandstone 15.0 ft (4.6 m)
coaly shale, coal 0.5 ft (0.2 m) D7624-B
sandstone 55.0 ft (16.8 m)

Tropic Shale:

shale, sandstone
shale, limestone,
coquina

158.0 ft (48.1 m)

18.0 ft (5.5 m)

D7827 —Lower unit of the Straight Cliffs Formation
exposed along State Highway 14 in Cedar Canyon; SW1/,
sec. 36, T. 36 S., R. 10 W., Iron County, Utah; Webster Flat
7.5-minute quadrangle; lat 37°36'29" N., long 112°56'05"
W. Sample collected by D.J. Nichols and E.G. Sable from
coal seam about 55 ft (17 m) above base of lower unit of the
formation, just above first sandstone cycle; same bed as sam-
ple D7624-B (which was barren).

D7829.—Lower unit of Straight Cliffs Formation
exposed along State Highway 14 in Cedar Canyon; NE!/,4
NW!/, sec. 21, T. 37 S., R. 10 W, Iron County, Utah; Web-
ster Flat 7.5-minute quadrangle; lat 37°36'05" N., long
112°56'55" W. Sample collected by D.J. Nichols and E.G.
Sable about 16 ft (5 m) below mappable top of thick sand-
stone units in the lower unit of the formation.

STRAIGHT CLIFFS FORMATION
(UPPER UNIT)

D7621 —Straight Cliffs Formation exposed along
north side of State Highway 12, east of Henrieville; sec. 8, T.
37 S., R. 1 W., Garfield County, Utah; Henrieville 7.5-
minute quadrangle; lat 37°35'S0" N., long 111°55'43" W.
Reference section in this study for the upper unit of the
Straight Cliffs Formation in the Henrieville-Tropic area.
Sampled by E.G. Sable from sections published by Robison
(1966, p. 14-23), as follows:

Wahweap Formation.

Straight Cliffs Formation:

Drip Tank Member equivalent:

conglomerate,
sandstone 523 ft (159.4 m)
upper unit (John Henry and Smoky Hollow Members
equivalent):
mudstone,
sandstone 33 ft (10 m)
mudstone 101 ft (30.8 m) D7621-G

mudstone,
sandstone 392 ft (119.5 m)
carbonaceous
mudstone, coal 24 ft (7.3 m) D7621-E, -F
sandstone,
mudstone 107 ft (32.6 m)
white sandstone,
conglomerate 66 ft (20.1 m)
mudstone,
sandstone 125 ft (38.1 m)
carbonaceous
mudstone, coal 9 ft (2.7 m) D7621-B,
-C,-D
lower unit (Tibbet Canyon Member
equivalent):
sandstone 115 ft (35.1 m)
Tropic Shale:
shale 690 ft (210 m)

Dakota Formation.

D7830.—Upper unit of the Straight Cliffs Formation
exposed along Urie Creek on the Markagunt Plateau;
NW!/,NW!/, sec. 16, T. 37 S., R. 10 W., Iron County,
Utah; Webster Flat 7.5-minute quadrangle; lat 37°35'18"
N., long 113°00'43" W. Samples collected by D.J.
Nichols and E.G. Sable, as follows: base of section is
about 160 ft (50 m) above the top of the lower unit of the
formation, probably in the John Henry Member equiva-
lent; sample D7830-A=carbonaceous shale from first coaly
horizon above creek level; sample D7830-B=carbon-
aceous shale 11 ft (3.4 m) above D7830-A; sample
D7830-C=coal from 6-inch-thick bed about 23 ft (7 m)
above D7830-B.

KAIPAROWITS(?) FORMATION

D7622.— Kaiparowits(?) Formation in cirque-like out-
crop at headwaters of unnamed draw south of Navajo Lake;
sec. 13, T. 38 S., R. 9 W., Kane County, Utah; Navajo Lake
7.5-minute quadrangle; lat 37°30'32" N., long 112°47'39"
W. Section measured and sampled by E.G. Sable, as follows:

Claron Formation.

Kaiparowits(?) Formation:

sandstone 51 ft (15.5m)
shale 28 ft (8.5 m) (barren sample)
sandstone 131 ft (39.9 m)
shale 8 ft (2.4 m) D7622-B
sandstone 25 ft (7.6 m)
shale 0ft (3.1 m) D7622-A
sandstone,

shale 90 ft (27.4 m)
shale 5ft(1.5m) (barren sample)
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D7626.—Kaiparowits(?) Formation exposed in road
cut on east side of U.S. Highway 89: sec. 36, T. 39 S., R. 7
W., Kane County, Utah: Long Valley Junction 7.5-minute
quadrangle; lat 37°22'30" N, long 112°35'30" W. Sample
collected by E.G. Sable about 500 ft (150 m) below base of
Claron Formation.

D7843 —Kaiparowits(?) Formation exposed in stream
cut at Cascade Falls; SE!/,SE!/, sec. 17, T. 38 S., R. 8 W_,
Kane County, Utah; Navajo Lake 7.5-minute quadrangle; lat
37°30'15" N., long 112°45'30" W. Sample collected by D.W.
Moore about 95 m below the base of the Claron Formation.

D7625.— Kaiparowits(?) Formation or Wahweap For-
mation (stratigraphic assignment uncertain) exposed in cir-
que-like amphitheater on west side of Blowhard Mountain
and in road cuts along State Highway 14; sec. 16 and 21, T.
37S8.,R.9 W_, Iron County, Utah; Navajo Lake and Webster
Flat 7.5-minute quadrangles; lat 37°34'57" N., long
113°5220" W. Section measured and sampled by E.G.
Sable, as follows:

Claron Formation.

Kaiparowits(?) or Wahweap Formation:

sandstone, shale 78 ft (23.8 m)

carbonaceous

siltstone, shale 1 ft (0.3 m) D7625-A
60 ft (18.3 m)

250 ft (76.2 m)

sandstone
sandstone, shale

carbonaceous shale,

sandstone 2-3 ft (0.6-0.9 m) D7625-B

PALYNOLOGY
SAMPLE PROCESSING AND ANALYSIS

All samples were processed following standard proce-
dures described by Doher (1980). Two slides were prepared
from each maceration residue. The slides, unmounted resi-
dues, and unprocessed splits of samples are archived in the
USGS palynological laboratory in Denver, Colo. All archived
materials are filed by their respective locality numbers.

Slides were scanned and identifications of all species
identified were recorded. Specimen counts were not made,
but where certain species were found to be especially
numerous and thus to characterize an assemblage, special
note was made of their abundance. Some taxonomic identi-
fications are preliminary, pending the outcome of detailed
studies in progress; many are to the genus level only. Based
on these records, palynofloral lists were compiled for each
stratigraphic unit. Age determinations and correlations (dis-
cussed later) are based on the total palynoflora of each unit
in the study area as it is represented in these lists. Strati-
graphically important and commonly occurring species of
palynomorphs are illustrated in plates 1-4.

PALYNOFLORA OF THE
DAKOTA FORMATION

Bryophyte and pteridophyte spores

Appendicisporites potomacensis Brenner

(pl. 2, fig. 1)
Appendicisporites spp.
Camarozonosporites ambigens (Fradkina) Playford
Cicatricosisporites spp. (pl. 2, fig. 9)
Cyathidites sp.
Deltoidospora minor (Couper) Pocock
Gleicheniidites senonicus Ross emend. Skarby

(pl. 1, fig. 11)
Klukisporites sp. (pl. 1, figs. 13-14)
Laevigatosporites sp. (pl. 1, fig. 1)
Lygodiumsporites sp. 1 (pl. 1, fig. 6)
Microreticulatisporites sp.
Stereisporites spp.
Triporoletes novomexicanus {Anderson) Srivastava

Gymnosperm pollen

Corollina torosa (Reissinger) Klaus emend.
Cornet & Traverse
Ephedripites sp. D
Pitvosporites spp.
Quadripollis krempii Drugg
Taxodiaceaepollenites hiatus (Potonié¢) Kremp
Angiosperm pollen
Cupuliferoidaepollenites minutus (Brenner) Singh
Foveotricolporites sp. (pl. 3, figs. 12—-13)
Liliacidites sp.
Nvyssapollenites albertensis Singh (pl. 3, tigs. 7-10)
Nyssapollenites spp.
Stephanocolpites sp. cf. S. tectorius Hedlund
Tricolpites spp. (pl. 3. figs. 4-5)
Marine dinocysts
Palaeohystrichophora infusorioides Deflandre
(pl. 4, fig. 8)
dinocysts, unidentified

The palynoflora of the Dakota Formation in the study
area is dominated by nonmarine pollen and spore taxa but
includes some marine dinocysts. About 35 species in 22
genera were recorded from a total of 14 samples analyzed
from five localities in the Markagunt and northwestern
Kaiparowits Plateaus. Specimens of fern spores represent-
ing more than a dozen species are the most common fossils
in assemblages from these Dakota samples. Species of
gymnosperm pollen displaying a wide range of morphology
are present but not markedly abundant. Species of
angiosperm pollen include monosulcate, tricolpate, tetra-
colpate, and tricolporate types; no triporate pollen is
present in the Dakota palynoflora.

Palaeohystrichophora infusorioides Deflandre is the
only dinocyst species positively identified in the samples
studied, although a few other poorly preserved specimens
were observed. The dinocysts are indicative of marine
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influence in the depositional environment. Dinocysts are
present in assemblages from within the upper 165 m of the
Dakota Formation at locality D7623, an interval that may be
transitional with the marine Tropic Shale (E.G. Sable, writ-
ten commun., 1992; see also Gustason, 1989).

The gymnosperm pollen taxa identified have little pale-
oecologic or biostratigraphic significance because of their
long stratigraphic ranges and their low numbers in these sam-
ples. The spore taxa similarly have long stratigraphic ranges.
The angiosperm pollen taxa identified have greater biostrati-
graphic significance than either the spores or the gymno-
sperm pollen, even at a high taxonomic level. For example,
the presence of tricolporates (especially species of the genus
Nyssapollenites), together with the absence of triporates, is
characteristic of assemblages of Cenomanian age in the
Rocky Mountain region. A tetracolpate species from the
Dakota Formation in the Markagunt Plateau identified as
Stephanocolpites sp. cf. S. tectorius Hedlund closely resem-
bles a specimen from the Dakota Formation in Arizona iden-
tified as S. tectorius by Agasie (1969, pl. 4, figs. 9-10) except
thatit is smaller than Agasie’s specimen. It is the only species
recorded in the present study that is unique to the palynoflora
of the Dakota Formation. It was present in a single sample
from locality D7621, in the northwestern Kaiparowits Pla-
teau; it was poorly preserved and is not illustrated here.

The palynoflora of the Dakota Formation in southern
Utah and northern Arizona is known from previous studies
by Agasie (1969), May (1972), May and Traverse (1973),
and am Ende (1991). Agasie described and illustrated 39
species (28 genera) of palynomorphs from the Black Mesa
basin of Arizona, mostly spores but including tricolpate and
tricolporate pollen clearly of Cenomanian aspect. May
(1972) illustrated assemblages from three coal fields in
Dakota rocks of southern Utah, including the Kolob coal
field of the Markagunt Plateau. May’s assemblages include
some marine dinocysts (from the Henry Mountains coal
field), but primarily consist of nonmarine pollen and spores.
May (1972) and May and Traverse (1973) illustrated but did
not identify the distinctive pollen tetrad Artiopollis indivisus
Agasie, which had been described and named by Agasie
(1969) and which was said to be a useful guide fossil for the
Cenomanian of the area. May (1975) later described another
distinctive Cenomanian guide fossil from the Dakota Forma-
tion, Dichastopollenites reticulatus May, stating that this
palynomorph was present at most of his localities in Utah
and also at Agasie’s locality in Arizona. Neither of these spe-
cies was found in samples of the Dakota Formation analyzed
in the present study. The palynology of the Dakota Forma-
tion at the southern edge of the Kaiparowits Plateau was
investigated by am Ende (1991) in her study of the deposi-
tional environments of the formation. She reported the
occurrence of 84 species and discussed their relative abun-
dance as major groups (bryophyte and pteridophyte spores,
gymnosperm pollen, and angiosperm pollen). In contrast
with previous studies of the Dakota palynoflora (and the

present study), am Ende found that diversity was greatest in
the angiosperm pollen. She noted that most angiosperm pol-
len specimens in her samples were tricolpate forms (about 62
percent of the species identified and 81 percent of the speci-
mens counted). In addition to the tricolpates, she identified
monosulcate and tricolporate forms, but no triporates.

May’s (1972) report of triporate pollen from a supposed
Dakota sample from the Kaiparowits coal field in the Seep
Flat quadrangle casts serious doubt on the sampled bed’s hav-
ing been correctly identified as the Dakota Formation. Rocks
of Dakota (Cenomanian) age in the southern Utah—-northern
Arizona region lack triporate pollen, as reaffirmed in subse-
quent studies, including the present one. Furthermore, the
assemblage illustrated by May from the Seep Flat quadrangle
lacks the Cenomanian guide fossils named herein.

PALYNOFLORA OF THE LOWER UNIT OF
THE STRAIGHT CLIFFS FORMATION

Bryophyte and pteridophyte spores
Cicatricosisporites sp.
Cyathidites sp.
Laevigatosporites haardtii (Potonié & Venitz)
Thomson & Pflug
Stereisporites spp.
Gymnosperm pollen
Corollina torosa (Reissinger) Klaus emend.
Cornet & Traverse
Pityosporites spp.
Taxodiaceaepollenites hiatus (Potonié€) Kremp

Angiosperm pollen

Nyssapollenites spp.

Retitrescolpites sp. (pl. 3, fig. 6)

Tricolpites spp.

Marine dinocysts

Alterbidinium sp. (pl. 4, fig. 10)

Cleistosphaeridium sp.

Cyclonephelium sp.

Isabelidinium? sp. (pl. 4, fig. 9)

Odontochitina operculata (Wetzel) Deflandre &
Cookson

Oligosphaeridium sp. (pl. 4, fig. 12)

Palaeohystrichophora infusorioides Deflandre
(pl. 4, fig. 11)

dinocysts, unidentified

microforams (pl. 4, fig. 13)

The palynoflora of the lower unit of the Straight Cliffs
Formation (Tibbet Canyon Member equivalent) in the study
area includes seven or more species of marine dinoflagellate
cysts and microforams—the chitinous inner linings of tests
of marine foraminifers. The dinocyst assemblage is more
diverse than that recorded from the marine facies of the
Dakota Formation in this study. Thus, there is ample evi-
dence of occasional marine influence in the depositional
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environment of the lower unit of the Straight Cliffs Forma-
tion in the study area. These indicators of marine facies were
not observed in samples from the upper unit of the forma-
tion. The assemblage of terrestrial spores and pollen from the
lower unit is less diverse than that recorded from either the
Dakota Formation or the upper unit of the Straight Cliffs
Formation. About 15 species in 10 genera were recorded
from a total of six samples analyzed, all from the Markagunt
Plateau. Because several of these samples yielded only
sparse assemblages, the palynoflora of the lower unit cannot
be said to be well known in the study area.

The Straight Cliffs Formation in the northwestern Kaip-
arowits Plateau near Henrieville, Utah, was the subject of a
previous study by Orlansky (1971). He also reported
dinocysts from the lower part of the formation (the informal
lower member of Peterson and Waldrop, 1965), and noted
that these marine palynomorphs are restricted to this part of
the formation. Although the palynoflora from this interval
described by Orlansky (1971) is considerably more diverse
than that recorded in the present study, it also excludes bio-
stratigraphically important triporate species.

PALYNOFLORA OF THE UPPER UNIT OF
THE STRAIGHT CLIFFS FORMATION

Bryophyte and pteridophyte spores

Appendicisporites spp.

Camarozonosporites ambigens (Fradkina) Playford

Cicatricosisporites augustus Singh (pl. 2, figs. 2-4)

Cicatricosisporites australiensis (Cookson) Potonié
(pl. 2, figs. 5-6)

Cicatricosisporites imbricatus (Markova) Singh
(pl. 2, fig. 9)

Cicatricosisporites spp.

Cyathidites sp. cf. C. diaphana (Wilson & Webster)
Nichols & Brown (pl. 1, figs. 2-3)

Cyathidites sp.

Deltoidospora minor (Couper) Pocock (pl. 1,
figs. 4-5)

Echinatisporis varispinosus (Pocock) Srivastava

Foraminisporis wonthaggiensis (Cookson &
Dettmann) Dettmann

Gleicheniidites senonicus Ross emend. Skarby

Klukisporites sp. (pl. 1, fig. 12)

Laevigatosporites haardtii (Potonié & Venitz)
Thomson & Pflug

Lygodiumsporites sp. 2 (pl. 1, fig. 7)

Microreticulatisporites sp.

Ornamentifera sp.

Reticuloidosporites pseudomurii Elsik

Stereisporites spp.

Triporoletes sp. (pl. 1, fig. 10)

Gymnosperm pollen

Araucariacites australis Cookson ex Couper
(pl. 2, fig. 13)

Callialasporites dampieri (Balme) Dev emend.
Norris (pl. 2, fig. 10)

Corollina torosa (Reissinger) Klaus emend.
Cornet & Traverse (pl. 2, figs. 15-16)

Cycadopites sp.

Ephedripites sp. D (pl. 2, figs. 11-12)

Pityosporites spp.

Taxodiaceaepollenites hiatus (Potonié) Kremp (pl. 2,
fig. 14)

Vitreisporites pallidus (Reissinger) Nilsson

Angiosperm pollen

Arecipites sp. (pl. 3, figs. 1-2)

Complexiopollis sp. 1 (pl. 4, fig. 7)

Cupuliferoidaepollenites minutus (Brenner) Singh

Foveotricolporites johnhenryensis (pl. 3, fig. 14)

Liliacidites sp. (pl. 3, fig. 3)

Nyssapollenites albertensis Singh

Plicapollis sp. cf. P. rusticus Tschudy

Pseudoplicapollis triradiata Jameossanaie (pl. 4,
figs. 5-6)

Rhoipites sp. (pl. 3, figs. 15-16)

Tricolpites spp.

Freshwater algal cysts

Schizophacus sp. cf. S. laevigatus (Stanley) Nichols
& Brown

The palynoflora of the upper unit of the Straight Cliffs
Formation (Smoky Hollow and John Henry Members equiv-
alent) in the study area includes about 45 species in 35 gen-
era. The palynofloral list was compiled from a total of nine
samples analyzed from two localities, one each in the Mark-
agunt and northwestern Kaiparowits Plateaus. The palyno-
flora, which includes spores, pollen, and freshwater algae,
but no marine dinocysts, is considerably more diverse than
that from the lower unit of the Straight Cliffs Formation.
More than twice the numbers of both gymnosperm and
angiosperm pollen species are present in the upper unit than
in the lower unit, and in the upper unit, the number of species
of bryophyte and pteridophyte spores is about equal to that
of species of gymnosperm and angiosperm pollen combined.
Angiosperm pollen includes monosulcate, tricolpate, tri-
colporate, and triporate types. Species of triporate pollen in
the palynoflora of the upper unit of the Straight Cliffs For-
mation have the most biostratigraphic significance, as
discussed later.

As mentioned, the Straight Cliffs Formation in the
northwestern Kaiparowits Plateau near Henrieville, Utah,
was the subject of a previous study by Orlansky (1971). He
described and illustrated 124 palynomorph species from 20
samples. Many of the same species were recorded in the
present study, but some names applied differ because of sub-
sequent changes in palynological taxonomy and nomencla-
ture. Locality D7621 of the present study is essentially the
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same as that from which Orlansky collected his samples,
although he sampled in greater detail. Despite differences in
palynological nomenclature, Orlansky’s study is of consid-
erable value in determining the age relations of the upper
unit of the Straight Cliffs Formation, especially because of
the greater density of his sampling.

May (1972) illustrated some specimens from the
Straight Cliffs Formation in Carcass Canyon in the eastern
part of the Kaiparowits Plateau. His assemblage was from the
John Henry Member in the Kaiparowits Plateau coal field.

The John Henry Member of the Straight Cliffs Forma-
tion in the subsurface of the central part of the Kaiparowits
Plateau was extensively sampled by Nichols (1995). In
total, 55 taxa from the formation were identified in that
study, and the biostratigraphically significant ones were
illustrated and discussed.

PALYNOFLORA OF THE
KAIPAROWITS(?) FORMATION

Bryophyte and pteridophyte spores
Aequitriradites spinulosus (Cookson & Dettmann)
Cookson & Dettmann
Appendicisporites spp.
Camarozonosporites ambigens (Fradkina) Playford
Cicatricosisporites spp.
Cyathidites sp. cf. C. diaphana (Wilson & Webster)
Nichols & Brown
Cvathidites sp.
Deltoidospora minor (Couper) Pocock
Echinatisporis varispinosus (Pocock) Srivastava
Foraminisporis wonthaggiensis (Cookson &
Dettmann) Dettmann
Ghoshispora sp.
Laevigatosporites  haardtii (Potonié & Venitz)
Thomson & Pflug
Lygodiumsporites sp. 3
Microreticulatisporites sp.
Reticuloidosporites pseudomurii Elsik
Triporoletes novomexicanus (Anderson) Srivastava
(pl. 1, figs. 8-9)
Gymnosperm pollen
Araucariacites australis Cookson ex Couper
Corollina torosa (Reissinger) Klaus emend. Cornet
& Traverse
Ephedripites sp. D
Pityosporites spp.
Quadripollis krempii Drugg
Taxodiaceaepollenites hiatus (Potonié) Kremp
Angiosperm pollen
Arecipites sp.
Complexiopollis? sp. 2
Cupanieidites spp.
Foveotricolporites sp.
Inaperturotetradites scabratus Tschudy
Liliacidites sp.
Nyssapollenites spp.

Proteacidites spp. (pl. 4, figs. 1-4)
Pseudoplicapollis triradiata Jameossanaie
Rhoipites sp.
Tricolpites spp.
Freshwater algal cysts
Schizophacus sp. cf. S. laevigatus (Stanley) Nichols
& Brown

The palynoflora of the Kaiparowits(?) Formation in
the Markagunt Plateau includes about 40 species in 32 gen-
era. The palynofloral list was compiled from a total of six
productive samples analyzed from four localities in the
Markagunt Plateau. The list includes pteridophyte spores,
gymnosperm and angiosperm pollen, and freshwater algal
cysts. Although pteridophyte spores are the most numerous
palynomorph taxa recorded from the formation, proportion-
ally there are more different kinds of angiosperm pollen in
this unit than in the other Cretaceous formations in the
study area. Angiosperm pollen taxa include monosulcate,
tricolpate, tricolporate, syncolporate, and triporate types,
and an unusual inaperturate tetrad; significantly, triprojec-
tate types are absent.

Among the palynomorph species recorded in the
palynoflora of the Kaiparowits(?) Formation, only a few
have not been recorded also in the other Cretaceous forma-
tions in the study area. They are the spores Aequitriradites
spinulosus (Cookson & Dettmann) Cookson & Dettmann,
Ghoshispora sp., and Lygodiumsporites sp. 3, and the
angiosperm pollen Complexiopollis? sp. 2, Cupanieidites
spp-, Inaperturotetradites scabratus Tschudy, and Protea-
cidites spp. Aequitriradites spinulosus is known from the
Straight Cliffs Formation in the central part of the Kaiparo-
wits Plateau (Nichols, 1995), but the others serve to distin-
guish the palynoflora of the Kaiparowits(?) Formation from
those of other units in the region. Inaperturotetradites sca-
bratus was originally described from the Judith River For-
mation (Campanian) in Montana by Tschudy (1973); its
record of occurrence in the Kaiparowits(?) Formation
extends the known geographic and stratigraphic range of this
species. All productive samples from the Kaiparowits(?)
Formation in the Markagunt Plateau contain pollen of the tri-
porate genus Proteacidites. This genus has great palyno-
stratigraphic utility in the Rocky Mountain region.

The palynoflora of the Kaiparowits Formation of the
northwestern Kaiparowits Plateau was the subject of a previ-
ous study by Lohrengel (1969). He described and illustrated
80 species (41 genera) of palynomorphs. Aside from his
more extensive palynofloral list, the most important differ-
ence between Lohrengel’s results and those of the present
study is his report of the occurrence of species of the
triprojectate genus Aquilapollenites in his samples. In the
present study, no specimens of Aquilapollenites or other
triprojectate pollen were found in samples of the Kaiparo-
wits(?) Formation in the Markagunt Plateau. Lohrengel
(1969) also reported species of the triporate genus Protea-
cidites in his samples. These two palynomorph genera are
especially important in age determination and correlation.
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AGE DETERMINATIONS AND
CORRELATIONS

DAKOTA FORMATION

Two species present in the palynoflora of the Dakota
Formation, and the assemblages with which they are associ-
ated, are indicative of the age of this unit, and a third tends
to substantiate the inferred age. The taxa are the marine
dinocyst species  Palaeohystrichophora  infusorioides
Deflandre, the tricolporate angiosperm species Nvssapollen-
ites albertensis Singh, and the tetracolpate angiosperm pol-
len species here identified as Stephanocolpites sp. cf. S.
tectorius Hedlund. Palaeohystrichophora infusorioides
ranges no lower than the mid-Cenomanian in the Western
Interior of North America (Nichols and Jacobson, 1982;
Singh, 1983), and Nvyssapollenites albertensis defines the
Nyssapollenites albertensis Interval Zone of mid-Cenoma-
nian through mid-Coniacian age (Nichols, 1994). Stephano-
colpites tectorius was previously described from the
Cenomanian of Oklahoma (Hedlund, 1966) and Arizona
(Agasie, 1969).

Previous palynological studies concur in dating the
Dakota Formation in or near the study area as Cenomanian
(May and Traverse, 1973; May, 1975; am Ende, 1991).
Palynologic age determinations for the Dakota Formation
in the study area are confirmed by those based on mollusks
and vertebrates, as summarized by Eaton (1991) and am
Ende (1991).

LOWER UNIT OF THE
STRAIGHT CLIFFS FORMATION

Palynomorph taxa identified from the lower unit of the
Straight Cliffs Formation have long stratigraphic ranges and
are of little use in age determination. Angiosperm pollen taxa
identified are either tricolpate or tricolporate: no triporate
species are present. The presence of tricolporates together
with the absence of triporates indicates that the lower unit of
the Straight Cliffs in the Markagunt Plateau is within the
Nyssapollenites albertensis Interval Zone (Nichols, 1994).
Thus, an age of Cenomanian through Turonian is indicated.
From its stratigraphic position above the Dakota Formation
(Cenomanian) and below the Coniacian-Santonian upper
unit of the Straight Cliffs Formation, a Turonian age can be
inferred for the lower unit of the Straight Cliffs Formation.
This unit is the lithostratigraphic equivalent of the Tibbet
Canyon Member of the Straight Cliffs Formation in the
Kaiparowits Plateau. In that area the Tibbet Canyon Member
has been dated as middle Turonian (Peterson, 1969; Eaton,
1991) on the basis of its molluscan fauna.

UPPER UNIT OF THE
STRAIGHT CLIFFS FORMATION

Several species of triporate angiosperm pollen have
value in determining the age of the upper unit of the Straight
Cliffs Formation in the study area. The triporate angiosperm
pollen species Pseudoplicapollis triradiata Jameossanaie is
present in the stratigraphically highest productive sample col-
lected from the measured section at locality D7621, near Hen-
rieville, Utah. This sample is from within the interval between
422 and 446 ft (128.6 and 135.9 m) above the base of the
Straight Cliffs Formation. Orlansky (1971) also reported this
morphologically distinctive species (as Cupanieidites sp. B)
in a sample he collected 345 ft (105 m) above the base of the
formation at or near the same locality. The complete strati-
graphic range of this species has not been determined, but it
is present also in the John Henry Member of the Straight Cliffs
Formation in the central part of the Kaiparowits Plateau,
within an interval interpreted to be of mid-Coniacian through
Santonian age (Nichols, 1995). Its presence suggests, but
does not prove, that the upper unit of the Straight Cliffs For-
mation in the northwestern part of the Kaiparowits Plateau is
Coniacian or younger (Santonian) in age.

A species of the triporate genus Plicapollis (possibly
synonymous with P. rusticus Tschudy) also is present in the
assemblage from the stratigraphically highest productive
sample at locality D7621. Plicapollis rusticus 1s common in
the John Henry Member in the central part of the Kaiparo-
wits Plateau (Nichols, 1995). The presence of this species in
the upper unit of the formation near Henrieville would tend
to confirm the Coniacian age determination for this interval
in the northwestern part of the plateau.

Of greater potential biostratigraphic significance in
rocks of Late Cretaceous age are species of the triporate
angiosperm pollen genus Proteacidites. Proteacidites is a
guide to the Senonian (Coniacian through Maastrichtian) in
the Rocky Mountain region (Nichols and Jacobson, 1982;
Nichols, 1994). Proteacidites occurs together with Plicapol-
lis rusticus and Pseudoplicapollis triradiata in the John
Henry Member of the Straight Cliffs Formation in the central
part of the Kaiparowits Plateau (Nichols, 1995), and there it
is used to recognize the Proteacidites retusus Interval Zone.
In the present study, no samples from the upper unit of the
Straight Cliffs Formation were found to contain Proteacid-
ites (with the possible exception of a single poorly preserved
specimen questionably assigned to the genus that was
recorded in sample D7621-F). However, the assemblage
from Orlansky’s (1971) sample that contained Pseudoplica-
pollis triradiata also contained Proteacidites, as did another
of his samples about 95 ft (29 m) lower in the section and
only 250 ft (76 m) above the base of the formation. Orlan-
sky’s records of Proteacidites together with the presence of
triporates evidently representing the same palynofloral
assemblage are evidence of Coniacian age for the upper part
of the Straight Cliffs Formation in the northwestern part of
the Kaiparowits Plateau.
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Sparse sampling of the upper unit of the formation in
the present study accounts for much of the uncertainty that
exists in this age determination (only six samples collected
at locality D7621, one of which had such poor recovery as to
be effectively barren). Remaining uncertainty is attributable
to the low relative abundance of specimens of Proteacidites
in this part of the formation (it is absent from seven of Orlan-
sky’s eight samples above its lowest occurrence). However,
it should be noted that a Coniacian age determination for this
part of the formation based on palynomorphs is consistent
with that based on mollusks, as reported by Peterson (1969)
and Orlansky (1971).

In the present study, assemblages from the upper unit of
the Straight Cliffs Formation in the Markagunt Plateau lack
Plicapollis, Pseudoplicapollis, Proteacidites, or other gen-
era of triporate angiosperm pollen. However, only the basal
60 m of the unit was sampled. Thus, although the available
palynologic evidence suggests that the age of this limited
interval may be pre-Coniacian, most of the (unsampled)
upper unit of the formation in the Markagunt Plateau could
be the same age as it is in the northwestern Kaiparowits Pla-
teau. Its stratigraphic position beneath the well-dated Kaipa-
rowits(?) Formation in the Markagunt Plateau substantiates
this interpretation.

KAIPAROWITS(?) FORMATION

The unit in the Markagunt Plateau referred to as the
Kaiparowits(?) Formation, which has been mapped as the
lithostratigraphic equivalent of the Kaiparowits Formation
of the Kaiparowits Plateau, is determined in the present
study to be stratigraphically older than the typical Kaiparo-
wits Formation. The Kaiparowits(?) Formation contains
palynomorph species characteristic of the Proteacidites
retusus Interval Zone, which is Coniacian and Santonian in
age, whereas the Kaiparowits Formation in its type area con-
tains species characteristic of rocks of late Campanian age.

All productive samples from the Kaiparowits(?) For-
mation in the Markagunt Plateau contain pollen of the bio-
stratigraphically important triporate genus Proteacidites. As
previously noted, this genus is characteristic of Senonian
(Coniacian through Maastrichtian) rocks in the Rocky
Mountain region. The presence of Proteacidites together
with the absence of Aquilapollenites (or other triprojectate
genera) in the Kaiparowits(?) Formation indicates that this
unit is Coniacian or Santonian in age. Given the stratigraphic
position of this unit—above the Coniacian upper unit of the
Straight Cliffs Formation—Santonian age is more likely. A
Santonian age determination for the Kaiparowits(?) Forma-
tion is also consistent with the relative abundance of Protea-
cidites pollen in this unit.

The stratigraphic relationship of the unit mapped as
Kaiparowits(?) Formation in the Markagunt Platcau (Sable
and Hereford, 1990) has been a contentious point in regional
geologic interpretations. This unit may well be the

lithostratigraphic equivalent of the Kaiparowits Formation
in its type area, but these units are not chonostratigraphically
correlative. Palynological data show that the Kaiparowits(?)
Formation of the Markagunt Plateau is Santonian, strati-
graphically older than the Campanian Kaiparowits Forma-
tion of the Kaiparowits Plateau.

The age of the Kaiparowits Formation in its type area
has itself been a source of confusion. As mentioned, the
palynoflora of the Kaiparowits Formation in the northwest-
ern Kaiparowits Plateau was described previously by
Lohrengel (1969). Most significantly with regard to bio-
stratigraphy, he reported the occurrence of several species of
the triprojectate pollen genus Aquilapollenites. This genus
occurs only in rocks of Campanian and younger age in the
Western Interior, and various species of the genus are char-
acteristic of rocks of certain parts of the Campanian and
Maastrichtian in the region (Tschudy and Leopold, 1970;
Nichols and others, 1982; Nichols, 1994). However, at the
time of Lohrengel’s (1969) study, the stratigraphic ranges of
few palynomorph taxa in the region had been accurately
determined, and no palynostratigraphic zonation had been
developed. Lohrengel attempted to correlate his entire
assemblage statistically, but ultimately relied upon the pres-
ence of a few taxa, especially the genus Aquilapollenites. He
erroneously concluded that his assemblage was late
Maastrichtian in age.

Lohrengel (1969) reasoned, on the basis of his interpre-
tation of available palynological data, that the Kaiparowits
Formation is late Maastrichtian in age, but this was incorrect.
Bowers (1972) discussed palynological data of R.H.
Tschudy that indicated a Campanian age for the Kaiparowits
Formation. Eaton (1991) reexamined the palynological data
presented by Lohrengel (1969) and Bowers (1972), and sup-
plemented this with data from vertebrate paleontology; he
concluded that the Kaiparowits Formation is no younger
than Campanian. Farabee (1991) concurred with the Campa-
nian (“Judithian”) age on the basis of new palynologic data
from the type area of the formation.

The age relations of the Kaiparowits Formation in the
Kaiparowits Plateau and the Kaiparowits(?) Formation in the
Markagunt Plateau can be summarized by reference to
palynostratigraphic zones (Nichols, 1994). Rocks of latest
Maastrichtian age in the Rocky Mountain region, such as the
Lance and Hell Creek Formations of Wyoming and
Montana, contain species of pollen (including triprojectates)
that are characteristic of the Wodehouseia spinata Assem-
blage Zone. This assemblage is absent from both the Kaipa-
rowits and the Kaiparowits(?) Formations of Utah. The
Kaiparowits Formation in its type area in the Kaiparowits
Plateau contains triprojectate pollen and other species char-
acteristic of rocks of late Campanian age in the Rocky
Mountain region. This assemblage, which is characteristic of
the Aquilapollenites quadrilobus Interval Zone, is absent
from the Kaiparowits(?) Formation of the Markagunt
Plateau. The Kaiparowits(?) Formation contains the assem-
blage of the Proteacidites retusus Interval Zone, which is
Coniacian and Santonian in age.
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OTHER UNITS

Two units having problematic or provocative palyno-
logic age determinations were also investigated in this study.
These are the sandstone and conglomerate unit exposed in
Parowan Canyon and the sandstone and shale unit of uncer-
tain stratigraphic assignment exposed at locality D7625.

The sandstone and conglomerate unit in Parowan Can-
yon originally was correlated lithostratigraphically with the
Kaiparowits Formation (Gregory, 1950). Goldstrand (1991)
considered it to be the basal part of the Tertiary Claron For-
mation. This unit is now assigned to the Grand Castle For-
mation of Goldstrand and Mullett (this volume, chapter D);
these authors conclude that the Grand Castle Formation may
be as young as late Paleocene. No samples were collected
from this unit in this study, but Goldstrand and Mullett (this
volume) mention a palynological age determination made on
asample from this unit that is Late Cretaceous (possibly San-
tonian), and cite as the source of information “D.J. Nichols,
written commun., 1991.” A review of the unpublished report
referred to shows that the sample in question came from a bed
in what is now the Grand Castle Formation 160 m above the
base of the unitinsec. 6, T. 35 S., R. 8 W., Iron County, Utah,
and that the palynomorph assemblage it contained is defini-
tively Late Cretaceous in age, probably Santonian. Gold-
strand and Mullett (this volume) suggest that these
palynomorphs are reworked from Upper Cretaceous rocks
and thus are not indicative of the age of the Grand Castle For-
mation. Reworking of palynomorphs from older to younger
rocks is always a possibility, but which Cretaceous unit might
have been the source in this case is unclear. The underlying
Iron Springs Formation is unlikely because that unit evi-
dently is older than Santonian; a sample from the Iron
Springs examined by R.A. Christopher (quoted in Hintze,
1986, p. 18) was determined to be of Cenomanian or Turo-
nian age. The Grand Castle Formation generally lacks lithol-
ogies appropriate for palynological analysis, and no other
direct palynological evidence of the age of this unit is known.

From field relations, the unit exposed at locality D7625
(sec. 16and 21, T. 37 S.,R. 9 W., Iron County, Utah) appears
to be either the Kaiparowits(?) Formation or the Wahweap
Formation. Two samples were collected from this unit, one
from near the base of the exposed interval and the other from
near the top. From palynologic evidence it appears that this
unit is the Kaiparowits(?) Formation. That is, the assem-
blages recovered from these samples are closely comparable
with those from the Kaiparowits(?) Formation sampled at
other localities in the study area. Most significantly, the pol-
len of Proteacidites is common in the assemblages. How-
ever, this age determination presents an interesting
alternative to the stratigraphic assignment of the unit mapped
as Kaiparowits(?) Formation in the Markagunt Plateau. The
unit exposed at locality D7625 includes beds that are litho-
logically comparable to both the Wahweap Formation and
the typical Kaiparowits Formation. Beds comparable to

those of the Wahweap Formation predominate (E.G. Sable,
oral commun., 1994), and the thickness of this unit exceeds
that of the Kaiparowits(?) Formation as mapped elsewhere in
the Markagunt Plateau (Sable and Hereford, 1990). These
observations suggest that the unit could be assigned to the
Wahweap Formation. Nonetheless, the unit also includes
lithologies that are similar to or identical with those of both
the typical Kaiparowits Formation of the Kaiparowits Pla-
teau and the Kaiparowits(?) Formation elsewhere in the
Markagunt Plateau, and its stratigraphic position beneath the
Claron Formation argue for its being assigned to the Kaipa-
rowits(?) Formation. The palynological assemblages from
the two samples are biostratigraphically indistinguishable
from each other. It is evident that the Kaiparowits(?) Forma-
tion is a unit that is biostratigraphically uniform but litholog-
ically variable. As noted, the Kaiparowits(?) Formation of
the Markagunt Plateau is older than the typical Kaiparowits
Formation, and is closer in age to the Wahweap Formation.
These results suggest that perhaps the unit known as the
Kaiparowits(?) Formation actually is a facies of the Wah-
weap Formation; as such, perhaps it should have been desig-
nated the Wahweap(?) Formation.

CONCLUSIONS

Palynomorphs—including bryophyte and pteridophyte
spores, gymnosperm and angiosperm pollen, cysts of fresh-
water algae, cysts of marine dinoflagellates, and micro-
forams—are present in samples of Cretaceous formations
in the Markagunt and northwestern Kaiparowits Plateaus.
They provide information on the depositional environments
and ages of these units. Units sampled in this study are the
Dakota Formation, the lower and upper units of the Straight
Cliffs Formation, a unit of uncertain stratigraphic relation
to the Kaiparowits Formation in its type area herein desig-
nated the Kaiparowits(?) Formation, and a unit of uncertain
stratigraphic assignment representing either the Kaiparo-
wits(?) Formation or the Wahweap Formation. The palyno-
flora of each unit was delineated from a total of more than
60 palynomorph taxa identified in the study area. In most
units studied, species of angiosperm pollen have the
greatest biostratigraphic value.

The Dakota Formation is Cenomanian in age, as indi-
cated especially by angiosperm pollen of the genus Nyssa-
pollenites and the marine dinocyst Palaeohystrichophora
infusorioides. This age determination is consistent with pre-
viously published interpretations based on palynology, as
well as on fossil mollusks and vertebrates.

The lower unit of the Straight Cliffs Formation is not
well dated on the basis of palynology, but it lies within a
palynostratigraphic zone of Cenomanian and Turonian age.
Existing data from fossil mollusks indicate a Turonian age
for this unit. The upper unit of the Straight Cliffs Formation
in the northwestern Kaiparowits Plateau is Coniacian or
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younger (Santonian) in age, based on its palynoflora. Bio-
stratigraphically important angiosperm pollen from the
upper unit includes species of the triporate genera Plicapol-
lis, Pseudoplicapollis, and Proteacidites. These taxa were
not found in samples of the upper unit from the Markagunt
Plateau, but only the basal interval of the upper unit was
sampled there. The unsampled part of the upper unit of the
Straight Cliffs Formation in the Markagunt Plateau probably
is the same age as it is in the northwestern Kaiparowits
Plateau (Coniacian-Santonian).

The Kaiparowits(?) Formation of the Markagunt Pla-
teau is Coniacian or Santonian in age, and more likely is San-
tonian. Pollen of Proteacidites is common in the palynoflora
of this unit, but triprojectate pollen (Aquilapollenites and
related genera) is absent. The Kaiparowits(?) Formation of
the Markagunt Plateau is stratigraphically older than the
Kaiparowits Formation in its type area in the Kaiparowits
Plateau. As determined previously on the basis of its palyno-
flora and vertebrate fauna, the typical Kaiparowits is Campa-
nian in age, not Maastrichtian as was originally interpreted
on the basis of palynology.

An additional, tentative conclusion may be drawn. A
sample from the unit in Parowan Canyon originally corre-
lated with the Kaiparowits Formation of the southern
Kaiparowits Plateau by Gregory (1950), but now assigned
to the Grand Castle Formation of Goldstrand and Mullett
(this volume, chapter D), yielded palynomorphs indicative
of a Late Cretaceous, possibly Santonian, age. Barring the
possibility that these palynomorphs are reworked, the data
indicate that the Grand Castle Formation is in part Creta-
ceous rather than Paleocene in age.
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PLATE 1

[All specimens x1,000]

Figure 1. Laevigatosporites sp., Dakota Formation, D7623-1.
2,3. Cyathidites sp. cf. C. diaphana.
2. Straight Cliffs Formation, upper unit, D7621-B.
3. Straight Cliffs Formation, upper unit, D7830-A.
4,5. Deltoidospora minor.
4.  Straight Cliffs Formation, upper unit, D7830-A.
5. Straight Cliffs Formation, upper unit, D7830-C.
6. Lygodiumsporites sp. 1, Dakota Formation, D7623-F.
7. Lygodiumsporites sp. 2, Straight Cliffs Formation, upper unit, D7621-D.
9.  Triporoletes novomexicanus, Kaiparowits(?) Formation, D7625-B.
8.  Proximal view.
9. Distal view.
10.  Triporoletes sp., Straight Cliffs Formation, upper unit, D7621-E.
11.  Gleicheniidites senonicus, Dakota Formation, D7621-A.
12-14.  Klukisporites sp.
12.  Straight Cliffs Formation, upper unit, D7830-A.
13, 14. Dakota Formation, D7624-A.
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2, 3.
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15, 16.

PLATE 2

[All specimens x1,000]

Appendicisporites potomacensis, Dakota Formation, D7623-F.
Cicatricosisporites augustus, Straight Cliffs Formation, upper unit, D7830-A.
2. Proximal view.
3. Distal view.
Cicatricosisporites augustus, Straight Cliffs Formation, upper unit, D7830-A.
Cicatricosisporites australiensis, Straight Cliffs Formation, upper unit, D7830-C.
Cicatricosisporites imbricatus, Straight Cliffs Formation, upper unit, D7621-B.
Cicatricosisporites sp., Dakota Formation, D7624-A.
Callialasporites dampieri, Straight Cliffs Formation, upper unit, D7621-F.
Ephedripites sp. D.
11.  Straight Cliffs Formation, upper unit, D7621-C.
12.  Straight Cliffs Formation, upper unit, D7830-B.
Araucariacites australis, Straight Cliffs Formation, upper unit, D7621-E.
Taxodiaceaepollenites hiatus, Straight Cliffs Formation, upper unit, D7830-A.
Corollina torosa.
15.  Straight Cliffs Formation, upper unit, D7830-B.
16.  Straight Cliffs Formation, upper unit, D7830-A.
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PLATE 3

[All specimens x1,000]

Figure 1,2.  Arecipites sp.
1. Straight Cliffs Formation, upper unit, D7621-E.
2. Straight Cliffs Formation, upper unit, D7621-C.
3. Liliacidites sp., Straight Cliffs Formation, upper unit, D7621-D.
4,5. Tricolpites spp.
4. Dakota Formation, D7621-A.
5. Dakota Formation, D7826.
6.  Retitrescolpites sp., Straight Cliffs Formation, lower unit, D7829.
7-10.  Nyssapollenites spp.

7. Dakota Formation, D7826.
8. Dakota Formation, D7621-A.
9. Dakota Formation, D7831-B.

10. Dakota Formation, D7831-B.

11.  Nyssapollenites albertensis, Straight Cliffs Formation, upper unit, D7621-D.
12,13.  Foveotricolporites spp.
12. Dakota Formation, D7623-F.
13. Dakota Formation, D7623-I.
14.  Foveotricolporites johnhenryensis, Straight Cliffs Formation, upper unit, D7621-F.
15,16.  Rhoipites sp., Straight Cliffs Formation, upper unit, D7621-E.
15. Mid-focus showing aperture structure.
16. High focus showing sculpture.
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PLATE 4

[All specimens x1,000]

Proteacidites spp.

1. Kaiparowits(?) Formation, D7625-A.

2. Kaiparowits(?) Formation, D7625-B.

3. Kaiparowits(?) or Wahweap Formation, D7625.

4. Kaiparowits(?) or Wahweap Formation, D7625.
Pseudoplicapollis triradiata, Straight Cliffs Formation, upper unit, D7621-F.
Complexiopollis sp. 1, Straight Cliffs Formation, upper unit, D7621-F.
Palaeohystrichophora infusorioides, Dakota Formation, D7623-H.
Isabelidinium? sp., Straight Cliffs Formation, lower unit, D7829.
Alterbidinium sp., Straight Cliffs Formation, lower unit, D7829.

. Palaeohystrichophora infusorioides, Straight Cliffs Formation, lower unit, D7829.

Oligosphaeridium sp., Straight Cliffs Formation, lower unit, D7624-C.
Microforam, Straight Cliffs Formation, lower unit, D7624-C.
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The Permian Clastic Sedimentary Rocks of
Northwestern Arizona

By George H. Billingsley

ABSTRACT

The red and white Permian sandstone and siltstone
strata in northwestern Arizona, southeastern Nevada, and
southwestern Utah overlie carbonate strata of the Pakoon
Limestone (Wolfcampian) and underlie carbonate rocks of
the Toroweap Formation (Leonardian). In the Gorge of the
Virgin River, northwest corner of Arizona, the lower part of
the clastic sequence has been called either the Queantoweap
Sandstone or the Esplanade Sandstone; the upper part, the
Hermit Formation, Hermit Shale, and Coconino(?) Sand-
stone. When traced northwest into the miogeosyncline of the
Basin and Range province of Nevada and Utah, this shelf
sequence of the Colorado Plateaus province becomes
entirely sandstone, owing to facies and thickness changes.
Tracing the clastic sequence south to the Grand Wash Cliffs
and Grand Canyon in Arizona has led to a correlation of the
lower 140 meters of the strata to the Queantoweap or Espla-
nade Sandstone, and the upper 300 meters to the Hermit For-
mation. The Queantoweap is defined as overlying the
Pakoon Limestone in western Grand Canyon. Later, the
Queantoweap was shown to intertongue with the Pakoon,
and the name Esplanade Sandstone was used in the Grand
Canyon area. Because this intertonguing is not found in the
Gorge of the Virgin River and in southeastern Nevada and
southwestern Utah, the name Queantoweap Sandstone
should be used for the basal, tan, cliff-forming, high-angle,
crossbedded sandstone overlying the Pakoon Limestone.
The name Esplanade Sandstone is applied to similar strata
along the Grand Wash Cliffs and the Grand Canyon of
Arizona where intertonguing does occur.

The thick sequence of red and white, ledge- and slope-
forming sandstone and siltstone in the Gorge of the Virgin
River overlying the Queantoweap correlates with the Hermit
Formation (Shale) in Grand Canyon. This name can be
extended to similar Permian strata in southeastern Nevada
and northwestern Arizona, but not in southwestern Utah. In
southwestern Utah, the entire clastic sequence becomes a
white, low-angle, crossbedded sandstone indistinguishable
from the Queantoweap Sandstone. All the white. crossbed-
ded sandstone in southwestern Utah should be called the

Queantoweap Sandstone (Wolfcampian), with the upper half
correlative to the Hermit Formation of Arizona. The
Coconino Sandstone does not extend to the Gorge of the Vir-
gin River or into southeastern Nevada and is restricted to
northern Arizona.

INTRODUCTION

Detailed mapping during the course of the U.S. Geolog-
ical Survey BARCO Study Unit in the tri-State area of
Nevada, Utah, and Arizona found inconsistencies in correla-
tion of the Permian clastic strata, especially in the Gorge of
the Virgin River area. This report attempts to reconcile those
inconsistencies with new measured stratigraphic sections of
the Permian clastic rocks, together with all available strati-
graphic and paleontological references for this tri-State area.

The study area, located in northern Mohave County,
northwestern Arizona, covers portions of two physio-
graphic provinces, the Colorado Plateaus and Basin and
Range (fig. 1). These two provinces are almost parallel to
and between a miogeosyncline in Nevada and the continen-
tal shelf area in Arizona. Thus, Paleozoic and Mesozoic
strata gradually thicken from southeast to northwest from
the Paleozoic continental shelf area of Arizona to the mio-
geosyncline of Nevada. Numerous facies changes occur
within the Permian clastic strata from shelf to basin and are
most noticeable at the Gorge of the Virgin River, north-
western Arizona. The Basin and Range strata are locally
exposed in folded and faulted terrain (Moore, 1972; Bohan-
non, 1991; Bohannon and Lucchitta, 1991; Bohannon and
others, 1991). Colorado Plateaus strata in northwestern Ari-
zona are exposed as relatively undisturbed bedrock with a
regional northeast dip of about 2°—4° (Billingsley, 1993a).

Tertiary and Quaternary erosion has dissected parts of
the Colorado Plateaus exposing Paleozoic strata in deep can-
yons such as the Gorge of the Virgin River and Grand Can-
yon. Gently dipping to flat-lying Permian strata are exposed
along fault scarps of the Hurricane and Grand Wash Cliffs
(fig. 1) in northwestern Arizona. These same strata are
folded and exposed in the Virgin and Beaver Dam
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Mountains and other locations in southeastern Nevada and
southwestern Utah. The Permian clastic sequence differs in
color, lithology, topographic profile, and thickness in its var-
ious exposures in northwestern Arizona, southeastern
Nevada, and southwestern Utah because of facies changes
over the distances between outcrops. However, the clastic
sequence as a whole maintains stratigraphic position
between Permian carbonate strata. The facies changes and
scarcity of outcrops have caused a nomenclatural dilemma
for detailed geologic mapping in the tri-State area. This
report suggests descriptive and nomenclatural usage for the
Permian clastic sequence in this area.
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PURPOSE AND BACKGROUND

Prior to the 1950’s, all Permian redbed strata exposed in
this tri-State region were called the Supai Formation, a gen-
eralized term proposed by Darton (1910) for Pennsylvanian-
Permian redbed exposures at the type section in the vicinity
of Supai Village in Havasu (Cataract) Canyon, central Grand
Canyon (fig. 1). This was a simple terminology applied to all
redbeds in the Grand Canyon between the massive gray Red-
wall Limestone below and the white Coconino Sandstone
above. As shown in figure 2, Noble (1922) redefined the
Supai Formation in the Grand Canyon on the basis of ero-
sional breaks within the stratigraphic sequence. Noble intro-
duced the term Hermit Shale for the uppermost slope-
forming beds of red shaly siltstone overlying an erosional
unconformity, breaking the Hermit out from the original
Supai Formation, and retained the term Supai Formation for
the lower interbedded sandstone, siltstone, and dolomite
sequence above the Redwall Limestone. This division led to
uncertainty as to what part of the clastic sequence in Nevada
and Utah the Hermit was correlative to because of the lack of
an erosional break between the Lower Permian carbonate
rocks and the underlying Pennsylvanian Callville Limestone
of Longwell (1921). Thus, the term Supai Formation was
retained in Nevada and Utah as a general name for all of the
red and white sandstone and siltstone strata above the
Callville Limestone and upper carbonate strata of Permian
age. The term Hermit Shale was restricted to the Grand
Canyon area in Arizona.

The first stratigraphic studies and correlations of the
Permian sandstones in northwestern Arizona were by
McNair (1951). McNair’s (1951) nomenclature became the
standard usage for the Permian strata in northwestern Ari-
zona and southeastern Nevada, separating Permian strata
from the Pennsylvanian Callville Limestone (fig. 2).
McNair’s work included a measured section at Pakoon
Ridge, Ariz., south end of the Virgin Mountains, a section
near Hidden Canyon of the Grand Wash Cliffs, Ariz., and a
section at Queantoweap Valley (now Whitmore Canyon) in
the western Grand Canyon, Ariz. Other measured sections
by McNair (1951) were recorded in central Arizona, south of
Grand Canyon. McNair proposed the name Queantoweap
Sandstone for the Permian red and white, cliff-forming sand-
stones that formed a topographic platform in the western
Grand Canyon area. McNair used the term Hermit Forma-
tion for the red, slope-forming siltstone and sandstone over-
lying the Queantoweap Sandstone; McNair used the term
Hermit Formation for what Noble (1922) had called Hermit
Shale. McNair also described and proposed the name Pak-
oon Limestone for the Permian gray, cliff-forming limestone
underlying the Queantoweap Sandstone, which firmly estab-
lished a Permian age for the Queantoweap. However,
McNair did not recognize or show the intertonguing relation-
ship between the Queantoweap and Pakoon.

During the 1970’s, E.D. McKee conducted a detailed
stratigraphic study of the Supai Formation below the Hermit
Shale in Grand Canyon and proposed new nomenclature for
the Supai Formation based on fossils, lithology, and wide-
spread correlative unconformities. As shown in figure 2, the
Supai Formation was raised in rank to the Supai Group and
subdivided into four formations, in ascending order, the
Pennsylvanian Watahomigi, Manakacha, and Wescogame
Formations, and the Permian Esplanade Sandstone (McKee,
1975). By the late 1960’s, Queantoweap Canyon was known
as Whitmore Canyon on U.S. Geological Survey topo-
graphic maps (U.S. Geological Survey, 1967). McKee
(1982) demonstrated through several measured sections in
western Grand Canyon that the Pakoon Limestone described
by McNair (1951) intertongues with the lower half of the
Esplanade Sandstone from the Grand Wash Cliffs east to
about Whitmore Canyon, Ariz. McNair defined the Quean-
toweap as overlying the Pakoon Limestone, which it does in
the Basin and Range province, but not in Grand Canyon.
McKee (1975) raised the Esplanade Sandstone member of
the Supai Formation of White (1929) to formation rank in
Grand Canyon. The name Esplanade Sandstone is from the
Esplanade Platform, a prominent bench originally described
by Noble (1914) in the central Grand Canyon area near the
type section at Havasupai Village (fig. 1). McKee (1982)
stated that the Pakoon Limestone intertongues with the lower
Esplanade Sandstone, making the lower part of the Espla-
nade Sandstone equivalent to the Pakoon Limestone, but
kept the Pakoon Limestone as a separate unit within the
Esplanade Sandstone (fig. 3). Confusion resulted because
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Figure 1. Index map of northwestern Arizona showing geographic and measured section locations (total thicknesses of clastic rocks

from sections 1-8). The Grand Wash Cliffs form the boundary between the Colorado Plateaus and Basin and Range physiographic prov-
inces (Peirce, 1984, 1985). ABCD shows location of schematic cross section in figure 3. E-E’ shows location of stratigraphic profiles on

plates 1 and 2.

McKee continued to use the term Hermit Shale in western
Grand Canyon, even though the term Hermit Formation
(McNair, 1951) was well established in the literature and
was being used throughout Grand Canyon. The term Hermit
Formation is used by present workers in northwestern Ari-
zona and in this report because it refers to two distinct lithol-
ogies, sandstone and siltstone.

GORGE OF THE VIRGIN RIVER

During the 1980’s, geologic interest in the Gorge of the
Virgin River drew considerable attention because it contains
the best and most complete exposure of Permian strata in the
tri-State region. When Interstate 15 was completed through
the gorge in the early 1970’s, easy access was made avail-
able to numerous geologists.
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southwestern Utah, and southeastern Nevada.

McNair’s (1951) Permian nomenclature was used by
Hintze (19864, b, c), Langenheim and Schulmeister (1987),
and Rice and Loope (1991) in the Gorge of the Virgin River,
and by Rowland (1987) in the Virgin Mountains and other
locations of southeastern Nevada (fig. 2). Geologic maps by
Bohannon (1991), Bohannon and Lucchitta (1991), Bohan-
non and others (1991), and Bohannon (1992) use McKee’s
Permian nomenclature in the Virgin Mountains and Gorge of
the Virgin River. A thesis by Steed (1980) also uses
McKee’s nomenclature in the Gorge of the Virgin River (fig.
2). The Permian correlation from Grand Canyon to the gorge
is based on similarity of lithology and stratigraphic position
of outcrops along the Grand Wash Cliffs and the Grand
Canyon. McNair (1951) mentioned that tracing the
Queantoweap northward from Whitmore Canyon in Grand
Canyon showed that Queantoweap should be used to name
the lower part of the rocks that previously had been called
Supai Formation.

As stated by Hintze (1986a), the Beaver Dam Moun-
tains in southwestern Utah and the north rim of the Gorge of
the Virgin River (south end of Beaver Dam Mountains) form
a no-man’s land in relation to rock unit terminology estab-
lished in Utah, Arizona, and Nevada. Longwell and others
(1965) stated that they could not with any confidence corre-
late the entire red-tinged shale and sandstone sequence in
southeastern Nevada and place it into an accurate time frame
(or appropriate stage, series), based on comparing its strati-
graphic relationships with those of similar appearing units in
the distant Colorado Plateaus and using physical evidence
only. Because of these uncertainties, Longwell and others

Nomenclature applied to the Permian clastic strata in northwestern Arizona,

(1965) designated the entire redbed sandstone/siltstone
sequence as the Permian redbeds. Moore (1972) preferred
the usage of broader terms such as Callville Limestone
(Moore extended the Callville to include the Pakoon Lime-
stone because the two units could not be distinguished from
each other), Supai Formation, and Hermit Formation for all
clastic deposits between the Callville and overlying Permian
carbonate rocks (fig. 2).

Steed (1980), in his mapping, extended McKee’s
(1975) Grand Canyon nomenclature to the Gorge of the
Virgin River but continued to use the term Supai Group for
all the red sandstone and siltstone beds in the Gorge of the
Virgin River (fig. 2). Steed introduced the name sandstone of
Virgin Gorge for the lower crossbedded sandstone above the
Pakoon Limestone. Langenheim and Schulmeister (1987)
followed Steed’s lead for nomenclature in the Gorge of the
Virgin River.

Hintze (1986b) chose to follow McNair’s terminology,
lumping all 400 m of tan, red, and white sandstone and silt-
stone in the Gorge of the Virgin River into the Queantoweap
Sandstone and, like Steed (1980), did not use the term Her-
mit Formation. Just north of the Gorge of the Virgin River,
the entire clastic sequence becomes a yellow sandstone
(Hintze, 1986a).

Nielson (1986) supported the idea that the Hermit For-
mation and the Coconino Sandstone came to a depositional
edge between Grand Canyon and the Gorge of the Virgin
River. Like Hintze (1986b), Nielson chose the name
Queantoweap Sandstone for all the sandstone/siltstone beds
below the Toroweap Formation because his measured
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sections were mostly in Utah where the Queantoweap is not
readily subdivided.

Bohannon and others (1991) chose the term Esplanade
Sandstone for the entire red and white sandstone sequence in
the Gorge of the Virgin River and the Virgin Mountains.
Bohannon and others (1991) subdivided the Esplanade
Sandstone into upper and lower members, the lower member
including a gypsiferous facies. Their upper member com-
prised a red, light-buff, and white nonmarine, slope- and
cliff-forming sandstone about 280 m thick; the lower mem-
ber comprised a light-buff and white, nonmarine, cliff-form-
ing sandstone about 100 m thick. The gypsiferous facies of
the lower member, a red-brown, red, gray-brown, and yel-
low-brown gypsiferous sandstone ranging from a feather-
edge to about 100 m thick, crops out in the northwest rim
area of the Gorge of the Virgin River. Bohannon (1991),
Bohannon and others (1991), Bohannon and Lucchitta
(1991), and Bohannon (1992) also mapped a highly cross-
bedded sandstone at the base of the Seligman Member of the
Toroweap Formation as the Coconino Sandstone.

THE PERMIAN CLASTIC NOMENCLATURE
OF GRAND CANYON

The current nomenclature for the Permian sandstone
and siltstone sequence in the western Grand Canyon area is,
in ascending order, the Esplanade Sandstone of the Supai
Group, which includes the Pakoon Limestone as a separate
unit (McKee, 1975, 1982); the Hermit Shale (Noble, 1922;
White, 1929) or the Hermit Formation (McNair, 1951); and
the Coconino Sandstone (Darton, 1910, studied by McKee,

1934). The Esplanade in its lower part is intertongued with
the Pakoon Limestone of McNair (1951). Permian strata that
overlie the Grand Canyon clastic sequence are largely
marine carbonates and evaporite deposits of the Toroweap
and Kaibab Formations (Sorauf and Billingsley, 1991). The
Toroweap and Kaibab nomenclature is used throughout the
tri-State area of Nevada, Utah, and Arizona. Underlying the
Permian siltstone and sandstone sequence in southeastern
Nevada, southwestern Utah, and Virgin Mountains and
Gorge of the Virgin River of northwestern Arizona are car-
bonate rocks of the Callville Formation; in other areas of
northwestern Arizona (Grand Wash Cliffs), these clastic
strata are underlain by Pennsylvanian clastic and carbonate
strata of the lower Supai Group.

The Queantoweap Sandstone at Whitmore Canyon, as
defined by McNair (1951), is 120 m thick. Thickness of the
Esplanade Sandstone at Whitmore Canyon, as defined by
McKee (1982), is 111 m. The thickness of the Queantoweap
Sandstone near Hidden Canyon, Grand Wash Cliffs, is 197
m as measured by McNair (1951), while the Esplanade
Sandstone at the same locality is 174 m as measured by
McKee (1982). Thickness of the Esplanade Sandstone at
Hidden Canyon measured by the author (section 4) is 158 m.
Sections 3 and 4 were measured at the same location as
McKee because the author helped McKee measure and
describe the Hidden Canyon section in 1967. The discrep-
ancy in thicknesses of measured sections can be attributed to
several factors such as technique, method of measuring,
slight difference in stratigraphic dip, and weather conditions.
But the most significant difference is in placement of the
boundary between the Hermit Formation (Shale) and the
Esplanade Sandstone.
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Erosional channels of considerable depth were cut into
the Esplanade Sandstone in many areas of the central and
eastern Grand Canyon region. The erosional surface was
buried by deposits of the Hermit Formation. However, in the
western Grand Canyon and other areas west and north of
Arizona, little evidence of an erosional break can be found
between the Hermit Formation and the Queantoweap (Espla-
nade) Sandstone. McKee (1982) interpreted the lack of an
crosional surface as the result of a continuous sinking basin
north and west of western Grand Canyon with no recogniz-
able interruption in the accumulation of sediment between
the Esplanade Sandstone and the Hermit Formation. McKee
and McNair both recognized the presence of the Hermit
Formation in western Grand Canyon and along the Grand
Wash Cliffs separated by an arbitrary boundary from the
Esplanade (Queantoweap).

Billingsley and others (1986) suggested that the elu-
sive unconformity does not exist and agreed with McKee’s
interpretation of continuous deposition. Billingsley and oth-
ers (1986) estimated the thickness for the Hermit Formation
to be 365 m along the Grand Wash Cliffs south of Hidden
Canyon. A measured thickness of 251 m was obtained for
the Hermit Formation at Hidden Canyon (section 3; pl. 1).
At all measured sections of this report, the boundary
between the Esplanade (Queantoweap) Sandstone and Her-
mit Formation is arbitrarily selected on the basis of lithol-
ogy, color, and cliff/slope profile. A subdued erosional
unconformity is probable along the Hurricane and Grand
Wash Cliffs (sections 1-4; pls. 1, 2).

NOMENCLATURE FOR THE PERMIAN
CLASTIC SEDIMENTARY ROCKS OF
NORTHWESTERN ARIZONA,
SOUTHEASTERN NEVADA, AND
SOUTHWESTERN UTAH

The Permian clastic sedimentary rocks of this tri-State
region maintain a general overall color, lithology, thickness,
and topographic profile for a considerable distance from the
Grand Canyon shelf area (fig. 3). The Permian nomenclature
used by McNair (1951) and McKee (1975, 1982) is used in
the Virgin Mountains, Beaver Dam Mountains, Gorge of the
Virgin River, and the Grand Wash and Hurricane Cliffs
based on recent geologic mapping by Huntoon and others
(1981, 1982); Wenrich and others (1986, 1987); Hintze
(1986b, c); Billingsley and others (1986); Bohannon (1991);
Bohannon and Lucchitta (1991); Bohannon and others
(1991); Bohannon (1992); and Billingsley (1990a, b, 1991,
1992a, b, c, 1993a, b, 1994).

Based on the measured stratigraphic sections pre-
sented herein and profiled on plates 1 and 2, and on recent
geologic mapping just mentioned, the name Queantoweap
Sandstone should be retained and restricted to the lower,

tan, crossbedded, cliff-forming sandstone that overlies Per-
mian carbonate strata of the Pakoon Limestone (fig. 3; pl.
2). The Queantoweap is found in the Virgin Mountains,
Beaver Dam Mountains, and Gorge of the Virgin River
areas of southeastern Nevada, southwestern Utah, and
northwestern Arizona. The Queantoweap Sandstone
includes all clastic and evaporite sedimentary rocks
between the Pakoon Limestone or Bird Spring Formation,
and the Toroweap Formation in the Beaver Dam Mountains
of southwestern Utah. Note particularly that the upper part
of the Queantoweap Sandstone in the Beaver Dam Moun-
tains area is stratigraphically equivalent to the Hermit For-
mation in the Gorge of the Virgin River and elsewhere in
northwestern Arizona and southeastern Nevada (fig. 3).

The name Esplanade Sandstone is restricted to the
Grand Canyon region, including the Grand Wash and Hurri-
cane Cliffs vicinity of the Colorado Plateaus province of
northwestern Arizona, because the Esplanade Sandstone and
Pakoon Limestone intertongue along the western margin of
the Colorado Plateaus, but are separate rock units (fig. 3).
The term Esplanade Sandstone should not be used in the
Gorge of the Virgin River because of the lack of evidence for
intertonguing with the Pakoon Limestone.

The red and white, slope-forming sandstone and silt-
stone sequence above the cliff-forming Queantoweap or
Esplanade Sandstone in northwestern Arizona and south-
eastern Nevada is correlative to the Hermit Formation of
Grand Canyon on the basis of stratigraphic position, some
plant fossils, crossbedding, color, and slope profile. An arbi-
trary boundary is located at or near the topographic change
between the cliff of tan Queantoweap or Esplanade Sand--
stone and the reddish slope of the Hermit Formation.

Within a short distance northwest of the Gorge of the
Virgin River, facies changes alter the characteristics of the
Hermit Formation within the Gorge of the Virgin River to
those of the Queantoweap Sandstone (Hintze, 1986a). The
name Hermit Formation cannot with certainty be extended
into the Beaver Dam Mountains of southwestern Utah
because of a distinctive lack of stratigraphic characteristics
and mappable boundaries (fig. 3). Hintze (1986a, b, c) used
the name Queantoweap Sandstone in the Beaver Dam Moun-
tains to include all the sandstone beds between the carbonate
rocks of his Pakoon Dolomite and Toroweap Formation
because the sandstone beds cannot be subdivided on any
practical basis. Hintze estimated the Queantoweap Sandstone
in the Beaver Dam Mountains to be from 460 to 610 m thick.

The tan, high-angle, crossbedded Coconino Sandstone
reported by Steed (1980), Langenheim and Schulmeister
(1987), Bohannon and Lucchitta (1991), Bohannon and oth-
ers (1991), and Bohannon (1992) in the Gorge of the Virgin
River and Virgin Mountains is a local crossbedded sandstone
within the basal Seligman Member of the Toroweap Forma-
tion. This sandstone, at first glance, appears to have the char-
acteristics and stratigraphic position of the Coconino
Sandstone. However, close inspection of this sandstone at
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Hidden Canyon, Gorge of the Virgin River, and Red Pockets
Mountain (sections 3, 5, and 7), shows that a sharp uncon-
formable contact is present within the lower sandstone beds
of the Seligman Member (Billingsley, 1994). The high-
angle, crossbedded sandstone locally pinches out or inter-
tongues laterally into flat sandstone beds within the lower
part of the Seligman Member and will form an unconform-
able contact with the underlying sandstone of the Hermit
Formation. The highly crossbedded sandstone locally grades
upward into flat-bedded sandstone and gypsum deposits of
the basal Seligman Member of the Toroweap Formation. At
Red Pockets Mountain (section 5), the crossbedded sand-
stone is several meters thick, forming an imposing cliff sim-
ilar to that of the Coconino Sandstone. This sandstone also
forms a sharp unconformable contact with the Hermit For-
mation at some locations in the Gorge of the Virgin River
and along parts of the Grand Wash Cliffs (pl. 1).

The highly crossbedded sandstone in the basal Tor-
oweap is mostly absent in the Hurricane Cliffs and locally
lenses in and out in the Gorge of the Virgin River. It is nearly
a continuous brown sandstone bed in the Hidden Canyon
area, and thickens westward to the Red Pockets Mountain

area of the Virgin Mountains (pl. 1). The highly crossbedded
sandstone is also prominent in the Whitney Ridge area of the
southern Virgin Mountains (L. Sue Beard, U.S. Geological
Survey, oral commun., 1992).

The Coconino Sandstone is nearly 180 m thick in east-
ern Grand Canyon but thins to less than 30 m at Whitmore
Canyon in the western Grand Canyon (Huntoon and others,
1981; Wenrich and others, 1986). The Coconino pinches out
west of Whitmore Canyon in the Green Spring and Twin
Spring Canyon arecas of the Shivwits Plateau, and thins
northward under the Shivwits and Uinkaret Plateaus near
Mt. Trumbull (Huntoon and others, 1981, 1982; Wenrich
and others, 1987). The Coconino does not extend north of the
upper reaches of Whitmore Canyon area along the Hurricane
Cliffs (Billingsley, 1993b). The Coconino also does not
extend north of Snake Gulch (fig. 1), a tributary of Kanab
Canyon (Billingsley, 1992c¢), and thins to less than 9 m in
upper Marble Canyon (Beus and Billingsley, 1989). There-
fore, where the Coconino is absent, the contact between the
Hermit and Toroweap Formations is expressed as a sharp
erosional unconformity (fig. 3) with relief up to 1 m or more
in northwestern Arizona. The uppermost Hermit Formation
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is a pale-red, flat-bedded sandstone in the western Grand
Canyon area, changing to a yellowish-white, low-angle
crossbedded sandstone along the Hurricane Cliffs, Grand
Wash Cliffs, and Gorge of the Virgin River (pi. 1).

In central and eastern Grand Canyon, the erosional con-
tact between the Coconino Sandstone and Hermit Formation
is a sharp, flat, lithologic disconformity (fig. 3). Deep desic-
cation cracks in the Hermit are filled with Coconino Sand-
stone, a feature not seen where the Coconino is absent in
northwestern Arizona and southeastern Nevada.
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APPENDIX. MEASURED SECTIONS
OF PERMIAN CLASTIC
SEDIMENTARY ROCKS OF
NORTHWESTERN ARIZONA

Section 1. The Hermit Formation at Hurricane Cliffs,
northern Mohave County, northwestern Arizona

Section measured just east of Black Rock Canyon
Well, Hurricane Wash, Rock Canyon 7.5-minute quadran-
gle, Arizona, 1979 (east-central sec. 34, T. 41 N.,R. 10 W.;
location, fig. 1). Correction for stratigraphic dip 6°~7° east
(95° azimuth).

[Section measured by George Billingsley and Kelly Smith,
October 26, 1991]
Thickness
(meters)
Seligman Member of the Toroweap Formation
(incomplete, only lowermost bed measured):
10.  Gypsiferous sandstone: Calcareous, yellowish-white
(weathers tan), very fine grained, thick-bedded.
Includes low-angle crossbeds and gypsum and
calcite cement. Unconformity truncates underlying
white and red, flat-bedded sandstone and siltstone
with less than 1 m relief. Forms cliff. Above unit
10 is slope and ledge sequence of alternating
thick-bedded gypsiferous siltstone, sandstone,
aNd ZYPSUIM ..o 1.8

Unconformity.
Sharp, planar, erosional contact between gray, low-angle,
crossbedded sandstone of Seligman Member of Toroweap
Formation and white, flat-bedded sandstone and siltstone
of Hermit Formation.
Hermit Formation:
9. Sandstone and siltstone; White and light-red sand-
stone ledges separated by recesses of red siltstone.
Sandstone is fine grained, medium bedded
0.3-1.2 m thick. Siltstone is thin bedded, friable.
Forms ledgy SIOPE .......ccooovvvieiiiiee e 9.7
8. Siltstone and sandstone: Red and white, very fine
grained to medium-grained, thin- to thick-bedded,
siltstone beds 0.3-4.6 m thick, sandstone beds
1-1.8 m thick. Sandstone and siltstone beds are
bleached yellowish-orange along numerous fractures

and bedding planes. Forms slope with ledges.................... 64.0
7. Sandstone: Red and white, fine-grained, thick-bedded,
flat-bedded. Forms chiff.........ccccoooiviiuiiiveieceeeicrereinn. 114

6. Sandstone and siltstone: Red, fine-grained, medium
to thick beds as much as 4 m thick, interbedded
with red siltstone beds as much as 2 m thick.
Includes white sandstone beds. Siltstone beds
contain horizontal burrows on bedding planes in

lower part. Forms ledgy slope.............c.coovcvvvooveeneeereienan. 38.6
5. Sandstone: White, fine-grained, massive bed, thins
and thickens in horizontal distance. Forms cliff................. 1.5

4. Siltstone: Red, very fine grained, thick-bedded.

Bleached yellow to orange-yellow in near-vertical

fractures and in bedding planes. Forms slope ..................... 6.5
3. Sandstone: White, fine-grained, thick-bedded.

Forms 1€dge ........c.oovrminirieiieieceeeceeeee e 2.1

Thickness
(meters)
Hermit Formation—Continued
2. Siltstone: Red, thick-bedded to massive. Small irregular
contact with underlying white sandstone that thickens
and thins in lateral distance. First red siltstone bed at

base of Hermit Formation Slope.........cocoooiioeieeneriiiinnnne 35
Total thickness of Hermit Formation ............ccccccooveiiinennniecnnns 137.3
Unconformity.

Gradational and erosional contact between red siltstone slope of
Hermit Formation and white sandstone cliff of Esplanade Sand-
stone. Shallow depressions with less than 2 m of relief at contact.
Esplanade Sandstone (incomplete, only topmost unit measured):
1. Sandstone and siltstone: White, fine-grained, medium
bedded 0.6-3.0 m thick. Sandstone interbedded with
red, thick-bedded siltstone. Forms ledgy slope.................. 16.1

Section 2. The Esplanade Sandstone at Hurricane
Cliffs, northern Mohave County, northwestern Arizona

Section measured just east of Black Rock Canyon
Well, Hurricane Wash, Rock Canyon 7.5-minute quadran-
gle, Arizona, 1979 (east-central sec. 34, T. 41 N., R. 10 W;
location, fig. 1). Correction for stratigraphic dip is 7° east
(95° azimuth).

[Section measured by George Billingsley and Kelly Smith,
October 26, 1991]
Thickness
(meters)
Hermit Formation (incomplete, only lowermost unit measured,
continued from Section 1):
16. Siltstone: Red, thick-bedded to massive. Small irregular
contact with underlying white sandstone, thickens and
thins in lateral distance. First red siltstone bed at base
of Hermit Formation slope. Forms slope .........c..cccoccuevnnnne. 35

Unconformity.
Gradational and erosional contact between red siltstone slope of
Hermit Formation and white sandstone cliff of Esplanade Sand-
stone. Shallow depressions with less than 2 m relief at contact.
Esplanade Sandstone:
15. Sandstone and siltstone: White, fine-grained,
medium-bedded 0.6-3.0 m thick. Includes
interbedded red, thick-bedded siltstone. Forms
1edgY SIOPE ...ooeiiiiiice e 16.1
14. Sandstone: White (weathers light brown or tan),
fine-grained, massive beds 0.6—1.5 m thick.
Interbedded with gray or pale-yellow siltstone.
Forms ledges in SIOpe .........ccooueviviieieieree e 10.3
13. Sandstone: White (weathers tan). Includes several
horizontal burrows on bedding planes in lower part.
Burrows as much as 1.3 cm in diameter. Forms cliff .......... 9.7
12.  Siltstone: Calcareous, light-gray to yellow, thin-bedded,
fetid on fresh break. Includes red siltstone beds in
lower part. Forms recess in cliff..............c...ccooiieiiieiennnn. 3.0
11. Sandstone: Slightly calcareous, white (weathers white
or tan), fine-grained. Includes limonite stains on
quartz grains and large-scale, low-angle, planar
crossbeds 1-4 m thick. Forms cliff ..o 13.5
10. Siltstone: Greenish-white. Forms recess in cliff ..................... 03
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Thickness
(meters)

Esplanade Sandstone—Continued

9.

Sandstone: White (weathers tan), fine-grained, thinly

laminated to 0.6 m thick. Includes small- and

large-scale, low-angle crossbeds. Forms cliff................. 29.0
Sandstone: Slightly calcareous, white, fine-grained,

thin-bedded. Forms slope............ccccooiiriiiiniiin 53
Sandstone: Calcareous, light-yellow to white (weathers

pale yellow to white), fine-grained, thin- to

medium-bedded 0.3-3.7 m thick. Includes large-scale,

low-angle crossbeds with gray siltstone partings

between crossbed sets. Forms cliff ... 35.1
Sandstone: White, fine-grained, thin-bedded. Includes

interbedded. red, ripple-laminated siltstone.

FOrms SLOPE ....oveiviiieiiicciee 8.8
Sandstone: White. fine-grained, thin-bedded. Includes

large-scale, low-angle crossbeds separated by thin,

flat-bedded sandstone. Forms cliff ... 19.6
Sandstone: White, fine-grained, thinly laminated to

thin-bedded. Forms slOpe.......ccoiviiiiiniiiiiiicecens 1.5
Sandstone: White, fine-grained. thick-bedded. Includes

numerous small-scale, low-angle crossbeds.

Forms Clff ... 4.1
Sandstone: White (weathers tan or light yellow),

fine-grained, thin-bedded. Includes low-angle

crossbeds 0.3—1 m thick. Forms cliff or ledges.................... 4.1
Sandstone: White, fine-grained, thin-bedded 0.3-1 m

thick, flat-bedded to thinly laminated. Bottom of

Esplanade Sandstone not exposed by erosion in

floor of Hurricane Wash. Unit is close to Pakoon

Limestone. Forms cliff or ledges. Contact with

Pakoon Limestone not exposed ........cccocevveeiirerinreiincnncns 14.0

Total Esplanade Sandstone ..o 174.4

Section 3. The Hermit Formation at Hidden Canyon,

Grand Wash Cliffs, northern Mohave County, northwestern
Arizona

Section measured east of junction of Jump and Hidden

Canyons, east wall of Jump Canyon, St. George Canyon 7.5-
minute quadrangle, Arizona, 1979 (NE!/sec. 2, T. 36 N.,R.
14 W.; location, fig. 1). Correction for stratigraphic dip
about 3° north 34° east (34° azimuth).

[Section measured by George Billingsley and Edwin Pfeifer,
May 3. 1992]
Thickness
(meters)

Seligman Member of the Toroweap Formation (incomplete,
only lowermost unit described. not measured):
44. Sandstone: Calcareous. Lower part consists of

purplish-red and yellow. medium-grained,
thin-bedded sandstone. Includes low-angle

crossbed sets. Contains undulating beds with

soft sediment slump structures. Upper part

consists of yellowish-brown or tan, medium- to
coarse-grained, high-angle, crossbedded sandstone.
Both parts form sheer cliff as much as 4 m high.
Upper unit thickens at expense of lower in lateral
distance. Sandstone grades upward into gypsum and
siltstone slope above cliff. Unconformity at base

of lower part truncates underlying Hermit Formation
with trough channels as much as 1.3 m deep
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Thickness
(meters)

Unconformity.

Hermit Formation:

43.

w0
P

|3
[

29.
28.

Sandstone: Calcareous. white to pale-red. fine-grained,
flat-bedded to massive. Includes few low-angle
crossbeds. Forms cliff

Covered slope: Red, fine-, medium-, and coarse-grained.
silty sandstone

Sandstone: White to pale-red, fine- to medium-grained.
thick-bedded 1-2 m. Forms cliff. ... 7.6

Sandstone: Silty, slightly calcareous. pale-red to
yellowish-red, flat-bedded. thin-bedded. Forms slope........ 8.2

Sandstone: Pale-red to pinkish-white, fine- to
medium-grained, thick-bedded 1-4 m thick. Includes
low-angle crossbeds in upper part and several
hematite concretions as much as 7.2 cm in diameter.

Slightly calcareous in upper part. Forms cliff .................. 8.8
Siltstone: Dark-red, thin-bedded, friable. Forms slope .......... 0.9
Sandstone: Light-red to pinkish-white. fine- to

medium-grained, massive. Forms cliff.............. 1.5
Siltstone: Dark-red. friable. Forms slope .......c.c.c.cccccviicriiinnn 5.3
Covered slope: Contains interbedded red sandstone and

dark-red siltstone. Forms slope .........ccccoiviniiiiiinis 15.8

Sandstone and siltstone: Interbedded light-red. fine-grained,
flat-bedded. medium- to thick-bedded 1-2.5 m thick
sandstone beds with dark-red, thin-bedded, friable,
siltstone beds. Several sandstone beds bleached pale-red
or white in top part, some siltstone beds bleached white
or gray in bottom part. Forms slope with ledges............... 31.5

Siltstone: Dark-red. extremely friable, may contain clay.

Forms slope

Sandstone: Light-red, fine-grained. flat-bedded and
massive. Forms weak ledge. ... 4.1

Siltstone: Dark-red. extremely friable. May contain clay.
Includes thin beds of red sandstone as much as 0.3 m

thick that lens out laterally. Forms slope ... 59
Sandstone: Silty, dark-red, fine-grained, massive.

Includes flat, thin-bedded sandstone. Forms slope.............. 3.5
Siltstone: Dark-red, thin-bedded. friable. Forms slope ........... 0.6

Sandstone: Light-yellowish-red, fine- to medium-grained,
massive. Includes small, pea-sized siltstone concretions.

Forms cliff ... 4.4
Sandstone: Silty, light-red, flat-bedded. massive.
FOrMS SLOPE....ovmiciiceicii e 4.1

Sandstone and siltstone: Contains interbedded white,
silty sandstone and dark-red siltstone, thick-bedded

1-2 m. flat-bedded. Forms slope with ledges................. 15.5
Sandstone: Silty, light-red, fine-grained. massive,

flat-bedded. Forms slope ........c.occooiiiiiiii 8.8
Sandstone: White, fine- to medium-grained, flat-bedded,

massive. Forms cliff ..o 3.5

Siltstone and sandstone: Includes dark-red siltstone and
light-red sandstone, thin- to thick-bedded. Forms slope ... 26.1
Sandstone: White to pale-red, fine-grained, thick-bedded.
FOrms 18d@e ..ot 0.9
Siltstone and sandstone: Includes dark-red siltstone inter-
bedded with light-red. fine-grained sandstone. Siltstone
contains small flakes of rip-up clasts and horizontal

burrows. FOrms SIOPe ....c.ceuiiieririeeecririeecee 8.8
Sandstone: Light-red, thick-bedded as much as 1.5 m

thick. Forms cliff ... 7.6
Siltstone: Dark-red, thin-bedded, friable. Forms slope .......... 6.7
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Thickness
(meters)
Hermit Formation—Continued
18.  Sandstone: Light-orange-red to grayish-white,
fine-grained, flat-bedded. Forms cliff ............ccoocovvvvveia. 1.8
17. Siltstone and sandstone: Includes dark-red siltstone inter-
bedded with light-red, silty sandstone. Forms slope ............ 7.3
16. Sandstone: Silty, light-red, fine-grained, flat-bedded,
medium beds as much as 1 m thick. Forms cliff ................3.5

15. Siltstone and sandstone: Includes dark-red siltstone and
interbedded light-red silty sandstone. Includes horizontal
burrows and pea-size dark-red siltstone rip-up clasts
in siltstone beds. Forms slope..........c.ocoooovoioiiiieiicn. 18.1

14.  Sandstone: Silty, light-red, massive. Forms weak ledge ........ 1.8

13, Siltstone: Dark-red, thin-bedded, platy, friable. Thickens
and thins laterally at expense of unit above or below.

FOIMS SIOPE ........oceviiiiviiiririinircer e 2.4
12, Sandstone: Light-red, flat-bedded, massive. Forms

WEAK 1€dZE ...t 2.7
11.  Siltstone: Dark-red, thin-bedded, friable. Contains

horizontal burrows. Forms slope..............cccccooviiiiienen 0.6
10. Sandstone: White, fine-grained, thick bed. Includes

horizontal burrows. Forms cliff............ccocoooooiiiiiiinnnil 09
9. Siltstone: Dark-red, very thin bedded. Contains horizontal

burrows and possible plant fragments. Forms slope............. 12

8. Sandstone: White, fine-grained, flat-bedded. Includes
horizontal burrows less than 1.3 ¢cm in diameter.
Forms Clff ..o 1.2
7. Sandstone: White and light-red, fine-grained. Contains
low-angle crossbed sets interbedded with light-red,

sandy, flat-bedded siltstone. Forms s1ope ..........c.c.ccccovvneen. 3.8
6. Sandstone: White, fine-grained, thick-bedded, massive.
Forms cliff ..o 35

5. Siltstone: Dark-red, massive, friable texture on weathered
surface. Contains possible trace fossil burrows, and

plant fragments. Forms slope ........c.cccooooooiiiiiininiii, 35
4. Sandstone: White, fine-grained, massive, mostly flat bed-
ded but contains low-angle crossbeds. Forms cliff............... 1.2
3. Siltstone: Dark-red, very thin bedded. Contains possible
plant fragments and siltstone rip-up clasts. Forms slope .....2.4
2. Sandstone and siltstone: Includes red siltstone and inter-
bedded white, fine-grained, medium-bedded sandstone.
Includes trace fossils of plants and horizontal burrows.
FOrms SIope ..o 8.5
Total Hermit FOrMAation .........c..cooerierereieerenieeeneeeeeee s 2514
Unconformity.

Unconformity is sharp, planar, erosional contact with relief as much
as 1 m. Forms topographic break between red slope of Hermit
Formation and white cliff of Esplanade Sandstone.
Esplanade Sandstone (incomplete, only topmost unit measured):
1. Sandstone: White and pinkish-red, fine-grained. Includes
numerous, small-scale, low-angle crossbeds. Contains
horizontal and vertical burrow traces. Forms cliff ............. 9.1

Section 4. The Esplanade Sandstone at Hidden Can-
yon, Grand Wash Cliffs, northern Mohave County, north-
western Arizona

Measured section is east of junction of Jump and Hid-
den Canyons, east wall of Jump Canyon, starting below Hid-
den Canyon road in Jump Canyon drainage, Cane Springs
SE 7.5-minute quadrangle, Arizona, 1979 (SE!/, sec. 36, T.
37N.,R. 14 W_; location, fig. 1). Correction for stratigraphic
dip about 3° east (34° azimuth).

Thickness
(meters)
[Section measured by George Billingsley and Edwin Pfeifer,
May 3, 1992]

Hermit Formation (incomplete, only lowermost unit measured):
14. Sandstone and siltstone: Red siltstone and interbedded
white, fine-grained, medium-bedded sandstone.
Includes trace fossils of plants and horizontal
burrows. FOrms SIOPe.....c.ooveceiiiiiiuciiiiicicscnnciccceene 8.5

Unconformity.
Unconformity is sharp, planar, erosional contact with relief as much
as 1 m. Forms topographic break between red slope of Hermit
Formation and white cliff of Esplanade Sandstone.
Esplanade Sandstone:
13.  Sandstone: White and pinkish-red, fine-grained. Includes
numerous small-scale, low-angle crossbeds. Contains
horizontal and vertical burrow traces. Forms cliff.............. 9.1
12.  Sandstone: White, fine-grained, flat-bedded. Includes
interbedded silty sandstone. Forms slope with ledges.......24.5
11. Sandstone: White, fine- to medium-grained. Includes
high-angle and low-angle crossbed sets as much as
6 m thick. Forms cliff............coooiiies 24.5
10. Sandstone: White, fine-grained, flat-bedded. Includes
low-angle crossbeds and clusters of burrow tubes.

Burrows as much as 19 c¢m in diameter. Forms cliff ........... 9.4
9. Siltstone and sandstone: Dark-red, thin-bedded. Includes
small horizontal burrows. Forms recess in cliff................... 24

8. Sandstone: White and light-red, fine- to medium-grained,

thin- to thick-bedded, slightly calcareous in lower part.

Contains large, low-angle crossbed sets. Includes

clusters of burrows in upper part that radiate out from

central or elongate area. Burrow tubes average about

2 cm in diameter. Forms cliff ........ccocoooioincics 10.5
7. Sandstone: Calcareous, light-red or pinkish-red, fine- to

medium-grained, thin- to thick-bedded. Contains few

crossbed sets as much as 1.8 m thick. Alternating sets

of low-angle crossbeds and flat beds of sandstone.

FOImS SIOPE ...ttt 17.5
6. Sandstone: White to light-brown, fine-grained. Contains

high-angle crossbed sets with dips as much as 25°.

Forms cliff....c.ooiii e 1.8
5. Sandstone: Light-brown to white, fine-grained. thin-bedded.

Includes numerous low-angle crossbed sets 0.2-0.6 m

thick. Partly covered SlOpe........cccooveiviineienicicneceenne 23.7
4. Sandstone: Light-red to white or pinkish-red, fine-grained,

thick-bedded. Includes numerous low-angle crossbed

sets as much as 1.3 m thick. Some crossbeds dip as

much as 15° southeast. Forms cliff ..........cccccooniivinnne 19.3
3. Sandstone and siltstone: Includes interbedded red to

light-red, fine-grained, thin-bedded sandstone, siltstone,

silty sandstone, and calcareous low-angle crossbed sets.

FOIMS SIOPE .....oeiitciciiei et 7.0

2. Sandstone: Light-red to white, fine-grained, thick-bedded.
Includes calcareous low-angle crossbed sets as much
as 1 m thick. Forms cliff..............ocooiiii, 8.2
Total Esplanade Sandstone............c.coovccoiiiinninicciicciceen 158.0
Disconformity.

Sharp planar contact with underlying Pakoon Limestone
(Wolfcampian). Cliff-forming white sandstone of Esplanade
Sandstone overlies slope and ledges of pink and gray limestone
of Pakoon Limestone.
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Thickness
(meters)
Pakoon Limestone (incomplete, only topmost unit measured):
1. Limestone: Silty. light- to pinkish-gray, fine-grained,
thin-bedded 5-14.5 cm thick. No fossils. Forms
slope wWith 1ed@es ... 27

Section 5. The Hermit Formation at Red Pockets
Mountain, northern Mohave County, northwestern Arizona

Section measured on northeast side of Red Pockets
Mountain, 28 km southeast of Mesquite, Nev., northern
Mohave County, Ariz., Red Pockets 7.5-minute quadran-
gle, Arizona, 1985 (N/; sec. 14, T. 37 N., R. 16 W_; loca-
tion, fig. 1). Correction for stratigraphic dip is 7° southeast
(170° azimuth).

[Section measured by George Billingsley, Carol Donohoe,
and Robert L. Gilbert, March 21, 1992]
Thickness
(meters)
Seligman Member of the Toroweap Formation (incomplete,
only lowermost unit measured):
25. Sandstone: Tan to light-yellow (weathers black to light
pink). fine-grained. Includes large-scale high-angle
crossbed sets that have dips as much as 30° southeast
(156° azimuth), estimated as much as 6 m thick.
Appears similar to Coconino Sandstone. Grades
upward into gypsum and limestone. Forms sheer
cliff. Estimated thickness 18-21 m

Unconformity.
Sharp. planar, erosional contact with Hermit Formation. Shallow,
erosional trough depressions in lateral distance but mostly flat
planar contact.
Hermit Formation (incomplete, base not exposed):
24. Sandstone: Light-red, fine-grained, thick-bedded.
Contains low-angle crossbed sets as much as
2 m thick. Forms ¢liff ..o 17.8
23. Sandstone: Light-red, fine-grained, thin-bedded,
small-scale, low-angle crossbed sets as much as
1 m thick. Includes interbedded dark-red, thin-bedded

siltstone. Forms cliff. ... 7.0
22. Siltstone: Sandy, dark-red, very fine grained, thin-bedded.
FOrms S1Ope ..o 4.4

21. Sandstone: Light-red, fine-grained, thin-bedded. small-scale,
low-angle crossbeds as much as 1 m thick. Includes
interbedded dark-red, thin-bedded siltstone. Forms
slope with ledges. ... 7.0

20. Sandstone: Light-red, thin- to medium-bedded 0.3-1 m
thick. Includes interbedded dark-red, shaly, thin-bedded
siltstone. Sandstone beds have small-scale, low-angle,
lenticular crossbeds as much as 1 m thick. Unit is
90 percent sandstone. Forms slope with ledges ................ 526

19. Siltstone and sandstone: Interbedded dark-red siltstone
and light-red sandstone (weathers to friable, fractured
surface), thinly laminated to thin-bedded 0.3-1 m thick.

At 17.5 m from base of unit, includes numerous
horizontal burrow structures averaging 1.3 cm in
diameter. Forms sIope ..., 27.2

18. Sandstone: Light-red. fine-grained, thick-bedded. Includes
low-angle, small-scale crossbeds as much as 1 m thick.
Crossbeds dip less than 7°. Forms cliff ... 3.8

Thickness
(meters)
Hermir Formation—Continued

17. Sandstone and siltstone: Light-red, fine-grained,

thick-bedded. Includes low-angle crossbed sets

and interbedded dark-red, thin-bedded. friable

siltstone and silty sandstone. Forms slope...........ccccocooveen 44
16. Sandstone: Pale-orange, fine-grained, thick-bedded.

Includes small-scale, low-angle crossbeds as much

as 1.2 m thick and interbedded dark-red, thin-bedded,

lenticular siltstone and sandy siltstone beds. Forms

weak cliff e 29.8
15. Sandstone: Light-red, fine-grained, thick to massive,

flat-bedded. Includes numerous cluster burrows as

much as 0.3 m in diameter. Burrows radiate from

central core all directions like tentacles. Burrows

commonly 1.2 cm in diameter, most common

lower part. Includes lenses of dark-red, friable

siltstone 12.3 m up from base of unit forming

recess in cliff. Forms prominent cliff.......................... 24.5
14. Siltstone: Sandy, dark-red, very fine grained, thin-bedded.

Includes mud cracks and horizontal burrows. Forms

recess i CHEE ..o 09
13.  Sandstone: Light-red, fine-grained, thick-bedded to
massive. Black manganese staining. Forms cliff.............. 2.4

12. Siltstone: Dark-red, thin-bedded. Highly fractured on
weathered outcrop, friable. Includes very fine grained.

thin-bedded sandstone. Forms slope .......ccccocovvcriciicn. 3.9
11. Sandstone: Sandy, light-red. fine-grained, thick-bedded.
Forms Cliff ... 6.2

10. Siltstone: Sandy, dark-red, very fine grained, thin-bedded.
Includes numerous horizontal burrow impressions.
Contains interbedded, thin-bedded lenses of sandstone.

FOrms SIOPe....c.oviieciiiiceie e 199
9. Sandstone: Light-red, fine-grained. thick-bedded to

massive. Forms ¢liff ..o 7.6
8. Siltstone: Sandy, dark-red, very fine grained, thin-bedded.

FOIMS SLOPE....ivieiieiieictet et 1.7

7. Sandstone: Light-red. fine-grained, thin- to medium-bedded.
Includes low-angle crossbeds as much as 0.6 m thick.
Forms weak cliff....

6. Siltstone: Sandy, dark-red. very fine grained

FOrmMS SLOPE....o.iiiiiiiieeecircc e 1.2
5. Sandstone: Light-red, fine-grained, thick-bedded. Forms
LEAZE .t 43

4. Siltstone: Sandy, dark-red, very fine grained, thin-bedded.
Includes raindrop impressions, horizontal burrows,
plant? impressions, and large root casts or tubelike
impressions 5 ¢m in diameter. Forms slope......................... 5.3
3. Sandstone: Light-red. very fine grained, thin- to
medium-bedded, low-angle crossbeds. Includes

thin-bedded lenses of dark-red siltstone. Forms cliff ........ 17.5
2. Siltstone: Sandy. shaly, dark-red, very fine grained,
thin-bedded. Forms s1ope ......c..ccooceiiininic 0.6

1. Sandstone: Light-red. fine-grained, thick-bedded. Includes
small-scale, low-angle crossbeds in thin sets as much
as 1 m thick. Includes minor, black (iron?), rounded
to subrounded grains in interbedded dark-red.
thin-bedded, siltstone as much as 0.6 m thick. Forms
weak cliff

Hermit Formation (incomplete, base not exposed) ... 270.0

Contact with Queantoweap Sandstone not exposed. Estimated
about 3-5 meters below outcrop.
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Section 6. The Queantoweap Sandstone at Red Pockets
Mountain, northern Mohave County, northwestern Arizona

Section measured on the northwest flank of Red Pock-
ets Mountain beginning in drainage near Lime Kiln Canyon
road, east flank of the Virgin Mountains, northern Mohave
County, Ariz. Red Pockets 7.5-minute quadrangle, Arizona,
1985 (NW!/4 sec. 11, T. 37 N., R. 16 W.; location, fig. 1).
Strata dip 7° south (190° azimuth).

[Measured by George Billingsley. March 31, 1993]
Thickness
(meters)
Unconformity.
Contact with Hermit Formation, not exposed, covered slope
Queantoweap Sandstone (incomplete, top not exposed):
13. Covered slope: Light-red, flat-bedded, ledge-forming
sandstone partly exposed in slope. Red siltstone and
sandstone of Hermit Formation exposed and measured
about !/, km east (Section 7). Estimated thickness
about 45-69 m in mostly covered slope.............................55.0
12, Sandstone: Silty, light-red, fine-grained, mostly flat beds
with low-angle crossbeds, partly covered. Forms
ledgy SIOPE......coviicrii e 234
I1.  Sandstone: Silty, light-red, fine- to medium-grained.
Includes high-angle crossbeds in upper part
and low-angle crossbeds in lower part. Forms
minor Cliff.......ooooiiii 23.1
10. Sandstone: Light-red, fine- to medium-grained. Includes
high-angle crossbeds in lower part, mostly flat beds
in upper part. Forms cliff...........c.c.cccocooiiinnn, . .91
9. Covered slope ........... e et 4.0
8. Sandstone: Light-red to white, fine-grained. Includes
thinly laminated and low-angle crossbeds 0.3-1.5 m
thick. Includes thin beds of red siltstone. Forms
ledgy SIOPE .ot 14.0
7. Sandstone: Calcareous in upper part, pinkish-gray to
light-red, medium- to coarse-grained, medium beds
1-3 m thick. Contains thinly laminated beds and
low-angle crossbeds. Includes high-angle crossbeds
in middle part 1.8-3.0 m thick. Forms cliff ....................... 315
6. Siltstone: Calcareous, light-red, massive bed. Forms cliff ...... 0.9
5. Sandstone: Calcareous, grayish-yellow (weathers
light brown), medium-grained. Includes low-angle

crossbeds. Forms cliff ........co.ococooovooiiiiiicieeceeee 10.5
4. Sandstone: Calcareous, light-red, medium-grained,

thin-bedded. Forms ledge ..............cooovvivoiioveiiicceree 3.7
3. Siltstone: Slightly calcareous, dark-red. Includes thin beds

of whitish-gray, calcareous sandstone. Forms slope............. 7.0

1]

Sandstone: Calcareous, light-red to grayish-red, fine-grained.
Contains low-angle crossbed sets and interbedded red

siltstone beds 0.3—1 m thick. Forms ledgy slope ................ 6.2
Queantoweap Sandstone (incomplete, top not exposed) .................. 1333
Disconformity.

Contact with Pakoon Limestone, flat, planar, no relief. Contact
located at lithologic and color change.
Pakoon Limestone (incomplete, only topmost bed described,
not measured):
1. Limestone: Light-gray, aphanitic, medium-bedded
0.3-1 m thick. Forms ledges

Section 7. The Hermit Formation at the Gorge of
the Virgin River, northern Mohave County, northwestern
Arizona

Section measured on south slope in Gorge of the Vir-
gin River about 0.8 km south of Interstate Highway 15,
Purgatory Canyon 7.5-minute quadrangle, Arizona, 1979
(SE!/4 sec. 8, T. 41 N., R. 13 W; location, fig. 1). Section
begins at Virgin River bottom about 1 km downstream
from Interstate 15 bridge. Correction for stratigraphic dip
about 4° east (80° azimuth).
[Section measured by George Billingsley, Carol Donohoe,
and Robert L. Gilbert, March 22, 1992]
Thickness
(meters)
Toroweap Formation, Seligman Member (incomplete, only
lower two units measured):
29. Gypsum and siltstone: Includes gray, thin- to
thick-bedded, silty gypsum and interbedded
light-red, gypsiferous siltstone. Forms slope .................... >3
28. Sandstone: Silty, light-yellow and purplish-red, fine- to
medium-grained, thin-bedded 0.3-0.6 m thick.
Includes small-scale, low-angle, planar-wedge cross-
bed sets of calcareous sandstone. Contains siltstone,
calcite, and gypsum cement. Lower part includes
high-angle crossbed sets that pinch out laterally,
dips as much as 25°, southeast (170° azimuth).

Forms Cliff ..o 4.1
Seligman Member ... e >7.1
Unconformity.

Sharp, planar, erosional contact between crossbedded sandstone
cliff of Seligman Member of Toroweap Formation and flat-bedded
sandstone cliff and slope of Hermit Formation.
Hermit Formation:
27. Sandstone: Calcareous, light-yellow and light-red,
medium-bedded, 1-3 m thick. Includes high-angle
crossbeds in upper part, mostly flat bedded.
Forms Cliff ..o 24.8
26. Sandstone: Silty, calcareous, light-yellowish-red,
medium-bedded, flat-bedded sandstone. Includes
some low-angle crossbeds and interbedded, flat-bedded
siltstone and silty sandstone. Forms weak cliff................. 315
25. Sandstone: Silty, light-red to pale-yellow, fine-grained,
medium- to thick-bedded. Includes small-scale,
low-angle, concave crossbed sets as much as 1.5 m
thick. Forms weak cliff ... 8.8
24. Sandstone: Silty, white to light-red and pale-yellow,
fine-grained, medium- to thick-bedded or massive.
Includes small-scale, low-angle crossbed sets as

much as 1.8 m thick. Forms weak cliff........................... 333
23. Siltstone and sandstone: Light-red, fine-grained,
thin-bedded. Forms slope.........c.coccovcenninniecnnnncnnnnns 1.8

22. Sandstone: Light-yellow and light-red, flat, thin-bedded.
Includes interbedded, small-scale, low-angle crossbeds
and thick to massive sandstone beds. Contains small

horizontal burrows on bedding surfaces. Forms cliff........... 9.7
21. Siltstone and sandstone: Light-red to dark-red, thin-bedded.

FOImS SIOPE ..ottt 22.8
20. Sandstone: Light-red, fine-grained, thick-bedded. Includes

small-scale, low-angle crossbed sets. Forms cliff .............. 53
19. Siltstone: Dark-red, thin-bedded. shaly. Forms slope .............. 35
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Thickness
(meters)

Hermit Formation—Continued

18. Sandstone: Light-red, fine-grained, medium- to

thick-bedded. Includes vertical burrow structures

(root casts?), 1.8 m in length in top part.

Forms cliff ..o
17.  Siltstone: Dark-red. thin-bedded. Forms slope
16. Sandstone: Tan, light-yellow and light-red. fine-grained,

thick-bedded. Includes small-scale low-angle crossbed

sets as much as | m thick. Forms prominent cliff ........... 245
1S. Siltstone: Dark-red. thin-bedded. and interbedded light-red

and tan sandstone. Sandstone beds are lenticular as

channel-filling sand in lateral distance. Channels as

deep as 1.8 m. Sandstone beds contain giant vertical

and horizontal burrows or root? casts as much as

14.4 cm in diameter. Includes small-scale, low-angle,

silty, crossbed sets in upper and lower part, friable,

shaly. Forms sIope...........cccocoiiiiiiiiiincc e 3.3
14.  Sandstone: Light-red, massive. Includes small-scale,

low-angle crossbed sets as much as 0.6 m thick.

Upper part contains clusters of burrows that radiate

out from central core area like tentacles, burrows are

about 1.2 cm in diameter. Includes dark-red. thin-

bedded, interbedded, siltstone beds as much as 0.3 m

thick with horizontal burrow casts as much as 4.8 cm

in diameter and large-scale mud cracks. Forms cliff ......... 12.3
13. Siltstone: Sandy, dark-red, thin-bedded. Forms recess
0 CHEE L 0.9

12.  Sandstone: Light-red. thick-bedded. Includes small-scale,
low-angle crossbed sets as much as 1 m thick.
Forms cliff ... 7.0
11. Sandstone and siltstone: Includes interbedded light-red
sandstone and dark-red siltstone, thin-bedded 15 cm to
3.0 m thick. Some beds bleached to light yellow. Includes
light-yellow irregular bands and circular masses. Forms
slope with ledges........c..ooooiiiiiiiicee 38.3
10. Sandstone: Light-yellow, tan, and light-red, fine-grained,
medium- to thick-bedded, flat-bedded. Includes
small-scale, very low angle crossbed sets. Forms

ledges in cliff......ocooiiiiiie e 11.7
9. Sandstone: Light-yellow or tan, fine-grained, massive

to thick-bedded. Forms cliff ........ccooiiiiniiniiie 7.9
8. Siltstone: Sandy, light-red to light-yellow, fine-grained to

very fine grained, thin-bedded. Forms recess or slope.........1.8

7. Sandstone: Light-yellow, fine-grained, massive to

thick-bedded. Includes low-angle crossbed sets as

much as 1.3 m thick. Forms cliff..........ccoooininnnn 8.8
6. Siltstone and sandstone: Light-red, thin-bedded. Pinches

out laterally in several hundred meters. Forms recess

0 ClEE 0.9
5. Sandstone: Light-yellow or tan, fine-grained, massive to

thick-bedded. Contains small-scale, very low angle

crossbed sets as much as 1 m thick. Forms cliff............... 19.3
4. Siltstone: Dark-reddish-brown, thin-bedded, shaly. Unit

thins and thickens laterally filling small erosional

channels. Forms recess in cliff............ccccooocoiinniinnn. 1.8
3. Sandstone: Tan to light-red. fine-grained. massive. Includes

numerous small-scale, very low angle crossbed sets

0.3-0.6 m thick. Forms cliff ... 1.5

2. Sandstone and siltstone: Light-red, thin-bedded. grades
laterally from siltstone to sandstone and back to siltstone.
Occupies shallow, lenslike channels, thinning to less
than 0.3 m. Forms recess in chiff ... 1.2
Total Hermit FOormation ..........cccccooeniiiiiiicieiieeceeeee e, 305.8

Thickness
(meters)
Unconformity.
Unconformable to gradational contact marked by shallow
erosion channels as much as 1.2 m in depth cut into tan or white,
high-angle. crossbedded Queantoweap Sandstone and filled
with dark-red siltstone and sandstone of the Hermit Formation.
Unconformity is not prominent and difficult to place except
on cliff exposures.
Queantoweap Sandstone (incomplete, only topmost unit measured):
1. Sandstone: Tan to light-yellow (weathers light brown to
tan with black manganese staining on some surfaces),
fine-grained, thick-bedded. Includes high-angle.
planar-wedge crossbed sets 1.8-3.7 m thick; cross-
beds dip as much as 16° southeast (155° azimuth).
Includes flat-bedded sandstone. Forms cliff ................... 13.8
Virgin River bottom.

Section 8. The Queantoweap Sandstone at the Gorge
of the Virgin River, northern Mohave County, northwest-
ern Arizona

Section measured about 3.2 km down the Virgin River
from Interstate Highway 15 bridge, north side of Virgin
River in small tributary drainage, Purgatory Canyon 7.5-
minute quadrangle, Arizona, 1979 (east-central edge sec. 7,
T. 41 N., R. 13 W_; location, fig. 1). Measured section is
about 1.6 km west of measured section of Hermit Formation.
Strata dip 4° east (105° azimuth).

[Measured by George H. Billingsley. April 1, 1993]
Thickness
(meters)
Hermit Formation (incomplete, only lowermost seven units
measured):
13. Siltstone and sandstone: Red. Includes interbedded.
low-angle crossbed sandstone sets and flat-bedded
siltstone beds 0.3-1.2 m thick. Forms ledgy slope............ >2
12. Sandstone: Silty, light-red. fine- to medium-grained,
flat-bedded. Forms cliff ... 10.5
11. Siltstone: Sandy, reddish-brown. friable. Contains yellow
bleach spots. Pinches out in short lateral distance.
Forms recess or slope beneath cliff of unit 12 ... 0.9
10.  Sandstone: Calcareous, light-yellow to yellowish-white,
fine- to medium-grained, massive thick bed.
FOTMS SIOPE vt 923
9. Sandstone: Yellowish-white (weathers yellowish brown),
fine- to medium-grained. Includes low-angle crossbed
sets less than 0.6 m thick. Forms cliff ...

Siltstone: Light-red to yellow. Forms recess in cliff
Sandstone: Yellowish-white (weathers yellowish brown),
fine- to medium-grained. Includes low-angle crossbed

sets less than 0.9 m thick. Forms cliff ... 7.3
6. Siltstone: Red. thick bed. Fills shallow channel. Forms
recess in Cliff .. 0.9
Hermit Formation (inComplete) ......ccccoooiiiiaiiiniiinicc s 439
Unconformity.

Erosional shallow channels as much as 1 m in relief at some
locations, gradational contact elsewhere.
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Thickness Thickness
(meters) (meters)
Queantoweap Sandstone: Queantoweap Sandstone—Continued
2. Sandstone: Calcareous, reddish-yellow to light-brown
(weathers brown), fine- to medium-grained. Includes
low-angle crossbed sets as much as | m thick, mostly
flat bedded. Contains numerous red and rusty-yellow

5. Sandstone: Silty, calcareous, white to pale-yellow
(weathers yellowish brown), fine- to medium-grained.
Includes thin, low-angle crossbeds to as much as

0.6 m thick. Forms ledgy slope..........cccccovvvivnirnnrorinnn.s 16.1 liesegang bands in fractured surfaces. Unconformity
4. Sandstone: Slightly calcareous, white to yellowish-gray truncates underlying limestone of unit 1 as much as
(weathers light yellow and brown), fine- to 1.2 m. Forms ledgy slope .........coooiviveieieceiiceerieeene 6.5

medium-grained, medium to thick beds 1-7.5 m

thick. Includes small low-angle crossbeds. Contains
many burrows and tracks on flat and rippled

bedding surfaces. Forms cliff.........ccccocoiveriveiiieiieerie.

Total Queantoweap Sandstone ..............ccccccceeviereevierecrnreseensiereerenenes 124.0

377 Unconformity.
’ Pakoon Limestone (incomplete, only topmost unit measured):

3. Sandstone: Slightly calcareous, white to yellowish-brown 1. Limestone: Very sandy, light-gray (weathers
(weathers dark gray to brown), fine- to medium-grained. yellowish brown), fine-grained. Includes flat and
Includes high-angle crossbed sets as much as 22 m low-angle crossbeds as much as 3 m thick. Includes
thick in lower part. Crossbeds dip as much as 26° beds and veins of breccia consisting of subrounded
southeast (160° azimuth). Contains abundant burrows pebbles and boulders of limestone, 5-60 cm in
and similar trace fossils on flat and large-scale diameter, in light-gray limestone matrix, poorly

rippled bedding surfaces. Forms cliff ................cco.ocoovene.... 63.7 sorted. Forms cliff...........ccooovivniinniiiieeceeess 114
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Cenozoic Low-Angle Faults, Thrust Faults, and
Anastomosing High-Angle Faults,
Western Markagunt Plateau, Southwestern Utah

By Florian Maldonado, Edward G. Sable, and L. David Nealey

ABSTRACT

A complex of Tertiary low-angle faults, thrust faults,
and high-angle faults is present along the west edge of the
Markagunt Plateau, southwestern Utah, in the transition zone
between the Basin and Range and Colorado Plateaus prov-
inces. Most of these structures formed in the Miocene, and
some remained active into the Pleistocene and possibly later.

One of the oldest Tertiary structures is the Red Hills
low-angle shear zone, interpreted as a shallow structure that
decoupled an upper plate, composed of an Oligocene-
Miocene ash-flow tuff and volcaniclastic succession, from a
lower plate of Tertiary sedimentary rocks. Age of the shear
zone is bracketed from field relations at between 22.5 and 20
Ma. The other low-angle faults are younger, probably
formed during uplift of the Markagunt Plateau.

Tertiary thrust faults along the western front of the
Markagunt Plateau place an upper plate of Upper(?) Creta-
ceous Iron Springs Formation and Paleocene to Oligocene
sedimentary and Oligocene volcanic rocks over a lower plate
consisting locally of Oligocene and Miocene volcanic rocks
but mostly of Paleocene-Eocene Claron Formation and older
rocks. The youngest exposed rock unit in the lower plate is
the 22-22.5 Ma Harmony Hills Tuff. These faults may be
related to compressional stresses associated with igneous
intrusion or to strike-slip faulting along the plateau margin.
The thrusts are consistently associated with a monocline,
which we interpret as a continuation of the Cedar
City—Parowan monocline exposed near Cedar City.

Younger north- to northeast-trending high-angle faults
bound a horst and graben system. These faults formed later
than about 20 Ma, based on displacement of the 20-Ma Iron
Peak laccolith and its associated dikes; some of the faults
remained active into the Pleistocene. The faults bounding the
horsts and grabens in the central part of this system anasto-
mose in map view and merge toward its southern end.
Within the grabens, (1) debris eroded from horst walls forms
lobe-shaped deposits, (2) Pleistocene basaltic cinder cones
are localized along graben-bounding faults, and (3) local
folding of rock units suggests some component of lateral or
compressive translation along the bounding faults.

Gravity-slide and landslide blocks form deposits that
are common throughout the plateau and probably reflect con-
tinuous deformation. Some of the gravity-slide blocks form
megabreccia deposits mostly of Miocene age, resulting from
formation of the Red Hills shear zone; others were the result
of intrusion and volcanism. The landslide blocks form depos-
its of Pliocene(?)-Pleistocene age along high-angle faults that
remained active into the Pleistocene and possibly later.

INTRODUCTION

A structurally complex terrane along the west edge of
the Markagunt Plateau, southwestern Utah (fig. 1), strad-
dles the boundary between the Basin and Range province
and the High Plateaus subprovince of the Colorado Plateaus
province. The High Plateaus is the structural transition zone
between the greatly extended terrane in the Basin and
Range and the less extended terrane in the Colorado Pla-
teau. The study area is covered by Mesozoic and Tertiary
sedimentary rocks, Tertiary volcanic and volcaniclastic
sedimentary rocks, Tertiary intrusive rocks, and Quaternary
basaltic rocks.

The evolution of ideas about the structural development
of the western Markagunt Plateau started with Gregory’s
(1945, 1949, 1950) stratigraphic and structural studies. The
Red Hills area, west of the Markagunt Plateau, was first
mapped by Thomas and Taylor (1946) in their ground-water
study of Cedar City and Parowan Valleys; that mapping was
updated by Threet (1952a) in his dissertation; Rowley and
Threet (1976) mapped the southern part of the Red Hills as
part of a regional study of volcanic terrane; and the Red Hills
were remapped by Maldonado and Williams (1993a. b) as
part of a regional compilation. The Mesozoic stratigraphy
for the area was established by Averitt (1962) through map-
ping near Coal Creek, in the southern part of the study area,
as part of a coal study; this mapping was later expanded by
Averitt and Threet (1973). The general volcanic stratigraphy
of the area was developed by Anderson and Rowley (1975)
as part of a regional study of the volcanic terrane in the
southwestern High Plateaus and adjacent part of the Basin
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and Range province. The northern Markagunt Plateau,
which includes the northernmost part of the study area, was
mapped by J.J. Anderson (1965) as part of his dissertation
and by Anderson and others (1987). Anderson’s Kent State
University students later mapped a large part of the study
area as part of their masters’ theses; Judy (1974) and Moore
(1982) mapped the west-central part of the Markagunt, livari
(1979) the east-central part, and Spurney (1984) the Iron
Peak laccolith. More recent studies include mapping, as part
of a regional compilation, by Maldonado and Moore (1993)
and unpublished mapping by Maldonado and Sable.

The high-angle faults that bound horsts and grabens
have been recognized by previous workers, but the Tertiary
low-angle faults and thrust faults are newly proposed. A gen-
eralized geologic map (pl. 1) was compiled for the western
Markagunt Plateau and adjacent Red Hills from existing
maps and from unpublished geologic mapping by the
authors. This report describes and interprets the Tertiary
structures shown on plate 1.
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STRATIGRAPHY

The rock units of the area are Mesozoic and Tertiary
sedimentary rocks, Tertiary volcanic and volcaniclastic sed-
imentary rocks, Tertiary intrusive rocks, and Quaternary
basaltic rocks. These rock units are briefly described here
and their distribution shown on plate 1.

MESOZOIC SEDIMENTARY ROCKS

The Mesozoic sedimentary rocks are composed of Tri-,
assic, Jurassic, and Cretaceous rocks described by Averitt
(1962). The Triassic rocks, in ascending order, are the Moen-
kopi (as much as 575 m thick) and the Chinle (as much as
130 m) Formations—composed mostly of siltstone, mud-
stone, sandstone, gypsum, and minor limestone. The Jurassic
rocks are the Moenave (as much as 155 m) and Kayenta (as
much as 350 m) Formations—composed of mudstone and
sandstone; the Navajo Sandstone (as much as 520 m
thick)—composed almost entirely of sandstone; Temple Cap
Sandstone equivalent (about 30 m); and the Carmel Forma-
tion undivided (as much as 400 m thick)—composed of
limestone, sandstone, mudstone, siltstone, and gypsum. The
Cretaceous rocks include the Dakota Formation and the
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Figure 1. Location map, southwestern Utah. Solid line is outline
of plate 1 and figure 10. BC, Bryce Canyon; CBNM, Cedar Breaks
National Monument; CDC, Cedar Canyon; CC, Coal Creek; CM,
Cottonwood Mountain; H, Hurricane fault; IP, Iron Peak; P, Pa-
rowan; PG, Paragonah; S, Summit; YMR, Yankee Meadows Res-
ervoir; BR, Basin and Range province; HPS, High Plateaus
subprovince; CP, Colorado Plateaus province.

Tropic Shale (combined thickness about 250 m), the Straight
Cliffs and Wahweap Formations (combined thickness as
much as 850 m), and the Iron Springs Formation (as much as
750 m). These Cretaceous units are generally marine and
nonmarine sandstone, siltstone, shale, and conglomerate.

TERTIARY SEDIMENTARY ROCKS

The Tertiary sedimentary rocks, in ascending order, are
the Grand Castle, Claron, and Brian Head Formations. The
Grand Castle Formation is formalized and described by
Goldstrand in this volume (chapter D). He reports it to be of
Paleocene age and as much as 275 m thick, and to consist of
conglomerate and sandstone. The Claron Formation is upper
Paleocene and Eocene (Goldstrand, 1994) and is as much as
435 m thick (Schneider, 1967). Mackin (1960) separated the
formation into two informal members—a lower red and an
upper white member. The red member consists of poorly to
moderately resistant fluvial and lacustrine strata, predomi-
nantly sandstone intercalated with mudstone, limestone, and
pebble conglomerate. The white member, not present every-
where, is characterized by cliff-forming white limestone,
and siltstone, claystone, sandstone, and conglomerate. These
two members are very well exposed in the cliffs and hoodoos
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at Cedar Breaks National Monument (fig. 1, pl. 1). The orig-
inal deposits of this formation have been interpreted to have
been altered by pedogenic processes (Mullett and others,
1988; Mullett, 1989). The Brian Head Formation, previously
abandoned (Threet, 1952b; Anderson, 1971), is formally
reinstated and described in more detail (Sable and Mal-
donado, this volume, chapter A). The formation is late
Eocene to middle Oligocene in age, as much as about 300 m
thick, and consists mostly of tuffaceous sandstone, sand-
stone, mudflow breccia, and pebble-to-boulder conglomer-
ate, and lesser limestone, limy shale, and chalcedony lenses,
and local ash-flow and ash-fall tuff. The ash-flow tuff,
mapped in the Red Hills area, occurs in the upper part of the
formation (Maldonado and Williams, 1993b) and is 34 to 33
Ma (Maldonado, 1995).

TERTIARY VOLCANIC AND
VOLCANICLASTIC ROCKS

The Tertiary volcanic and volcaniclastic sedimentary
rocks include ash-flow tuffs derived from caldera sources in
the present Great Basin west of the study area and volcanic
and volcaniclastic sedimentary rocks derived from the
Marysvale volcanic field north of the area.

The ash-flow tuffs derived from the Great Basin
sources include, in ascending order, the Wah Wah Springs
and Lund Formations of the Needles Range Group (Mackin,
1960; Best and Grant, 1987), the Blue Meadows (Anderson
and Rowley, 1975) and Baldhills Tuff Members of the Isom
Formation (Mackin, 1960), and the Quichapa Group here
consisting of the Leach Canyon Formation, the Bauers Tuff
Member of the Condor Canyon Formation, and the Harmony
Hills Tuff. The Wah Wah Springs Formation is a dacitic,
moderately welded, simple cooling ash-flow tuff (Anderson
and Rowley, 1975) dated at 29.5 Ma (Best and Grant, 1987);
it is as much as 120 m thick in the Red Hills (Maldonado and
Williams, 1993a) and as much as about 90 m thick on the
Markagunt Plateau. The Lund Formation is composed of a
dacitic, moderately welded, simple cooling ash-flow tuff
unit dated at 27.9 Ma (Best and Grant, 1987). The formation
is about 60 m thick in the Red Hills (Maldonado and Will-
iams, 1993a) but has not been recognized on the Markagunt
Plateau. The Blue Meadows Tuff Member is a densely
welded, simple cooling ash-flow tuff unit about 75 m thick
(Judy, 1974) that is restricted to parts of the Markagunt Pla-
teau and is not found west of the plateau (Anderson and
Rowley, 1975). The Baldhills Tuff Member is composed of
numerous densely welded trachytic ash-flow tuff units dated
atabout 27 Ma (Best, Christiansen, and Blank, 1989); locally
it may be as much as 250 m thick. The Leach Canyon For-
mation (Williams, 1967) is composed of poorly to partly
welded rhyolitic ash-flow tuff dated at 24.7 Ma by Arm-
strong (1970), but an average age of 24 Ma has been

suggested by Rowley and others (1994). The formation is as
much as 120 m thick in the Red Hills area (Maldonado and
Williams, 1993a) and from about 20 to 50 m thick in the
western Markagunt Plateau. The Bauers Tuff Member is
composed of densely welded rhyolite ash-flow tuff, dated at
22.8 Ma by Best, Christiansen, and others (1989), but an
average age of 22.3 Ma has been suggested by Rowley and
others (1994). The member is as much as 15 m thick (Mal-
donado and Moore, 1993). The Harmony Hills Tuff is com-
posed of moderately welded trachyandesite to andesite ash-
flow tuff dated at 22.5-22 Ma (Rowley and others, 1989) and
is as much as 15 m thick.

The volcanic and volcaniclastic sedimentary rocks
derived from the Marysvale volcanic field include part of the
Bear Valley Formation and Mount Dutton Formation. The
Bear Valley Formation was described by Anderson (1971)
and is composed mostly of crossbedded tuffaceous sand-
stone; locally it includes intercalated conglomerate, volcanic
mud-flow breccia, and tuffs. The tuffaceous sandstones of
eolian origin were transported north-northeastward, derived
from a south-southwestern source (Anderson, 1971), but the
intercalated rocks were probably derived from the Marys-
vale volcanic field. The unit has been dated at 25-24 Ma
(Fleck and others, 1975); it is as much as 190 m thick in the
Red Hills area (Maldonado and Williams, 1993b) and about
150 m thick in the northern part of the study area. In the Red
Hills it overlies the Baldhills Tuff Member and underlies the
Leach Canyon Formation. The Mount Dutton Formation
was named by Anderson and Rowley (1975) for stratovol-
cano deposits that form the southern flank of the Marysvale
field north of the study area. There, the tuffs from the Great
Basin sources are reported to intertongue locally with the
Mount Dutton Formation (Rowley and others, 1994), but
that relationship has not been verified in the study area. In
the study area, the formation comprises mainly volcanic
mudflow breccia and intermediate-composition lava and
lava-flow breccia. The formation had been dated at 26-21
Ma (Anderson and Rowley, 1975), but recently Rowley and
others (1994) have indicated an age of 34-21 Ma. A unit
mapped locally on the Markagunt Plateau by Maldonado and
Moore (1993) as “mudflow and lava-flow breccia and tuf-
faceous sandstone” contains individual blocks as much as
200 m in length of Wah Wah Springs and Isom Formations.
This unit overlies the Baldhills Tuff Member and underlies
the Bauers Tuff Member; thus it occupies the same strati-
graphic position as the Bear Valley and part of Mount Dutton
Formations. The mudflow-breccia, however, contains clasts
that resemble rocks of the much younger Iron Peak intrusive
described in the next section.
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TERTIARY INTRUSIVE AND
QUATERNARY BASALTIC ROCKS

Tertiary intrusive rocks consist of the Iron Peak lacco-
lith and numerous mafic dikes. The Iron Peak laccolith is
gabbroic in composition and was described by Anderson
(1965), Judy (1974), and Spurney (1984), and dated at about
20 Ma (Fleck and others, 1975, age corrected for new decay
constants of Steiger and Jager, 1977). It is found in the north-
eastern part of the study area where it intrudes the Brian
Head Formation along the Red Hills shear zone (Maldonado,
1995). The mafic dikes are mostly on the southwest to north-
west sides of the Iron Peak laccolith, although some occur on
the southeast. The dikes extend out into the country rock sev-
eral kilometers from the laccolith, where they intrude a
northwest-trending fault set mapped by Anderson (1965)
and locally crosscut the Red Hills shear zone (Maldonado,
1995). These dikes have been dated at about 20 Ma using the
K-Ar method (H.H. Mehnert and R.E. Anderson, written
commun., 1988), the similarities in ages and composition of
the laccolith and dikes suggesting that they are derived from
the same magma.

Basaltic rocks of Pleistocene age occur as lava flows,
cinder cones, cinder vents, and dikes and are the youngest
volcanic rocks in the area.

STRUCTURAL FEATURES

The western Markagunt Plateau contains the following
major Tertiary structures: (1) low-angle faults; (2) a thrust
fault associated with a monoclinal fold; and (3) anastomos-
ing high-angle faults bounding horsts and grabens.

LOW-ANGLE FAULTS

We recognize three types of low-angle faults in the
study area: (1) an older fault zone, referred to as the Red Hills
shear zone; (2) a set of younger faults in Tertiary volcanic and
volcaniclastic rocks; and (3) a set of faults inferred to be of
Tertiary age in Mesozoic and Tertiary sedimentary rocks.

RED HILLS SHEAR ZONE

The Red Hills shear zone was first described in the Red
Hills, about 10 km northwest of Parowan (fig. 1): it is inter-
preted as a Miocene low-angle fault that extends into the
Markagunt Plateau (Maldonado and others, 1989; Mal-
donado, Sable, and J.J. Anderson, 1992; Maldonado, 1995).
The fault zone has detached an upper plate composed of Oli-
gocene and Miocene volcanic and volcaniclastic rocks from
an underlying lower plate of Eocene and Oligocene Brian
Head Formation and older rocks. In some areas, the top of

Upper plate
Tm faults

Upper
(allochthonous)
plate

Lower
(autochthonous)
plate

Figure 2.  Schematic relationships of gravity-slide blocks (Tm),
upper and lower plates, separated by the Red Hills shear zone, and
reactivated upper plate faults or new faults. Tv, Tertiary volcanic
rocks undivided; Tbh, Brian Head Formation; Tcg, Claron and
Grand Castle Formations. Light line, contact; heavy line, fault;
barbs show direction of relative movement.

RED HILLS SHEAR ZONE

Teg Reactivated

or new fault

the shear zone is at the top of the Brian Head Formation; in
other areas, the shear zone occurs stratigraphically lower in
the upper part of the Brian Head Formation. Because of this
complicated relation, the shear zone is shown as a single
fault (pl. 1), arbitrarily placed between the Brian Head For-
mation and the overlying volcanic rocks. The zone appears
to be localized in structurally incompetent tuffaceous sand-
stones of the Brian Head. It is characterized, at least locally,
by pulverized rock and by truncation, thinning, or omission
of strata both above and below the zone. The detached upper
plate has been pervasively fractured and faulted (fig. 2);
breakage of the upper plate formed bedding plane faults that
emplaced sheets of rocks and (or) high-angle faults that shed
blocks from their scarps forming megabreccia deposits.

Deformation on the shear zone is bracketed between
22.5 and 20 Ma (Maldonado, 1995): the detached upper plate
rocks are as young as 22.5 Ma, and they are intruded by 20-
Ma mafic dikes. Possible mechanisms for formation of the
shear zone include regional tilting as a consequence of mag-
matic intrusion and block rotation associated with early
regional extension (Maldonado, 1995).

FAULTS IN TERTIARY VOLCANIC AND
VOLCANICLASTIC ROCKS

Low-angle faults in Tertiary volcanic rocks are found in
three areas: (1) about 4 km south of Parowan along the pla-
teau front; (2) due east of Parowan along the plateau front;
and (3) east of the plateau front from 9 to 13 km east and
northeast of Cedar City and north of Cedar Canyon.

The low-angle fault south of Parowan underlies an
extremely brecciated block approximately 8 km long and 2
km wide. This block is composed of Brian Head Formation
and two Tertiary volcanic units—the Isom Formation and a
“mudflow and lava-flow breccia and tuffaceous sandstone”
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Figure3. Low-angle faults along western Markagunt Plateau front just east of Parowan. View look-
ing east from Parowan. Ti, Isom Formation; Tc, Claron Formation; Tbh, Brian Head Formation. Dip
direction in Tc and Ti shown by strike and dip symbol. Single hachured line, Red Hills shear zone;
double hachured line, younger low-angle fault. Bar and ball on downdropped side of normal fault.

unit (Maldonado and Moore, 1993). The block locally con-
tains the Red Hills shear zone and overlies and truncates a
thrust fault (described in the section, “Thrust-fault Zone and
Monoclinal Fold™”). East of this area, the block is down-
dropped by a younger high angle fault.

The low-angle fault east of Parowan is probably the
same age as the one just described. Here, however, the low-
angle fault (fig. 3) becomes steeper southward along strike
(fig. 4), suggesting rotation of the block containing the fault.
This supposition is confirmed by rotation of bedding atti-
tudes. To the east, the block is downdropped by a younger
high angle fault, like the block south of Parowan.

Farther south, possible low-angle faults east of the pla-
teau front are present at Dairy Hill, Eagle Peak, and High
Mountain (F, G, and H, respectively, on pl. 1). At High
Mountain, the strata below the postulated fault are a normal
succession of Claron, Brian Head, Needles Range, Isom, and
Leach Canyon units; poorly exposed rocks interpreted to be
Brian Head strata and Isom Formation overlie this succes-
sion. Similar relationships characterize the Eagle Peak (Q)
and Dairy Hill (F) blocks, but the Dairy Hill strata overlying
the postulated fault include the Bauers Tuff Member of the
Condor Canyon Formation and the Harmony Hills Tuff. At
all three areas, the low-angle relationships are truncated by
high-angle faults. The interpretation of low-angle faulting in
these three areas is equivocal because of the poor exposures.
Another plausible interpretation of these relationships is that
the upper unit believed to be the Brian Head Formation may
in reality be a younger unit of sedimentary rock and mudflow

overlain by, or incorporating, allochthonous Isom Formation
rocks. In part, they may also represent graben-fill deposits
derived from adjoining horsts.

We postulate that all the low-angle faults in the Tertiary
volcanic rocks are slightly younger than 20 Ma. All are older
than the high-angle faults, which truncate them. The high-
angle faults are younger than about 20 Ma because they cut
the 20-Ma Iron Peak laccolith and associated dikes (pl. 1).
We interpret the low-angle faults as very slightly younger
than the laccolith, because we postulate that some of them
may have formed as a consequence of doming due to intru-
sion of the laccolith.

FAULTS IN MESOZOIC AND TERTIARY
SEDIMENTARY ROCKS

In the Coal Creek area, just east of Cedar City (fig. 1),
Averitt (1962) and Averitt and Threet (1973) mapped the
contact between the Middle Jurassic Carmel Formation and
the Upper Cretaceous Dakota Formation as an unconform-
able contact. We suggest, however, that it may in part be a
low-angle fault that decoupled along gypsiferous beds of the
Carmel Formation. The suspected fault is probably located
within gypsiferous beds of the Carmel Formation, but on
plate 1 the fault is arbitrarily shown along the Dakota-
Carmel Formation contact. The age of the fault is at least
Cretaceous, but a Tertiary age is inferred here because of the
abundance of Tertiary low-angle faults in the area. Although
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Figure 4.

3

East side of area shown on photograph of figure 3 of the same younger low angle fault

and Red Hills shear zone. View northwest from State Highway 143. Ti, Isom Formation; Tc, Claron
Formation; Tbh, Brian Head Formation; single hachured line, Red Hills shear zone; double hachured
line, younger low-angle fault. Dip attitude of younger low-angle fault steepens in this area. Bar and

ball on downdropped side of normal fault.

the suspected fault occurs along or near the stratigraphic
contact, numerous folds (fig. 5, pl. 1) in the Jurassic rocks
below the suspected fault contrast with the essentially flat
lying Cretaceous rocks above. The Cretaceous units do,
however, form a northwest-dipping monocline northeast of
Coal Creek (see next section). The folds in the Coal Creek
area have generally been considered to be of Laramide age;
regionally, they are considered part of the Kanarra fold (Gre-
gory and Williams, 1947), which is an anticline partly
exposed along the Hurricane Cliffs 15 km south of Cedar
City. Threet (1963) interpreted the folds in the Jurassic rocks
as disharmonic folds genetically related to the Kanarra fold,
but he also stated that some geologists have suggested the
folds to be Cenozoic. The relation of these folds to Tertiary
structures is discussed in the thrust-fault zone section.

In the eastern part of Cedar Canyon, near the southeast
corner of the area of plate 1, we have observed low-angle
fault surfaces within the Claron Formation (fig. 6), but we
have not shown them on plate 1 because our mapping to
1995 has been cursory there. Brecciated Claron Formation
and low-angle faults have also been observed in the upper
reaches of the Second Left Hand Canyon area (fig. 7; E on
pl. 1). The age of these faults is unknown: whereas some of
the low-angle faults described previously displaced strati-
graphically younger Tertiary volcanic units, these faults dis-
placed stratigraphically older Tertiary sedimentary units.
These low-angle faults may have formed due to intrusion of
the Iron Peak laccolith or other unexposed intrusions, as sug-
gested for faults described previously.

THRUST-FAULT ZONE AND
MONOCLINAL FOLD

We have mapped three separate thrust faults along the
western margin of the Markagunt Plateau as segments of a
single zone, herein termed the Parowan thrust-fault zone
(Maldonado, Sable, and R.E. Anderson, 1992; Sable and
Maldonado, unpub. data, 1991). The northern segment,
about 4 km southwest of Parowan (pl. 1), places Cretaceous
Iron Springs Formation (fig. 8) and locally Paleocene Grand
Castle Formation over the Paleocene-Eocene Claron Forma-
tion (fig. 9). The upper plate of this segment contains Creta-
ceous sedimentary rocks and Tertiary volcanic and
sedimentary rocks, and locally includes the Red Hills shear
zone. The thrust fault is broken by tear faults, and is charac-
terized by gouge along its plane. In its northern part, it dips
about 35°, but it steepens southward, where it is truncated by
a high-angle fault. The middle segment, about 3 km south-
east of Summit, resembles the northern segment. The south-
ern segment is about 4 km southeast of Enoch. The upper
plate of this segment also contains Cretaceous Iron Springs
Formation and Tertiary sedimentary rocks, but in contrast to
the other segments, the lower plate is composed of Tertiary
volcanic rocks (Isom and Leach Canyon Formations, Bauers
Tuff Member, and Harmony Hills Tuff) (E.G. Sable, unpub.
mapping, 1992) as well as older sedimentary rock units.

The Parowan thrust-fault zone appears to be consis-
tently associated with a monocline, which we interpret as a
northeastward continuation of the “Parowan monocline”



CENOZOIC FAULTS, MARKAGUNT PLATEAU, UTAH 135

Figure 5. Proposed low-angle fault (hachured line) between flat-lying Cretaceous rocks above and
folded Jurassic rocks below, in Coal Creek east of Cedar City. View looking north across Coal Creek.
Ku, Cretaceous rocks undivided (see pl. 1 for units); Jc, Carmel Formation.

identified by Threet (1963) near Cedar City. Anderson and
Christenson (1989) later called it the “Cedar City—Parowan
monocline.” At Cedar City, the monocline exhibits at least
300 m of structural relief. Northeast of Cedar City, the mon-
ocline is not as apparent, so it is not shown on plate 1; but on
the basis of consistent northwest dips there, we infer a north-
eastward continuation of the monocline along the front of the
Markagunt Plateau almost to Parowan, like that shown by
Anderson and Christenson (1989, pl. 1). The monocline is in
Cretaceous and Tertiary sedimentary rocks and is overlain
and masked by volcanic rocks in the upper plate of one of the
low-angle faults described previously. (See section B-B’, pl.
1.) Threet (1952a, 1963) suggested that the Parowan mono-
cline is a Neogene structural bridge between the Hurricane
fault and the Paragonah fault (pl. 1) and may represent
unfolding of the Kanarra fold. We agree with Threet (1963)
that the monocline is Neogene or younger in age, but suggest
that the West Red Hills fault (pl. 1) may actually represent
the northern segment of the Hurricane fault because the West
Red Hills fault has much greater displacement than the Par-
agonah fault. This is supported by drill-hole (Hansen and
Scoville, 1955) and geophysical data (Blank and Kucks,
1989) that show a deeper graben beneath Cedar Valley rela-
tive to Parowan Valley.

A south-vergent thrust-fault system in the Bryce Can-
yon area about 50 km east of the study arca (fig. 1 of this
report) involves the same sedimentary rock units as those in
the Parowan thrust-fault zone (Davis and Krantz, 1986; Lun-
din, 1989; Merle and others, 1993). There, the youngest unit

in the upper plate is the Claron Formation (Lundin, 1989). In
general, the youngest unit in the upper plate in the Parowan
thrust-fault zone is the Isom Formation (27 Ma); in its south-
ern segment, the youngest unit in the lower plate is the Har-
mony Hills Tuff (22.5-22 Ma) (E.G. Sable, unpub. mapping,
1992). In addition, the upper plate of the northern segment
contains the Red Hills shear zone (22.5-20 Ma). Thus, the
Parowan thrust-fault zone is younger than 22.5 Ma. Merle
and others (1993) suggested that the thrusting near Bryce
Canyon occurred between 30 and 20 Ma. They and Davis
and Rowley (1994) attributed the compressive stresses that
formed the thrusts near Bryce Canyon to vertical crustal
loading from volcanic rocks extruded from the Marysvale
volcanic center, north of Bryce Canyon. Alternatively, they
stated that thrusting may be due to southward compressive
stresses during emplacement of underlying batholiths.

The faults of the Parowan thrust-fault zone may have
formed by plutonic emplacement, as suggested for those
faults near Bryce Canyon. Strikes of the faults of the two
areas, however, are widely divergent, so it seems unlikely
that the compressive stresses generated by intrusion were
related to the same intrusive body. However, the presence of
a buried intrusion under Parowan Valley that has been sug-
gested (H.R. Blank, Jr., oral commun., 1990; Eppinger and
others, 1990, p. 23) could explain the strikes and attitudes of
the Parowan thrust faults. A quartz monzonite intrusive body
that was penetrated in a drill hole in the southwestern Red
Hills (Tompkins and others, 1963) may be part of the intru-
sive body inferred for the Parowan Valley.
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Figure 6. Low-angle faults (shown by arrows) in Claron Formation along north side of State High-
way 14 in upper Cedar Canyon near southeast corner of area of plate 1. View looking north. Block at
top of photograph (shown by arrow) approximately 1 m high for scale.
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Figure 7. Brecciated Claron Formation with low-angle faults (shown by arrows) in upper reaches
of Second Left Hand Canyon (location shown by E on pl. 1). Block at base of exposure (shown by
arrow) approximately !/, m high for scale.
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Figure8. Parowan thrust-fault zone juxtaposing Cretaceous Iron Springs (Ki) over Tertiary Claron
Formation (Tc). View looking southwest, from 4 km southwest of Parowan. Sawteeth on upper plate
of thrust fault.

Figure9. Parowan thrust-fault zone juxtaposing Grand Castle Formation (Tg) over Claron Forma-
tion (Tc), southwest of Parowan. Photograph taken north of that of figure 8, looking northwest.
Younger low-angle fault to the north truncates thrust fault. Dashes are speculative extensions of faults
into eroded area. Sawteeth on upper plate of thrust fault. Hachures on upper plate of low-angle fault.
Ti, Isom Formation; PV, Parowan Valley; RH, Red Hills.
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We suggest two other compressional models that may
explain the Parowan thrust-fault zone. One includes east-
ward thrusting as an adjunctive effect of strike-slip move-
ment along the plateau’s western margin. Such movement
has been reported by Anderson and Barnhard (1990) in the
central Sevier Valley area, about 40 km northeast of the
western Markagunt Plateau. Most of the rarely exposed fault
planes in the western Markagunt and south along the Hurri-
cane Cliffs, however, exhibit moderately dipping or vertical
dip-slip features, although Anderson and Christenson (1989,
p. 20) reported subhorizontal striations in the Braffits Creek
area. The other model invokes simple reverse slip related to
plateau front deformation on the developing limb of the pre-
viously described Cedar City—Parowan monocline.

A gravity-slide model rather than a compressional
model may have produced the Parowan thrust-fault zone.
Such a model seems unlikely; it would invoke westward
horst-to-graben sliding of Cretaceous strata over Tertiary
units, and of necessity would result in structural denudation
of the Cretaceous rock sections exposed in the horsts along
the plateau margin. However, no evidence supports such loss
of section; the Cretaceous stratigraphic section is complete
in the horsts east of the thrusts and on the main Markagunt
Plateau farther east. Thus, ecastward-directed stresses most
likely resulted in the present structural configuration. A pos-
sibility that the blocks slid eastward from the Red Hills also
seems unlikely in that the Cretaceous section there too seems
complete; however, the Tertiary section is not totally com-
plete in the southern part of the Red Hills.

We prefer a mechanism that confines thrusting to the
edge of the plateau. Our provisional conclusion is that the
displacement in Cretaceous and carly Tertiary rocks in the
upper plate of the Parowan thrust-fault zone may be the
result of southeasterly-directed compressional stresses,
probably resulting from intrusion of a hypabyssal igneous
body. Easterly or southeasterly movement of the upper plate
is suggested by small-scale shear displacements of some
beds. We believe that a detailed search for slip-sense indica-
tors, currently beyond the scope of our mapping, would
probably resolve the question of castward versus westward
movement of the upper plate.

ANASTOMOSING HIGH-ANGLE FAULTS

The youngest and most obvious structures in the study
area are high-angle faults that bound horsts and grabens and
represent extension-related fragmentation of the plateau (fig.
10; pl. 1). In the southernmost part of the area, the faults that
bound the grabens strike generally north; elsewhere, they
strike more consistently northeast. These faults include both
major and subsidiary faults that occur in fault blocks between
the major bounding faults (discussed in last paragraphs of
this section; fig. 14). The bounding faults have been
described as en echelon by previous workers (Anderson,
1965; Moore, 1982), but our mapping suggests that these
faults are anastomosing (pl. 1, and figs. 10, 11, 12). The faults

localize some Pleistocene basaltic cinder cones, and the horst
walls are characterized by lobe-shaped landslides. Within the
grabens, Tertiary volcanic units are locally folded (pl. 1),
their axes perpendicular to the bounding faults; this suggests
some component of lateral translation along the faults.

The anastomosing fault pattern that characterizes the
horst-and-graben system extends from the Cottonwood
Mountain area in the north to the Coal Creek—Cedar Canyon
area in the south (figs. 1, 10) and represents a network of
branching and rejoining high-angle fault traces. Vertical dis-
placements along individual faults change drastically within
short distances along strike. Measured displacements along
sections A—A' (Markagunt Plateau part) and B-B' (pl. 1)
range from about 30 m on the minor faults to about 1,000 m.

In the central part of the horst-and-graben system (near
section B—B’), many of the anastomosing faults merge
towards the south. The faults that bound the Summit Moun-
tain and Iron Peak grabens and the Parowan half graben (fig.
10) exhibit a very well exposed high-angle fault splay of per-
haps 70 m displacement (fig. 13), exposed along Utah State
Highway 14 in Cedar Canyon (fig. 1). Coal seams in the
Upper Cretaceous Tropic Shale or Straight Cliffs Formation
have been sheared or drawn out along this fault. The anasto-
mosing fault pattern appears to end abruptly at about Coal
Creek. This termination of the anastomosing pattern coin-
cides with the southernmost extent of Oligocene-Miocene
volcanic rocks (pl. 1). The southward merging of faults sug-
gests that overall fault displacement decreases southward.

The maximum age of the high-angle faults is
constrained by the youngest Tertiary rocks cut by the
faults—the 20-Ma Iron Peak laccolith and associated 20-
Ma mafic dikes (pl. 1). The dikes fill a north- to northwest-
striking fracture system (Anderson, 1965) west of the Iron
Peak laccolith (pl. 1) and probably formed during emplace-
ment of the laccolith. The faults cut the laccolith and
related dikes and are therefore younger than 20 Ma; some
may have remained active into the Pleistocene (Anderson
and Christenson, 1989). Anderson (1985, 1988) has pre-
sented evidence from the northern Markagunt Plateau that
west-northwest-striking faults formed about 26 Ma. These
faults are present in the northeastern part of the area
(Mortensen Canyon, location B on pl. 1), but they have not
been recognized in the horst-and-graben area.

Several hypotheses for the origin of high-angle faults
have been proposed. For the Sevier Plateau, east of the study
area (fig. 1), Rowley (1968) has proposed (1) late Cenozoic
wrench faulting; (2) late Cenozoic strike-slip movement on
basement faults; and (3) late Cenozoic torsion. We interpret
the faults in the Markagunt Plateau to be minor antithetic and
synthetic faults associated with down-to-the-west movement
along the three major faults, shown schematically in figure
14. The minor faults are thought to have formed as a result
of shallow collapse along the major faults, which are, from
east to west, the Black Ledge fault, Paragonah fault, and
West Red Hills fault (figs. 10, 14, pl. 1). The major faults
bound the widest grabens; the minor faults bound narrower
grabens and half grabens (fig. 14). The Black Ledge fault,
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which bounds the east side of the Yankee Meadows graben
in the eastern part of the study area, appears to control this
style of deformation there: we attribute the minor faults to
downdropping of blocks towards the graben center (fig. 14).
East of the Black Ledge fault (east of map area), grabens are
present but not as abundant, and the pattern of anastomosing
faults has not been observed there. In the western part of the
study area, near the edge of the plateau front, the structures
are mostly half grabens, and there, the structures may have
formed due to movement of the Paragonah fault zone.

We propose two hypotheses that are different from
those of Rowley for the origin of the high-angle faults. The

5 KILOMETERS

EXPLANATION

—L High-angle fault—Dashed where
approximately located; dotted where
concealed; queried where location
uncertain; bar and ball on
downdropped side

—A_A_A_ Tertiary thrust fault—Dotted where
concealed; sawteeth on upper plate

—1— Anticline in Tertiary volcanic rocks

o Cinder cone

Map showing major faults, horsts and grabens, and half grabens, Red Hills—western Markagunt Plateau.

horsts and grabens formed as a consequence of movement
along two major faults, the Black Ledge fault and Paragonah
fault. Within the study area, the West Red Hills fault bounds
the horst-and-graben system on the west. The graben-bound-
ing faults may be related not to the Black Ledge fault but
rather to the breaking away of the Red Hills from the Mark-
agunt Plateau along the Paragonah fault. This proposed
deformation, our preferred hypothesis, formed the Parowan
Valley and resulted in loss of lateral support, allowing blocks
to extend towards the Parowan Valley, forming horst and
graben structures as far east as the Black Ledge fault.
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Figure 11.  Horst and graben and half graben complex; view looking northwest towards Parowan
Valley. Tv, Tertiary volcanic rocks undivided; Thh, Brian Head Formation; Tcg, Claron and Grand
Castle Formations; hachured line, Red Hills shear zone. Bar and ball indicate high-angle fault; dotted
where concealed, bar and ball on downdropped side; YM, Yankee Meadows; PV, Parowan Valley;
RH, Red Hills.

Figure 12. Merging high-angle faults that bound half grabens and graben; view looking north from
Parowan Canyon. Tv, Tertiary volcanic rocks undivided; Tcg, Claron and Grand Castle Formations;,
Ki, Iron Springs Formation; hachured line, Red Hills shear zone. Bar and ball indicate high-angle nor-
mal fault; bar and ball on downdropped side. PC, Parowan Canyon.

141



142

GEOLOGIC STUDIES, BARCO STUDY UNIT, 1995

Figure 13.  Fault in Cedar Canyon, east of Cedar City, at intersection of faults that bound Summit
Mountain graben, Parowan half graben, and Iron Peak graben to the north (fig. 10). Location of pho-
tograph shown on fig. 10. C, coal seam; K, Cretaceous strata of Tropic Shale or Straight Cliffs For-
mation (E.G. Sable, unpub. data, 1992). Bush (arrow) is approximately !/, m high.
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FEATURES RELATED TO
STRUCTURAL DEFORMATION

TERTIARY MEGABRECCIA DEPOSITS

Megabreccia deposits in and near the Markagunt Pla-
teau have been described by Judy (1974), Sable and Ander-
son (1985), Maldonado, Sable, and J.J. Anderson (1992),
Maldonado (1995), and in detail, by Anderson (1993), who
named them the Markagunt megabreccia. The deposits are
widespread (pl. 1) but discontinuous. They are composed of
numerous allochthonous blocks of Tertiary volcanic and
sedimentary rocks as much as 2.5 km? in area and about 100
m thick (Sable and Anderson, 1985), and that occur over an
area of more than 1,000 km? (E.G. Sable, oral commun.,
1993). Some are simple deposits composed of deformed
monolithologic blocks; other deposits contain chaotically
mixed polylithologic blocks. We interpret many of them to
have resulted from gravity-sliding at different times by dif-
ferent mechanisms, but some of them may be the result of
low-angle thrust faulting. They are discussed in more detail
(Sable and Maldonado, chapter H) elsewhere in this volume.
In that report, the authors describe several types of deposits

Speculative fault model showing possible propagation of secondary faults above major faults resulting in

of different origins and ages that have been generally lumped
together by previous workers, and present evidence for
transport directions of the widespread Markagunt megabrec-
cia. The types of deposits and inferred mechanism for
emplaced masses are as follows:

1. Individual blocks and smaller clasts that occur within
rock units that are part of the “mudflow and lava-flow brec-
cia and tuffaceous sandstone” unit (Maldonado and Moore,
1993). This type of megabreccia deposit may be related to
seismicity during the period of volcanism and sedimentation
that resulted in deposition of the unit. The unit is probably
Oligocene in age, equivalent in part to the Mount Dutton or
the Bear Valley Formations, as it overlies the Isom Forma-
tion and locally underlies the Bauers Tuff Member.

2. Deposits associated with the Red Hills shear zone of
Maldonado and others (1989) and Maldonado, Sable, and
J.J. Anderson (1992). The formation of some of these depos-
its has been interpreted to be synchronous with movement
along the Red Hills shear zone (Maldonado and others, 1989;
Maldonado, Sable, and J.J. Anderson, 1992; Maldonado,
1995); breakage of the upper plate formed bedding-plane
faults that emplaced sheets of rocks and (or) high-angle
faults that shed blocks of rocks from their scarps.
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Figure 15. Landslide deposits (QTIi) below the Black Ledge (made up mostly of Isom Formation)
and mantling the Black Ledge fault (BLF) in Yankee Meadows graben near Yankee Meadows Res-
ervoir. View looking east. Ti, Isom Formation; Tbh, Brian Head Formation; contact between them
is shown; Tm, megabreccia deposit. Bar and ball on downdropped side of faults. Location of figure
16 shown. Wind surfer for scale.

Figure 16. Landslide block (QTIi) at base of Black Ledge fault east of Yankee Meadows Reser-
voir. View looking northeast. Ti, [som Formation; Tbh, Brian Head Formation.
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3. Deposits related to high-angle fault scarps.

4. Deposits related to movement away from the Iron
Peak laccolith or other Tertiary intrusive bodies that may
underlie part of the area (Maldonado, 1995). This type of
sliding has been described by Mackin (1960), Rowley and
others (1989), and Blank and others (1992) in the Iron
Springs mining district west-southwest of the Markagunt
Plateau (fig. 1).

TERTIARY(?)-QUATERNARY
LANDSLIDE DEPOSITS

Landslide deposits have in part probably resulted from
seismic events; they are of two types: those of Pliocene(?) to
Pleistocene age that occur in the eastern part of the study area
and are composed generally of one type of clast, and those of
Pliocene(?) to Pleistocene age that occur along the west edge
of the Markagunt Plateau and are composed of multiple clast
types. The landslides probably formed during continued
deformation of the Markagunt Plateau.

The landslide deposits in the eastern part of the study
area (unit QTIi, pl. 1) are composed predominantly of the
Isom Formation, mostly found just east of Yankee Meadows
Reservoir within the Yankee Meadows graben (fig. 15).
Similar but smaller landslide deposits are present south of
Yankee Meadows and east of Cedar Breaks (Moore, 1992).
The Yankee Meadows deposits are as much as 200 m thick
and extend as much as 25 km along the graben margin. They
formed by landslides that broke away from scarps along the
entire length of the Black Ledge fault and along subsidiary
parallel faults within the graben. All of these faults are post-
20 Ma; some of them probably remained active into the
Pleistocene and possibly later. Anderson (1993) included
these deposits with the Markagunt megabreccia, but we
interpret them as younger landslide blocks that formed along
fresh fault scarps (fig. 16).

The landslide deposits that occur locally along the west-
ern margin of the Markagunt Plateau (unit QTI, pl. 1) include
clasts derived from many rock units. Deposits east and north-
east of Parowan (too small to show at the scale of pl. 1) gen-
erally exhibit an inverted stratigraphic succession, that is,
debris derived from younger units was deposited first near
the base of the deposit, and debris from older units was sub-
sequently deposited towards the top. Some of these deposits
may be the same as the deposits composed of scallop-shaped
blocks bounded by faults that are found along the plateau
edge (described in the next section). These allochthonous
blocks may reflect continued movement along the Parago-
nah fault and related faults.

BASALTIC VOLCANIC ROCKS
AND THEIR RELATION TO
NORMAL FAULTS

The youngest volcanic rocks in the western Markagunt
Plateau and Red Hills are Quaternary basaltic rocks that
form lava flows, cinder cones, and some dikes. A detailed
discussion of their geochemistry and isotopic composition is
presented by Nealey and others in this volume. The basaltic
rocks are found in the southern Red Hills, Cinder Hill (loca-
tion C on pl. 1), Water Canyon (location A), and Black
Mountain (location I). The most prominent cinder cones in
the study area are in the southern part of the Red Hills (Row-
ley and Threet, 1976; Maldonado and Sable, unpub. map-
ping, 1991). A single K-Ar date indicates that these cones
formed at 1.3 Ma (Best and others, 1980). A cone at Cinder
Hill about 2 km southwest of Summit formed between about
1.1 and 0.93 Ma (Anderson and Mehnert, 1979; Anderson
and Bucknam, 1979), and the basalt of Water Canyon west
of Parowan erupted from a cinder cone (Anderson and Chris-
tenson, 1989; Maldonado and Moore, 1993) at about 0.45
Ma (Fleck and others, 1975, age corrected for new decay
constants of Steiger and Jager, 1977). One of the largest cin-
der cones in the area formed between 0.87 and 0.80 Ma (Best
and others, 1980) at Black Mountain, in the southern part of
the study area. The K-Ar ages suggest an eastward (young-
ing) migration of basaltic volcanism in Quaternary time,
similar to that observed in the western Grand Canyon, San
Francisco, and Springerville volcanic fields in southwestern
Utah and northern Arizona (Best and Brimhall, 1974;
Tanaka and others, 1986; Condit and others, 1989).

The location of some cinder cones is partly controlled
by normal faults. Single cinder cones are located on or near
high-angle faults on the western Markagunt Plateau, and a
three-cone northeast alignment is also present near high-
angle faults in the southern Red Hills. A basaltic vent com-
plex composed of breccia and basaltic dikes is exposed in
Second Left Hand Canyon (location D on pl. 1; fig. 17) near
a high-angle fault. This exposure may be the remnants of a
vent breccia with feeder dikes and may represent the lower
parts of a cinder cone. In Water Canyon, a single cone and a
feeder dike are located along a high-angle fault. The dike is
on strike with the fault and probably intruded it (pl. 1).

The distribution of the lava flows indicates several peri-
ods of uplift for part of the western Markagunt Plateau. For
example, the Water Canyon lavas flowed down a paleoval-
ley (currently, Water Canyon) and out onto Parowan Valley
just south of Paragonah (pl. 1). The presence of the lava
flows in the paleovalley indicates that the western part of the
plateau had already been uplifted when the lava flows were
erupted. In addition, as the flows entered Parowan Valley,
they flowed over a small scallop-shaped block of Claron
Formation (included with unit Tcg on pl. 1) at the plateau
edge. These types of blocks are found all along the lower
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Figure 17.
remnants of a vent breccia with feeder dikes. View looking north. Qb, basaltic dike and breccia
complex; Tc, Claron Formation; Tg, Grand Castle Formation; Ki, Iron Springs Formation.

parts of the plateau edge (pl. 1) and represent landslides or
slide blocks that formed during continued deformation along
the plateau edge prior to eruption of the lava flows, although
some of these small outcrops do resemble parts of the
Parowan thrust-fault zone. Both the block and the lava flows
are offset by a fault on their west side (pl. 1), indicating
recurrence of movement on the Paragonah fault and contin-
ued uplift of the western Markagunt Plateau.

SUMMARY AND CONCLUSIONS

The structures and related features described here
represent continuous deformation from the Miocene into
the Pleistocene. The history of deformation is summarized
as follows:

1. The Red Hills shear zone, the oldest of the low-angle
faults, formed 22.5-20 Ma. It may have formed by regional
tilting as a consequence of magmatic intrusion and (or) of
block rotation associated with early regional extension.

2. The Parowan thrust-fault zone along the western
plateau front is younger than about 22.5 Ma and younger
than the Red Hills shear zone. Although the zone is about
the same age as the thrust complex near Bryce Canyon, we
believe it formed by a mechanism that confines thrusting
to the edge of the plateau. It may be a thrust fault related to
a plutonic body under Parowan Valley and the southwest-
ern Red Hills or to strike-slip faulting that formed thrusts
along the plateau margin. We interpret the associated mon-
oclinal fold as a continuation of the Parowan monocline
exposed at Cedar City.

Basaltic dike and breccia complex in Second Left Hand Canyon that may represent

3. The low-angle faults displacing Tertiary volcanic and
Tertiary and Mesozoic sedimentary rocks are mostly
younger than both the Red Hills shear zone and the thrust
faults, even though they also probably formed around 20 Ma,
approximately coeval with intrusion of the Iron Peak lacco-
lith and its associated dikes. Most of the low-angle faults are
slightly younger than 20 Ma but are older than the high-angle
faults, which truncate them. The age of the suspected low-
angle fault in Mesozoic sedimentary rocks is inferred to be
the same age as the low-angle faults in Tertiary volcanic and
sedimentary rocks.

4. The high-angle faults that bound the horsts and gra-
bens are the youngest faults in the area; they truncate the Red
Hills shear zone, the thrust faults, and the low-angle faults.
The high-angle faults are no older than about 20 Ma (they cut
the 20-Ma Iron Peak laccolith and associated dikes), but they
remained active into the Pleistocene. Most faults are minor
antithetic and synthetic faults formed as a result of down-to-
the-west movement along three major faults from east to
west, the Black Ledge fault, Paragonah fault, and West Red
Hills fault. The faults locally control the locations of some
Pleistocene basaltic cinder cones.

S. The gravity-slide blocks are megabreccia deposits
formed mostly during Miocene deformation. Some are inter-
preted to be remnants of blocks and (or) sheets from the
upper plate of the Red Hills shear zone that separated during
or shortly after emplacement of the upper plate. Widespread
megabreccias on the Markagunt Plateau were formed during
movement of allochthonous rocks away from intrusive bod-
ies such as the Iron Peak laccolith.
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6. Some landslides probably remained active into the
Pleistocene and possibly later. They are localized along
high-angle fault scarps and probably reflect continuing off-
set along those faults.

The structures in the study area may typify structures
in other parts of the transition zone between the Basin and
Range and the Colorado Plateaus provinces. The high-angle
faults are for the most part minor antithetic and synthetic
structures within larger structural blocks bounded by major
high-angle faults. The low-angle faults formed in incompe-
tent rocks—tuffaceous sandstones and gypsiferous
beds—that served as decoupling horizons. The Red Hills
shear zone, the other low-angle faults discussed previously,
and the faults that bound gravity-slide blocks are all
shallow features.
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Breccias and Megabreccias, Markagunt Plateau,
Southwestern Utah—Origin, Age, and Transport Directions

By Edward G. Sable and Florian Maldonado

ABSTRACT

Although most of the Markagunt Plateau is underlain
by autochthonous rocks of generally simple structure, dis-
connected but extensive areas of the western, central, and
northern plateau are covered by chaotic Tertiary rock bodies
that have been termed megabreccia. Locally, some bodies
are monolithologic, but regionally, they are extremely het-
erolithologic. Lithologically, the bodies consist of fluvial
and lacustrine sedimentary rocks; mudflow, lahar, and lava-
flow breccias; and welded ash-flow tuff. They comprise (1)
two breccia units coeval with volcanism, of pre- and post-
Quichapa Group age consisting of mudflow and lava-flow
breccias and fluvial sedimentary rocks containing scattered
megaclasts of volcanic rocks; (2) megabreccia associated
with high-angle fault blocks; (3) megabreccia associated
with the Red Hills shear zone; and (4) the Markagunt mega-
breccia (restricted), all recognized herein to be separate
units. Units 2 and 4 were included in the Markagunt mega-
breccia of Anderson (1993).

The Markagunt megabreccia is herein restricted to the
principal assemblage of allochthonous rocks that covers
much of the upland surface of the central and northern
“high” Markagunt Plateau. New evidence suggests that the
megabreccia was emplaced about 20 Ma by southward low-
angle gravity sliding or shallow-depth thrusting. The
emplacement is interpreted to have been due to uplift and
distension resulting from intrusion of the Iron Peak laccolith
or of nearby related intrusive bodies of larger dimensions.
Within a belt of observations about 20 km long, slickenlines
on the slip surface at the base of the megabreccia form a fan-
like pattern that converges on the area of the laccolith. Mor-
phologic forms on the surfaces of overridden rocks, fold-
and-fracture features in sedimentary rocks, and shear direc-
tions in volcanic rocks within the megabreccia confirm
southward movement.

Overburden on the basal slip surface of the Markagunt
megabreccia, as reconstructed, was relatively thin, thus sup-
porting the interpretation of a gravity-slide origin for the
megabreccia mass. Similarities to south-vergent thrust fault
structures near Bryce Canyon, however, suggest the possibil-
ity of intrusion-induced horizontal compressive stresses caus-
ing emplacement of the megabreccia. Gravity sliding down
the surfaces of tilted fault blocks has also been invoked as an
explanation for the origin of the Markagunt megabreccia.

INTRODUCTION AND FRAMEWORK

Several terms for chaotically fragmented rock masses
are in the geologic literature. The term megabreccia was first
coined by Landes (1945) for rock that has been brecciated on
a very large scale. His type example was the Mackinac Brec-
cia, an Upper Silurian to Middle Devonian unit exposed in
northern Michigan, in which blocks as much as 100 m long
are inclined within a limited range of relatively low dips.
Longwell (1951) used the term for a coarse breccia contain-
ing blocks as long as 400 m, developed by gravity sliding
along major thrust faults. The term chaos was first proposed
by Noble (1941), specifically for the Amargosa Chaos (Neo-
gene) in southern California, a gigantic breccia now inter-
preted to be caused by extensional faulting. All these terms
relate to units caused primarily by tectonism, but Longwell
allowed for sedimentary origin as well.

Because of their varied character and modes of origin,
the megabreccias on the Markagunt Plateau do not fit well
in the above definitions; however, we use the term mega-
breccia for these units. We also retain the name Markagunt
megabreccia, coined by Anderson (1993) for all allochtho-
nous bodies of the northern Markagunt Plateau, but we
restrict the name to the principal, genetically related alloch-
thonous assemblage exposed in the northern and central
Markagunt Plateau.

Large areas of the western, central, and northern Mark-
agunt plateau are capped by allochthonous Tertiary rock
assemblages that have been termed chaos or megabreccia.
The allochthonous rocks overlie autochthonous rocks of
generally simple structure. Those on the plateau have been
described by Tivari (1979), Judy (1974), Anderson (1985),
Sable and Anderson (1985), Anderson and others (1987),
and, in more detail, by Anderson (1993); those in the western
Markagunt Plateau and Red Hills were described by Mal-
donado and others (1994) and Maldonado (1995). The mega-
breccias are widespread, but not continuously exposed, over
an area of more than 500 km?. Individual megabreccia bod-
ies range from about 50 to perhaps 200 m in thickness.
Locally, the rock content ranges from monolithologic blocks
to heterolithologic complexes. Regionally, they are
extremely heterolithologic: they consist of fluvial and lacus-
trine sedimentary rocks; mudflow, lahar, and lava-flow brec-
cias; moderately to highly welded ash-flow tuff; minor ash-
fall or vent tuff; and lava flows. Specifically, the
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megabreccias include clasts and megaclasts (greater than 15
m in length or width) of ash-flow tuff of the Needles Range
Group, Isom Formation, Buckskin Breccia, Leach Canyon
and Condor Canyon Formations, and probably the Harmony
Hills Tuff, as well as alluvial facies rocks of the Mount Dut-
ton Formation, sedimentary rocks of the Brian Head and
Bear Valley Formations, probably the Haycock Mountain
Tuff of Anderson (1993), and rocks of unknown association.

This report focuses on a regional megabreccia mass, the
Markagunt megabreccia (restricted), which covers much of
the upland surface of the Markagunt Plateau in southwestern
Utah. The report also describes the relationships between the
Markagunt megabreccia and other megabreccias and brec-
cias in the area. Recent geologic mapping indicates multiple
origin and timing for these rock masses, enabling us to build
on the heretofore descriptive treatment just cited and on the
comprehensive descriptions of Anderson (1993). Secondly,
the report presents new evidence for the age of the Marka-
gunt megabreccia (restricted) and for its source and transport
directions. Along the southern margin of the megabreccia,
directional indicators such as striations on slickensided slip
surfaces, morphology of surfaces at the base of the unit, and
fold and shear fracture attitudes, as well as the present

general surface morphology, are interpreted to indicate
southward movement of this allochthonous unit away from
the area of the Iron Peak laccolith or nearby areas underlain
by a larger intrusion.

The Markagunt Plateau is the southwesternmost of the
high plateaus of Utah (fig. 1). Its western boundary lies along
the Hurricane Cliffs, which are coextensive with the Hurri-
cane fault zone. This zone marks the western limit of the
structural transition zone between the highly extended ter-
rain of the Basin and Range province to the west and the rel-
atively simple structures of the Colorado Plateau to the east.
The eastern boundary of the Markagunt Plateau is the Sevier
River valley, which approximately coincides with the Sevier
fault zone. In the study area the Markagunt Plateau is flanked
on the west by the Parowan Valley and the Red Hills; beyond
the Sevier River to the east are the Paunsaugunt and Sevier
Plateaus. The southern limit of the Markagunt lies roughly
along Cedar Canyon, southeast of Cedar City, and the north-
ern border is about lat 38° N. Much of the plateau lies within
the Dixie National Forest; Cedar City and Parowan lie along
its western margin, Hatch and Panguitch along its eastern
margin (fig. 2).
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Within the Markagunt Plateau, except for its structurally
complex western part (see Maldonado and others, 1994), the
regional gentle dips of exposed autochthonous Mesozoic and
Tertiary sedimentary and volcanic strata are mostly eastward
and northeastward. Tertiary volcanic and sedimentary rocks,
aggregating more than 1,000 m thick, constitute the most
widespread succession of exposed rocks on the Markagunt
and in the adjoining Red Hills (fig. 3), although older rocks
are exposed along the western and southern plateau margins.
The volcanic rocks are mostly Oligocene and Miocene
(30-22 Ma) ash-flow tuffs derived from calderas in the Great
Basin to the west; they interfinger with alluvial facies of the
32-21 Ma Mount Dutton Formation. Mudflow breccia, lava
flows, and lava-flow breccia of the Mount Dutton Formation
were derived from numerous volcanic centers along an east-
trending belt, the Blue Ribbon lineament, north and northeast
of the plateau (Rowley and others, 1994). Other sedimentary
rocks were derived from source areas to the west, northeast,
and north. The Tertiary rock units shown in figure 3 are
described in publications such as those by Anderson and
Rowley (1975), Maldonado and Williams (1993a, b), Ander-
son (1993), and Rowley and others (1994). Quaternary basalt
and andesite lava flows, cinder cones, and shield cones man-
tle many areas of the plateau surface (Best and others, 1980;
Nealey and others, 1994; Rowley and others, 1994).

The main structural elements of autochthonous rocks of
the high Markagunt Plateau are the gentle eastward regional
dips of less than 5°, a few broad low-amplitude folds, and
high-angle faults of small to moderate displacement. Dips of
late Tertiary gravel deposits on the high plateau surface
reflect the regional tilting and folding, indicating that these
structures are relatively young. West of the Black Ledge (fig.
2), structures are considerably more complex, as described
by Maldonado and others (1994; this volume, chapter G).
There, many high-angle, northeast- to north-trending faults
of large displacement bound horst-and-graben blocks, and
west-dipping monoclinal structures are present along the
western plateau front. We interpret the latter stages of devel-
opment of these structures, including the regional tilting and
low-amplitude folding just mentioned, to be interrelated, and
to postdate the Markagunt megabreccia.

The northern part of the plateau is underlain by Tertiary
(about 20 Ma) intrusions. A batholithic complex, part of the
cast-northeast-trending Delamar—Iron Springs igneous belt,
is the major intrusive body in the region. It provided magma
to several 22-20 Ma (Fleck and others, 1975) exposed and
inferred domal intrusions along the belt (Rowley and others,
1994). The extent of the batholith is defined by positive
short-wavelength aecromagnetic anomalies of relatively high
amplitude, whereas most long-wavelength anomalies farther
south are interpreted to reflect either Precambrian basement
rock, or to a lesser extent, basaltic vent and flow rocks
(Blank and Crowley, 1990, p. 24).

Two intrusive bodies occur in or near the study area: the
Iron Peak laccolith (Iron Peak, fig. 2), 14 km northeast of
Parowan, and the Spry intrusion, about 25 km north of Pan-
guitch (near the small town of Spry, fig. 1). Erosional rem-
nants of the Iron Peak laccolith (Iron Point intrusion of
Anderson and Rowley, 1975), a body of gabbroic to dioritic
composition, crop out over 7.4 kmZ2. Estimated initial relief
of the laccolith was interpreted to have been greater than 400
m, emplaced by domal uplift at less than 1,200 m depth
(Spurney, 1984). Ages of about 20 Ma for the pluton and
probable related mafic dikes are discussed in Rowley and
others (1994). The older (provisionally about 25 Ma)
monzonitic Spry intrusion (Anderson and Rowley, 1975) is
of batholith size. In addition, intrusive rocks have been pen-
etrated in a drill hole in the southwestern Red Hills (Thomas
and Taylor, 1946), and a probable intrusive body underlies a
dome near Bear Valley Junction, 16 km north of Panguitch.
Several small complex domal areas whose presence suggests
underlying intrusive bodies lie along an easterly trend
between Iron Peak and Bear Valley Junction. Other buried
intrusive bodies of large dimensions probably underlie
northern parts of and northwest of the plateau, such as under
Parowan Valley (Maldonado, 1995, fig. 12), as suggested by
the aeromagnetic geophysical anomalies referred to in a
preceding paragraph.
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BRECCIA AND MEGABRECCIA TYPES
OF THE MARKAGUNT PLATEAU

Anderson (1993) included all megabreccia types on the
northern “high” Markagunt Plateau in his Markagunt mega-
breccia unit. He outlined seven separate areas of megabrec-
cia exposure and discussed characteristics of the unit in each
area (Anderson, 1993, p. 23-29; fig. 4 of this report). He
(1993, p. 15-22) also established a “reference locality” for
the Markagunt megabreccia, a belt of well-exposed outcrops
along 3 km of Utah State Highway 143 east of Panguitch
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Lake. Anderson (1993, p. 29-32) concluded that most of the
megabreccia was transported northward by gravity sliding
away from uplifts caused by igneous intrusion under the cen-
tral Markagunt Plateau. He attributed the development of
other parts of the megabreccia to seismic shaking along
west-northwest-trending high-angle faults that resulted in
southward sliding of megabreccia bodies down the dip-
slopes of the tilted fault blocks, as well as northward scarp
collapse. According to Anderson (1985, 1988, 1993), the
west-northwest-trending faults originated in mid-Oligocene
time and were active into the Miocene; their topographically
prominent fault scarps controlled the distribution and
thickness of tuff units such as those of the Needles Range
Group and Isom Formation.

Rock units that have been termed megabreccia in the
study area include (1) units of primary mudflow and other
debris flow breccias and fluvial sedimentary rocks coeval
with volcanism that contain sand- to boulder-sized clasts and
scattered megaclasts of mainly volcanic rocks, (2) mega-
breccia resulting from high-angle fault scarp collapse and
from slide deposits down the tilted fault blocks, (3) mega-
breccia consisting of fragmented rocks in the allochthonous
upper plate of the Red Hills shear zone, and (4) the principal
mass of the Markagunt megabreccia that covers large parts
of the central and northern Markagunt Plateau. Units 2 and 4
were included in the Markagunt megabreccia by Anderson
(1993), but we restrict the term to unit 4.

BRECCIAS COEVAL WITH VOLCANISM

These breccias may in part be related to seismicity dur-
ing volcanism and contemporaneous sedimentation. They
include mudflow, landslide(?), and lava-flow breccias inter-
calated with tuffaceous sedimentary rocks. They occur
between all formally named ash-flow tuff units on the Mark-
agunt Plateau. Volcanic clasts and megaclasts in these depos-
its include fragments of older units, including those of the
Needles Range Group, Isom Formation, and Quichapa
Group, tuffs of unknown origin. and mafic lava. Some brec-
cias were incorporated into the Markagunt megabreccia after
they were lithified. Two mappable breccia units occur on the
western Markagunt Plateau, an older and a younger unit. The
older of the two occupies the interval between the Isom For-
mation below and the Quichapa Group above (fig. 3). It was
mapped as “mudflow and lava-flow breccia and tuffaceous
sedimentary rocks” by Maldonado and Moore (1995); in
Parowan Canyon it is overlain by the Bauers Tuff Member
of the Condor Canyon Formation. The unit appears to be per-
sistent in the western Markagunt and is correlated on a litho-
logic and stratigraphic-position basis with breccia and
tuffaceous sedimentary rocks of the Bear Valley Formation
at Panguitch Lake. The mudflow breccia contains clasts of

mafic to felsic aphanitic rocks, including hornblende- or
pyroxene-rich mafic lavas and lesser amounts of Needles
Range and Isom tuffs in a matrix of sandy mudstone. The
lava-flow breccia is essentially a clast-supported unit that
contains clasts of pyroxene-rich mafic rocks. Tuffaceous
sandstone beds are similar to those in the Brian Head Forma-
tion; in places they contain isolated megaclasts of Needles
Range and Isom rocks as much as 200 m long. The older unit
ranges from less than 50 to 150 m in thickness; about 40 m,
mostly lava flow breccia, is well exposed at Brian Head peak.

The younger breccia, locally more than 180 m thick, is
lithologically similar to the older but overlies and incorpo-
rates clasts and megaclasts of the Quichapa Group and older
tuff units. It is exposed. for example, along the plateau west-
ern front 9 km southwest of Parowan, and north and east of
Panguitch Lake. The breccia locally overlies strata as young
as the Harmony Hills Tuff. In a mudstone matrix, clast sizes
are generally bimodal; abundant angular to rounded pebbles
to large boulders contrast with scattered angular megaclasts
many meters in diameter. Most smaller clasts are aphanitic
lava; others are Needles Range and Isom Formation tuffs,
tuffs of the Quichapa Group (Leach Canyon and Condor
Canyon Formations), and some tuffaceous sedimentary
rocks and chalcedony blocks from the Brian Head Forma-
tion. Some large boulder-sized clasts, such as those of the
Isom and Condor Canyon Formations, are deformed, exhibit
polished and “pressure-flaked” surfaces, and are rotated,
sheared, and penetrated by mudstone or sandstone matrix;
others, especially felsic tuffs of the Needles Range and
Leach Canyon units, are in places essentially undeformed
and flat-lying: they appear to float in a mudflow breccia
matrix. Clasts of red, crystal-poor vitric tuff considered to be
of the Blue Meadows Tuff Member of the Isom Formation
and possibly in part, of the Bear Valley Formation, are
locally common; they increase in size and abundance north-
ward, as north of Panguitch Lake, towards the main outcrop
area of the Blue Meadows Tuff Member (Anderson and oth-
ers, 1987; Anderson, 1993). Anderson (1993) attributed
“***small allochthonous masses of the member***to grav-
ity sliding down the flanks of small structural domes***.™
We suggest that some of these megaclasts, such as those in
the Twin Peaks area (fig. 4), were incorporated, perhaps by
rockfall, in the mudflows. so that currently, the individual
monolithic bodies remain after the softer overlying and
flanking mudflow matrix was eroded.

Both the older and the younger breccias are thought to
be alluvial facies of the 32-22 Ma Mount Dutton Formation,
although the older unit may be from western sources (Ander-
son and Rowley, 1975). It is at least in part coeval with the
Bear Valley Formation (Anderson, 1971). Some of the brec-
cias are probably in their initial emplacement locations;
others, after lithification, have moved along low-angle slip
surfaces to their present locations as parts of the Markagunt
megabreccia.
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The mudflow and lava-flow breccias may have origi-
nated in volcanic centers situated along the Blue Ribbon lin-
eament, north of the Markagunt Plateau, or from sources
within the plateau. The megaclasts of western-source tuffs
may have been broken from their outcrops as rockfall or by
landslides during volcanism. Some of the huge isolated out-
crops of Isom Formation tuff units that overlie younger units,
such as those at Sydney Peaks, 5 km northeast of Brian Head
peak, could be interpreted to be megaclasts incorporated in
the mudflows from which the matrix has been eroded; they
are commonly underlain by mudflow breccia. Alternatively,
the explanation we favor is that the Isom rocks and underly-
ing mudflow breccia are erosional remnants of the main
Markagunt megabreccia sheet. In either case, the huge blocks
are allochthonous as evidenced by their older-on-younger
relationships and slickenlines on underlying slip-planes.

MEGABRECCIAS ASSOCIATED WITH
HIGH-ANGLE FAULT SCARPS

Anderson (1993, p. 26, 31) proposed that some mega-
breccia deposits in the northern Markagunt Plateau are the
result of gravity sliding down tilted fault block surfaces, and
from scarp collapse. He included these deposits in the Mark-
agunt megabreccia and related them to seismic shaking
along west-northwest-striking high-angle faults in his areas
3 and 5 (fig. 4). These faults, the central and northern Black
Ledge faults (not the same as the Black Ledge fault of Mal-
donado and others (1994), which is the northeast-trending
fault along the north face of the Black Ledge scarp) and a
fault along the Horse Bench scarp, were initially activated in
the Oligocene, contemporaneous with emplacement of the
Needles Range and Isom tuff units. We provisionally
exclude-these megabreccia units from those of the Marka-
gunt megabreccia (restricted) (see section on the Markagunt
megabreccia, following). We also suggest two other possi-
bilities for the origin of the deposits below the Horse Bench
scarp: (1) that they were transported eastward and southeast-
ward away from an uplifted area to the west, possibly the
area of the Iron Peak laccolith or areas of nearby domal
uplifts, or (2) that they are relatively local mass-wasting
deposits that have slid southeastward down the dip slope of
the northeast-trending fault block along the east side of Bear
Valley. Linear features in the hummocky topography of
these rocks, which consist of Bear Valley Formation and
immense rotated blocks mostly of the Baldhills Tuff Mem-
ber (Anderson and others, 1987), exhibit a generally north-
easterly topographic grain parallel to the fault scarp (fig. 5).

Megabreccia deposits in the heavily vegetated Yankee
Meadows lowlands northwest of and below the northeast-
trending Black Ledge scarp (area 5 of Anderson; fig. 4, this
report) are very poorly exposed; they appear to consist
mostly of randomly tilted blocks of Brian Head, Needles
Range, Isom, and Leach Canyon units. Although Anderson

(1993) included the rocks there in his Markagunt megabrec-
cia and attributed them to collapse and sliding along the west-
northwest-trending central and northern Black Ledge fault
blocks, we consider them to be largely the result of late Ter-
tiary(?)-Quaternary scarp collapse and mass wasting along
the Black Ledge scarp, a process that is still currently active.
The deposits below this northwest-facing scarp extend as an
apparently continuous chaotic assemblage for about 20 km
along the scarp and are mapped as Quaternary-Tertiary land-
slide deposits (Maldonado and others, this volume, chapter
G). As Anderson (1993, p. 26) pointed out, Baldhills tuff
masses are concentrated along the northern part of this belt,
and these may have been controlled by the presence of his
projected west-northwest faults. However, unless these faults
were active long after their onset in the Oligocene, it seems
difficult to reconcile the timing of the megabreccia deposits
with these structures. However, J.J. Anderson (oral com-
mun., 1995) has interpreted the west-northwest fault system
to “young” southward. If this is true, his central and northern
Black Ledge faults may be of Miocene age, contemporane-
ous with megabreccia formation.

MEGABRECCIA ASSOCIATED WITH THE
RED HILLS SHEAR ZONE

This megabreccia resulted from dismemberment of
upper plate Tertiary volcanic and sedimentary rock strata
during and after movement along the low-angle Red Hills
shear zone (Maldonado and others, 1990; 1992; Maldonado,
1995). Evidence for dislocation along the shear zone consists
of comminution and shearing along low-angle surfaces of
structurally incompetent strata in or at the top of the Brian
Head Formation. Cretaceous and Tertiary sedimentary rocks
below these strata are essentially undeformed; above the
shear zone, huge blocks of structurally competent Needles
Range, Isom, and Leach Canyon units are fractured, dis-
membered, and rotated into locally chaotic assemblages. The
known extent of this megabreccia is restricted to the northern
Red Hills (fig. 1) and western Markagunt Plateau. Possible
regional extent of the shear zone is as yet uncertain, although
sheared rocks and brecciated, highly fractured chalcedony
with polished surfaces, unlike undeformed chalcedony, are
present in the Brian Head Formation as far east as Hatch,
more than 50 km southeast from the Red Hills (fig. 2). Shear
zone deformation was between 22.5 and 20 Ma (Maldonado,
1995), the younger age being that of mafic dikes, probably
related to the Iron Peak laccolith, that intruded the megabrec-
cia overlying the shear zone. Subsequently, the extensional
separation (breakaway) of the Red Hills from the plateau
took place. If the Markagunt megabreccia is genetically
related to emplacement of the Iron Peak laccolith (see sec-
tion, “Transport Directions”), then the Red Hills shear zone
megabreccia is the older of the two, but nearly contempora-
neous with the Markagunt megabreccia.
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MARKAGUNT MEGABRECCIA
(RESTRICTED)

DESCRIPTION AND RELATIONSHIPS

The most extensive megabreccia type described in this
report is the Markagunt megabreccia (restricted), exposed in
the central and northern Markagunt Plateau (fig. 4, areas 1-4
and 7; this report). Its present bedrock southern limit extends
eastward across the north-central Markagunt Plateau from
about 5 km northeast of Brian Head (peak) through the Pan-
guitch Lake area to about 30 km east-northeast of the peak
(fig. 2); unconsolidated breccia rubble attributed to the
former southern extent of the megabreccia occupies much of
area 7 (fig. 4). Its northern limit is not well established
because geologic mapping has not been completed, and
because the thick, youngest units of the Mount Dutton For-
mation alluvial facies, mostly mudflow breccia, appear to
obscure it; the limit may lie near the Iron Peak laccolith and
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extend eastward across Bear Valley toward the Sevier River
valley (fig. 2), where the megabreccia is buried by gravels
about 8 km west of Panguitch.

The Markagunt megabreccia is especially well exposed
along the excellent reference locality belt established by
Anderson (1993, p. 15-22) along Utah Highway 143, east of
Panguitch Lake (fig. 4, area 1, this report), which is near the
southern limits of the unit. It is also relatively well exposed
farther west, both in and west of the Panguitch Lake area.
The westernmost bedrock exposures of the Markagunt
megabreccia are at Sydney Peaks, 5 km northeast of Brian
Head peak (fig. 4, this report; Anderson, 1993, fig. 24).
There, isolated klippen-like hills containing rotated mega-
clasts of the Baldhills Tuff Member of the Isom Formation
as much as 500 m in diameter, along with underlying thin
mudstone breccia and rubble of Needles Range Group tuff,
rest on a low-angle slickenlined surface on tuff of the Leach
Canyon Formation. Two to four kilometers farther east, sim-
ilar relationships with the underlying Baldhills Member
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Figure 5. Aerial photograph showing structural grain of hummocky megabreccia topography in Bear Valley Formation and allochthonous
tuffs east of Bear Valley. Short dashes outline hummocky topography, occurring in bowl between two high mountains, Little Creek Peak
and Sandy Peak. Heavy line, high-angle fault; bar and ball on downthrown side.
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(Leach Canyon locally absent) are exposed along the crest of
the Black Ledge. The Black Ledge is colinear with a similar
scarp along the east side of Bear Valley, both bounded by
high-angle faults.

From the Black Ledge east to the Panguitch Lake area,
large discontinuous klippen-like hills, composed mostly of
Baldhills tuff and mudflow breccia units, rest on either
Baldhills or Leach Canyon tuff units. Within the area to 6
km east of Sydney Peaks, most of the hills are elongate at
about N. 80° W. trend, normal to slickenline directions in
this area. North and east of Panguitch Lake, a more or less
continuous sheet of the Markagunt megabreccia containing
megaclasts from the Needles Range, Baldhills, Blue Mead-
ows, Bear Valley, and Mount Dutton units overlies a rela-
tively thick but variable autochthonous Baldhills unit
(about 5-70 m) that in turn overlies the Brian Head Forma-
tion. In many places, such as along the north shore of Pan-
guitch Lake, the slip-surface has cut deeply into the
Baldhills Tuff Member, removing the Leach Canyon For-
mation and the upper part of the Baldhills.

The megabreccia appears to maintain a relatively nor-
mal internal stratigraphic succession in and east of the Pan-
guitch Lake area, although intercalated megaclast units vary
in thickness and extent in lense-like fashion. The megabrec-
cia also exhibits, near its base, overturned to recumbent folds
in sedimentary rocks, shattered and sheared tuff megaclasts,
and low-angle shears, well illustrated by Anderson (1993,
figs. 14, 16-17, 19-20), that resemble features associated
with the toes of thrust sheets. Units incorporated in the
megabreccia are cut by numerous closely spaced, moderate-
to high-angle antithetic faults of relatively small displace-
ment (less than one to tens of meters) that overprint the ear-
lier megabreccia structures and, in areas of poor exposure,
result in bewildering complexity.

North and east of Panguitch Lake (fig. 4, areas 3 and
4) the assemblage above the basal slip-surface of the Mark-
agunt megabreccia is composed mostly of Mount Dutton
and Bear Valley mudflow breccia, sandstone, and tuff.
These deposits contain mostly small-pebble- to boulder-
sized clasts largely of mafic lava. The mudflow breccia is
intercalated with large, discontinuous angular and slablike
blocks and lenses of Needles Range, Isom, and Quichapa
tuffs, tuff that we interpret to be Haycock Mountain (Leach
Canyon?) Tuff, tuffs in the Bear Valley Formation, and
uncorrelated sedimentary rocks. Although many clasts
exhibit random orientations, some tabular ones maintain
locally consistent stratigraphic positions in the mudflow
breccia. In those places, as 8 km northeast of Panguitch
Lake, mudflow breccia strata and intercalated megaclasts
dip at shallow angles, and structure appears to be uncompli-
cated. Because of their simple structure and because the
slip-surface of the megabreccia lies in the subsurface in
these areas, the exact relationships of these Mount Dutton
mudflow breccias to the Markagunt megabreccia are not
known—namely, whether or not they are part of the Marka-
gunt megabreccia mass or are in part younger Mount

Dutton mudflows unconformably overlying the megabrec-
cia. Farther north, in area 6, nearly horizontal strata of
mudflow breccia and lava of the Mount Dutton Formation
such as those capping Little Creek Peak appear to overlie
disturbed strata of the Bear Valley Formation and older
units and thus may represent post-megabreccia deposition.

The thickness of the megabreccia along its southern
belt of exposures in and near area 1 (Anderson’s reference
area) is about 150 m of section. Components of the mega-
breccia include (generally ascending) discontinuous blocks
of the Wah Wah Springs Formation of the Needles Range
Group, Baldhills and Blue Meadows(?) Tuff Members of
the Isom Formation; the Bear Valley Formation, Mount
Dutton mudflow and lahar breccias, and tuffaceous sand-
stone and conglomerate containing rounded clasts of the
Bauers Tuff Member of the Condor Canyon Formation.
Also included are ash-fall or vent-facies unwelded felsic
tuff and porphyritic pyroxene-phenocryst mafic lava, both
of uncertain derivation. We also include the Haycock
Mountain Tuff (Anderson, 1993, p. 13-14) as a component
of the Markagunt megabreccia, although Anderson inter-
preted this unit to be a post-megabreccia unit. We, how-
ever, suggest that it may not be a new unit, but rather a
distal facies of the Leach Canyon Formation (see “Age”
discussion). From about 5 to 8 km north of Panguitch Lake,
the megabreccia seems to include an increasingly greater
thickness of Mount Dutton alluvial facies rocks, some of
which may be younger than the megabreccia.

A greater southern extent of the Markagunt megabrec-
cia than that shown by its bedrock distribution is suggested
by surficial rubble and poorly consolidated breccia at Cedar
Breaks National Monument, below and south of Brian Head
peak (Moore, 1992). According to Moore, the deposit is the
result of small-volume landsliding and gravitational spread-
ing in and on clay beds of the “uppermost white Claron For-
mation” (Brian Head Formation of Sable and Maldonado,
this volume, chapter A). The unit is almost monolithologic:
it consists predominantly of highly resistant clasts of the
Baldhills Tuff Member of the Isom Formation and subordi-
nate poorly resistant Brian Head Formation clasts. The
Baldhills tuff clasts, from sand-size to many meters in diam-
eter, are characterized by plagioclase phenocrysts in a glassy
to devitrified groundmass, whereas the nearest Isom Forma-
tion bedrock, underlying the Leach Canyon Formation on
Brian Head peak, is an aphanitic, vesicular lava lacking vis-
ible phenocrysts, and is not represented in the breccia-rubble
below the peak. An alternative explanation is that the surfi-
cial unit is largely residual, a lag derived from the Markagunt
megabreccia that formerly overlay the Leach Canyon For-
mation on the peak and has since been eroded. An example
of a prior phase in the development of the surficial unit is the
klippen-like hills at Sydney Peaks, interpreted to be ero-
sional outliers of the formerly continuous sheet of Marka-
gunt megabreccia that will likely, with continued
disaggregation by erosion and gravitational spreading,
develop into surficial residual rubble, as suggested by
Anderson (1993, p. 28).
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TRANSPORT DIRECTIONS
PREVIOUS INTERPRETATIONS

Anderson (1993, p. 30) postulated that most of the
Markagunt megabreccia had been transported northward by
gravity sliding down the north flank of a batholith “that aer-
omagnetic data suggest underlies the central Markagunt Pla-
teau or perhaps a cupola on a much larger batholith that may
underlie much of southwestern Utah.” As discussed previ-
ously, he also invoked localized southward gravity sliding
down dip slopes of south-tilted fault blocks that were
bounded by west-northwest-striking high-angle faults, and
the northward collapse of north-facing scarps produced by
these faults. Prior to these interpretations, Wagner (1984)
and Anderson (1985) had proposed a southward sliding
direction for the main Markagunt megabreccia.

Specifically, in the seven areas of exposure of the
Markagunt megabreccia (fig. 4) Anderson postulated north-
ward transport in areas 1—4; southward transport for areas 5
and 6; and northward transport (at least in part) for area 7. As
evidence for northward transport in areas 1, 2, and 4, Ander-
son (1993, p. 30-31) cited the generally north-south orienta-
tions of striae on slickensided low-angle surfaces (Sable and
Anderson, 1985), and postulated that at the time the mega-
breccia was emplaced, the underlying Baldhills Tuff Mem-
ber dipped north (as it now does at Haycock Mountain) and
thus provided the slope gradient for northward movement.
Possibly as further evidence of northward transport, Ander-
son pointed out that the central part of the Markagunt Plateau
is topographically higher than the northern part.

FEATURES INDICATING TRANSPORT DIRECTIONS

Slip surfaces at the base of the Markagunt megabreccia
are sporadically exposed across the Markagunt Plateau from
5 km northeast of Brian Head peak to at least Haycock
Mountain, 22 km to the east (fig. 4). The surfaces slope both
southward and northward at mostly less than 10°. Most sur-
faces directly underlie the main mass of the Markagunt
megabreccia; others underlie now-isolated blocks, like those
at Sydney Peaks, that we believe to have been continuous
with the main mass. Features on these surfaces define slip
lines along which the Markagunt megabreccia was
emplaced. The slip lines are mostly striae and broad grooves
imposed on ash-flow tuffs of the autochthonous Isom and
Leach Canyon Formations. The striae are on the upper sur-
faces or within these units; in places striated surfaces dipping
as much as 50° north cut through the units, suggesting that
the structurally competent units were strongly stressed by the
overriding megabreccia.

Easily accessible localities where slip lines were
observed include the top of the Leach Canyon Formation
cliffs just east of Sydney Peaks (fig. 6, loc. 1); the Isom

Formation outcrop along the east side of the Panguitch Lake
dam (fig. 6, loc. 2; fig. 7); and the small roadcut outcrop of
Isom Formation and mudflow breccia along State Highway
143, adjoining the deep canyon cut into contorted Isom For-
mation layers (fig. 6, loc. 3; fig. 12A). Less accessible local-
ities showing asymmetrical features (see second paragraph
following) are on the Leach Canyon Formation cliffs on the
north side of and high above Bunker Creek (fig. 6, loc. 4; fig.
9) and additional localities on Haycock Mountain (not
numbered on fig. 6).

The average strikes of 35 slip line readings on mostly
striae, measured at the 10 localities shown in figure 6, is
about N. 20° E. in the western part of the study area near
Brian Head, and about N. 20° W. at Haycock Mountain, in
the eastern part. Several additional but less certain single
readings made along this belt closely corresponded to the
averages. Locally, the strike varies as much as 15°, but com-
monly less than 5°~10°. (An anomalous N. 20° E. reading on
the south side of Haycock Mountain was observed on the
lower surface of a tuff megaclast near the base of the mega-
breccia; it may be due to rotation during transport.) Although
the volume of data may not seem statistically persuasive, we
believe the strikes to be valid and significant. Locally, they
are consistent and nearly unidirectional. Regionally, within
the belt of observations, they form a radial pattern converg-
ing on the area of the Iron Peak laccolith, 22 km north of
Panguitch Lake (fig. 6).

Larger asymmetrical features interpreted to be prod
marks and discontinuous corrugations (roche moutonnée-
like features) (figs. 8, 9) are also present on the slip surfaces
but are rarely well preserved. Although the evidence is
equivocal, we interpret them to indicate southward transport.
Structures within the megabreccia also suggest southward-
directed stresses, for example, north-dipping shear-planes
(fig. 10), and fold and fault attitudes (fig. 11). In addition,
many, although not all small fracture displacements in sedi-
mentary rock components of the megabreccia exhibit south-
ward offset and thus tend to confirm southward transport. J.J.
Anderson (oral commun., 1995), however, has indicated that
a stereonet plot of numerous fracture orientations failed to
show preferred directions.

The strikes of the slickenlines indicate that the mega-
breccia moved either northward or southward, but they do not
indicate the actual sense of movement. The outcrop observa-
tions of asymmetrical features, fold-and-fracture relation-
ships, and shear features in addition to the radial pattern,
however, suggest to us southward movement, contrary to the
interpretation of Anderson (1993, p. 30-31). The indicators
also suggest movement away from a broad point source.

Further evidence for southward transport of the Marka-
gunt megabreccia lies in the preponderance of north-dipping
units within the lower part of the megabreccia near its south-
ern limits. Recumbent folds and low-angle, north-dipping
shears in rock components of the megabreccia (Anderson,
1993, figs. 19, 14) are common features above the base of the
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Figure 6.  Strikes of transport indicators of Markagunt megabreccia (restricted). Double arrow, directional sense is unknown; single
arrow, southward sense of transport. Numbered localities keyed to text. Contour interval 250 m. Base from Panguitch, Utah 30x60-minute
quadrangle, 1980.



BRECCIAS AND MEGABRECCIAS, MARKAGUNT PLATEAU, UTAH 165

e

Vo L

Figure 7. Striated surface on Baldhills Tuff Member of Isom Formation directly beneath Markagunt megabreccia.
Striae parallel to compass alignment of N. 16° W. Oblique lines are shadows. East side of Panguitch Creek at Panguitch

Lake dam (fig. 6, loc. 2).

megabreccia in the Panguitch Lake area. At the east end of
Panguitch Lake, for example, a long roadcut exposes a
north-dipping section of mostly Bear Valley Formation cut
by several minor antithetic faults. The section lies within 30
m of the projected low-angle base of the megabreccia.
Within the section, therefore, beds dip much more steeply
than the underlying slip surface at the base of the megabrec-
cia; these northward-dipping beds are interpreted to be
rotated and to represent a fold limb due to drag or southward
(upward) ramping of strata along that surface.

The slip surface at the base of the Markagunt megabrec-
cia dips variably, less than 10°. North of Panguitch Lake the
surface dips southward, but dip reversal along the lake
results in north dips near the southern limit of the megabrec-
cia. For the most part, the dip of the slip surface approxi-
mates the regional or broadly local dip of the subjacent
bedrock. We attribute the present-day dips of the slip surface
and the autochthonous underlying bedrock to plateau tilting
and associated folding following emplacement of the mega-
breccia. If our supposition is correct, these present-day dips
do not reflect the dip of the slip surface during transport of
the megabreccia. Locally the original dip can be inferred
from the upper Tertiary gravel valley-fill overlying the

megabreccia 3.4 km east of Panguitch Lake (fig. 12), assum-
ing that these strata were deposited as essentially horizontal
beds. These valley-fill deposits reflect the post-megabreccia
dip of about 5° N. at this location. Below them, the basal slip
surface of the megabreccia is generally horizontal. Rotating
the valley-fill to horizontal causes the slip surface to exhibit
a shallow south dip. Although these relationships are local,
this exercise indicates the possibility of a southward gradient
for transport of the megabreccia.

AGE

We interpret the age of transport of the Markagunt
megabreccia to be about 22-20 Ma. Anderson (1993) sug-
gested that the age of the megabreccia was 23-22 Ma. Con-
straints on the age of transport of the Markagunt
megabreccia are (1) the age of maximum uplift and cooling
of the Tron Peak laccolith or other coeval intrusions in that
area if the megabreccia is related to that intrusive activity,
(2) age of the youngest component of the megabreccia
assemblage, and (3) age of autochthonous strata that uncon-
formably overlie the megabreccia.
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Figure 8. Naturally exhumed surface of Baldhills Tuff Member of Isom Formation formerly direct-
ly beneath Markagunt megabreccia. Surfaces exhibit asymmetrical “roche moutonnée”-like features
and incised depressions interpreted to result from overriding by the megabreccia. A, View looking
west-southwest; movement interpreted to be right to left; B, View looking south-southeast, movement
interpreted to be away from observer. North side of Haycock Mountain, near top.
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Figure 9. Naturally exhumed surfaces of Leach Canyon Formation tuff formerly directly beneath
Markagunt megabreccia. Surfaces exhibit asymmetrical “roche moutonnée”-like features and incised
depressions interpreted to have resulted from overriding by the megabreccia. A, View looking east-
southeast; B, View looking southeast; movement of megabreccia interpreted to have been from left
to right. Circled backpack and canteen for scale. North wall of Bunker Creek.
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Figure 10.
Markagunt megabreccia overlying slip surface on autochthonous Isom Formation (s) (s is area shown
in fig. 7). View looking south-southwest.

K-Ar whole-rock samples from the Iron Peak laccolith,
from mafic dikes interpreted to be related to the intrusion,
and from nearby lava flows believed to be derived from it,
have been dated respectively at 20.2+0.5 Ma, about 20 Ma,
and 21.2+0.5 Ma. The reported ages are in some doubt
(Rowley and others, 1994, p. 21); the younger dates perhaps
most nearly reflect the true age of the intrusion.

The youngest known components of the megabreccia
assemblage are tuffaceous sandstone and conglomerate east
of Panguitch Lake. Some of these beds contain distinctive
tuff clasts that are petrographically identical with tuff of the
Bauers Tuff Member of the Condor Canyon Formation,
which has been dated by 4Ar/3°Ar methods at about 22.8
Ma (Rowley and others, 1994, p. 14). If these clasts actually
are Bauers Member clasts, the megabreccia obviously
postdates that age.

Two rock successions have been interpreted to uncon-
formably overlie the Markagunt megabreccia in its reference
locality area along State Highway 143: (1) a succession con-
sisting of thin stream gravels overlain by the Haycock
Mountain Tuff (Anderson, 1993, p. 13) or (2) semiconsoli-
dated valley-fill gravel and sand deposits of probable late
Tertiary (late Miocene(?)-Pliocene(?)) age that are more
than 60 m thick, the upper Tertiary gravels of Anderson
(1993, p. 15). We interpret the latter to represent the overly-
ing age constraint, and as discussed next, suggest that, as a
possible distal facies of the Leach Canyon Formation, the
Haycock Mountain Tuff is a component of the Markagunt
megabreccia. Anderson (1993, p. 13—14), on the other hand,
defined the Haycock Mountain Tuff as a new unit and

North-dipping shear plane (sh) in allochthonous block of Isom Formation tuff in

postulated that it unconformably overlies the Markagunt
megabreccia and thus postdates and constrains the minimum
age of the megabreccia.

Several lines of evidence suggest that the Haycock
Mountain Tuff may be a distal facies of the Leach Canyon
Formation; other evidence supports Anderson’s assertion.
Because the relationship of the Haycock Mountain Tuff to
the Leach Canyon Formation is controversial, the following
discussion incorporates data relating to the temporal and spa-
tial relations of these units and of other felsic tuffs in the
study area. Correct interpretation of the age of the units and
their relationships to the Markagunt megabreccia is of major
importance. To this end, comparison of several features of
these units is shown in table 1. The discussion following
incorporates mostly interpretations by Sable, supporting the
possibility that the Haycock Mountain Tuff is a distal facies
of the Leach Canyon Formation, and indicating, because of
the similarities of many of the features, the difficulties
involved in agreement between investigators.

The type section and other outcrops of the Haycock
Mountain Tuff, and outcrops of the Leach Canyon Forma-
tion on the Markagunt Plateau have been reexamined sepa-
rately by Sable and P.D. Rowley. Rowley (written commun.,
March 27, 1995), after field examination of exposures along
Utah State Highway 143, the area of Anderson’s reference
sections of the Markagunt megabreccia, agreed with Ander-
son’s interpretations. Rowley also compared modal compo-
sitions and XRF (X-ray fluorescence) analyses of Haycock
Mountain Tuff and Leach Canyon Formation samples (see
following discussion).
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Figure 11.
composed of sandstone, conglomeratic mudstone, and mudstone breccia probably of the Bear Valley
Formation. Dashed line, axis of fold; arrows show dip of limbs. Heavy line, fault; dashed where in-
ferred; barb shows direction of relative movement. Red conglomeratic mudstone (rcg) in upper and
lower blocks indicates 2—10 m of displacement. Attitude of fault plane N. 80° E., 40° N., indicates
south-vergent stress direction from N. 10° W. North side of Utah State Highway 143, about 2 km east
of Panguitch Lake.

Age delineation of the Leach Canyon and Haycock
Mountain units is of major importance for interpretation of
their possible correlation and as a possible constraint for the
age of the Markagunt megabreccia. Although ecarlier K-Ar
dates show considerable variation, the 49Ar/3%Ar dates of the
Haycock Mountain Tuff samples, about 24 Ma, are similar to
those of both Leach Canyon and Bear Valley Formation
tuffs, both of which are older than the megabreccia. Consid-
ering age constraints discussed in preceding paragraphs, the
24 Ma dates for the Haycock Mountain Tuff are anomalous,
if the Haycock Mountain Tuff is indeed younger than the
Markagunt megabreccia, as Anderson stated. Our provi-
sional interpretation is that the Haycock Mountain Tuff is a
component of the megabreccia and a distal facies of the
Leach Canyon Formation. Further sampling of these disput-
able units is planned to attempt to clarify their dates.

Further summarizing the data in table 1, the composi-
tion of these units is similar although the textures and
degrees of welding by devitrification are considerably differ-
ent. We attribute the unwelded to poorly welded character of
the Haycock Mountain Tuff to be the result of distance from
western Great Basin sources if this unit is a Leach Canyon
facies. Unaltered shards, common in the Haycock Mountain
Tuff, are also present in the basal part of the Leach Canyon.
The difference in the relative abundance and size of red

Minor overturned fold and thrust fault in near-basal part of Markagunt megabreccia

felsic lithic fragments (vent facies fragments?) and black
mafic fragments (locally incorporated?) can also be attrib-
uted to distance from source. The modal and chemical XRF
data (not in table 1) are also similar, although P.D. Rowley
(written commun., March 27, 1995) reported a wider than
expected span of XRF data points possibly resulting from the
abundance of lithic fragments. Petrographically, there
appear to be smaller phenocrysts and less quartz in the Hay-
cock Mountain Tuff samples relative to those of the Leach
Canyon. Thickness figures suggest eastward thinning of
both the Leach Canyon and Haycock Mountain units, per-
haps indicating a western source for both. The differences in
structural attitudes and degree of deformation are enigmatic
because we interpret the Haycock Mountain Tuff, where
undeformed, to rest conformably on relatively undeformed
strata within the Markagunt megabreccia but above its
highly deformed basal part, whereas Anderson (1993) inter-
preted the tuff and underlying “gravels” to unconformably
overlie units of the Markagunt megabreccia such as sheared
Isom Formation tuff. We interpret these undeformed “grav-
els” to be a fluvial facies of the mafic-clast mudflow breccia
(Anderson’s “lahar™) that elsewhere locally underlies the
Haycock Mountain Tuff and overlies undeformed Bear
Mountain strata.



Table 1. Comparisons of tuffs of Leach Canyon Formation, Haycock Mountain Tuff, and felsic tuffs in Bear Valley Formation, Markagunt Plateau, southwestern Utah.

LEACH CANYON FORMATION HAYCOCK MOUNTAIN TUFF BEAR VALLEY FORMATION
DISTINGUISHING (Narrows Tuff Member)
FEATURES (Anderson, 1965; Judy, 1974; Sable; (Anderson, 1993; Rowley, 1995, (Anderson, 1965, 1971; Wagner, 1984)
Rowley, 1995, written commun.) written commun.)
Welded ash-flow tuff Unwelded ash-fall (?) or
vent facies tuff
LITHOLOGY Two to three ash-flow cooling units. Two ash-flow cooling units. One(?) cooling unit. Unknown number of
Vitric-crystal to crystal-vitric. Vitric-crystal to crystal-vitric. Moderately welded. cooling unit events.
Moderately to densely welded. Poorly to moderately welded. Reddish-brown. Unwelded to poorly
Light gray, pink, salmon hues. Light to very light gray, pink, orange hues. | Pumiceous. welded.
Moderately pumiceous. Highly pumiceous; uncollapsed fragments. | Lithic fragments Light gray to pinkish
Prominent lithic fragments—mostly red, Prominent lithic fragments—mostly black common. gray.
minor black and gray. and brown, minor red. Pumiceous; abundant
Abundant shards in basal part. Abundant shards. shards.
APPROXIMATE
MODAL COMPOSITION
(in percent)
Plagioclase (% of crystals) 32-79 24-60 63-74 21-42
Sanidine do. 3-46 20-66 0-Tr 21-57
Quartz do. 8-57 10-41 0-8 8-27
Biotite do. 2-26 15+ Tr 6-14
Hornblende do. 0-5 <1 Tr Tr
Pyroxene do. 0-6 <1 7-20 <1-4
Fe-Ti oxides do. 1-3 <1 Tr-4 Tr
Sphene do. 0-1 0 0 0
Apatite do. 0-<1 0 Tr 0
Rock fragments (% of total) 13-42 5-15 3-4 3-7
Pumice do. Tr-14 5-15 Tt 0-7
Phenocrysts do. 5-23 10-20 10-30 12
(Tr, trace)

KNOWN DISTRIBUTION

From west margin of Markagunt Plateau to
Panguitch Lake. Fairly continuous and
widespread.

Haycock Mountain and Fivemile Ridge
1:24,000 scale quadrangles northeast of
Panguitch Lake. Discontinuous exposures.

North-central Plateau.
Area of about 500 km?
east and northeast of
Panguitch Lake.
Discontinuous.

North-central Plateau.

East, northeast, and

north of Panguitch Lake.

Discontinuous.
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West of lower Bear Valley - about 150 m. Type section - 13.8 m, 5t0o 6 m. 5 to 50 m.
THICKNESS Summit Canyon - 100 m. 12 kilometers east of type section - 8 to
(Generally west to east) Brian Head peak - 20 m; incomplete. 11 m.
Sydney Peaks - 35 m.
Bunker Creek - 21 m,
STRUCTURAL Mostly subhorizontal but locally deformed. | Mostly subhorizontal and undeformed but Mostly subhorizontal and | Mostly subhorizontal or
ATTITUDE AND locally tilted. undeformed but locally of unknown attitude.
DEGREE OF deformed and sheared. Locally deformed.
DEFORMATION
At and near Brian Head peak overlies At type section, overlies mafic lava-clast Interbedded with Bear Interbedded with Bear
mafic lava-clast conglomeratic sandstone conglomeratic sandstone ("gravel" of Valley Formation Valley Formation
and breccia of "Mudflow and lava-flow Anderson (1993)). At most places overlies | sedimentary rocks. sedimentary rocks.
breccia and sedimentary rocks" unit of mafic lava-clast mudflow breccia or
STRATIGRAPHIC Maldonado and Moore (1993) that overlies | sandstone of Bear Valley and/or Mount
RELATIONSHIPS Isom Formation. Overlain by allochthonous | Dutton Formations. Unconformably
Markagunt megabreccia components from | overlain by upper Tertiary valley-fill
Brian Head peak area eastward. Overlain gravels.
by Mount Dutton Formation(?) mudflow
breccia or Condor Canyon Formation along
Plateau west margin.
RADIOMETRIC K-Ar, 24.6 0.5 Ma K-Ar, 89USa 1a22.8 + 1.1 (b) K-Ar, 245+ 0.5 Ma (p) | K-Ar, 24.6 + 0.4 Ma (b)
AGES IN Ma K-Ar, 26.7 + 1.0 Ma K-Ar, 89USa 1a24.8 +£1.0(s)

(K-Ar, Potassium Argon;
Ar#%/Ar?® Argon-Argon
ZFT, Zircon fission-track)

p, plagioclase
s, sanidine
b, biotite

ZFT, 24.2 +2.0 Ma
ZFT, 21.6+2.0 Ma

Average age 24.0 Ma (Rowley and others,
1994)

K-Ar, 89USa 1a 24.3 = 1.0 (s rerun)
K-Ar, 89USa 2a22.3 £ 1.1 (p)
Ar/Ar, 89USa la 23.86 % 0.26 (b)
Ar/Ar, 89USa 2a24.23 +0.17 (p)

(written communs., H.H. Mehnert, 1992;
L.W. Snee, 1994)

(Anderson, 1971)

(Anderson, 1971)

SOURCE

Great Basin

Great Basin (?)
Northern Markagunt Plateau (?7)

Markagunt Platean (?)

Markagunt Plateau (?)
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Felsic tuffs in the Bear Valley Formation (Anderson,
1965, 1971; Florian Maldonado, unpub. mapping) are of two
kinds: moderately welded ash-flow tuff and poorly to nearly
unwelded ash-fall or vent facies tuff characterized by abun-
dant shards. Comparison of their features (table 1) with those
of the Leach Canyon Formation and Haycock Mountain Tuff
shows overlap in mineralogic modes of the unwelded tuff.
The welded ash-flow tuff is higher in plagioclase and pyrox-
ene and lower in quartz. Relatively few thin sections of this
unit have been reported, however, and some are of uncertain
stratigraphic position because of structural complexity
within the Markagunt megabreccia.

DISCUSSION

Possible analogs of the Markagunt megabreccia and the
megabreccia associated with the Red Hills shear zone are the
megabreccias described in the Iron Axis region of the Basin
and Range province, about 22 km west and southwest of the
Markagunt Plateau (Mackin, 1960; Rowley and others,
1989; Blank and others, 1992). These are associated with
monzonitic intrusions of Miocene (22-20 Ma) age, and are
attributed mostly to gravity sliding away from rapidly
upwelling intrusive bodies. Transport distances of some
blocks were as much as 6-9 km. In many respects, the com-
plexity, timing, and relationships of these megabreccias
resemble those of the Markagunt megabreccia, but many of
the Iron Axis megabreccias are composed of thick, structur-
ally competent, stacked ash-flow tuff units, whereas the
Markagunt megabreccia contains a considerable volume of
less competent sedimentary rocks, such as those of the Bear
Valley and Mount Dutton Formations.

Although the original size of the Iron Peak laccolith
was larger than that currently preserved, it is difficult to
imagine an intrusive body of its size resulting in movement
of a megabreccia as far as 25 km from this point source. If
the Markagunt megabreccia was essentially a single south-
vergent mass, it may represent movement away from an
intrusive body larger than the Iron Peak laccolith, possibly a
parent body of that intrusive. Data from aeromagnetic anom-
alies have suggested to H.R. Blank (oral commun., 1994)
that large hypabyssal bodies underlie the Parowan Valley
and the area west of the towns of Spry and Panguitch, and
thus could have been the main intrusions controlling the
emplacement of the megabreccia.

Emplacement of megabreccia units of southwestern
Utah has been attributed by most investigators to low-angle
gravity sliding during uplift and distension by intrusive
doming, but another structural concept for development of
some megabreccia units in southwestern Utah is that of
low-angle thrusting away from domal intrusive bodies dur-
ing late stages of emplacement. Low-angle displacement
features in the Pine Valley laccolith area, about 45 km
southwest of the Markagunt Plateau, appear to be the result

of such thrusting (D.B. Hacker, Kent State University, oral
commun., May 16, 1992; Blank and others, 1992, p. 408).
A similar model, not specifically related to megabreccia
formation, has been proposed for thrust faulting on the
Paunsaugunt Plateau, east of the Markagunt. There, south-
vergent low- to moderate-angle thrust faults involving
Upper Cretaceous and Claron Formation (Paleocene and
Eocene) strata have been mapped in the Bryce Canyon
area, about 40 km east of Panguitch Lake (Davis and
Krantz, 1986; Lundin, 1989). The west-trending faults are
almost on strike with the southern boundary of the Marka-
gunt megabreccia, and one could interpret both to be thrust-
related. Studies by Merle and others (1993) interpret the
“Paunsaugunt thrust belt” (Bryce Canyon area faults) to be
the result of thin-skinned thrusting by gravity gliding or
compressional “push” related to batholithic emplacement,
or to vertical loading by the rock column. Nickelsen and
Merle (1991) and Nickelsen and others (1993) showed a
southward-convex arcuate pattern of kinematic features
associated with the thrust faults of the Paunsaugunt thrust
belt, and using these directional features such as fractures,
slickenlines, small thrusts, and spaced cleavage, also delin-
eated an arcuate radial pattern on the southern Markagunt
Plateau south of the southern limits of Markagunt mega-
breccia. Northward extrapolation of Nickelsen’s data,
although not an entirely consistent pattern, also converges
on or near the Iron Peak area. Whether the southward over-
riding model presented here for the transport of the Marka-
gunt megabreccia is directly related to the south-vergent
thrust model in the Bryce Canyon area is not known. The
belt of directional indicators shown in figure 6 and the
southern limit of the Markagunt megabreccia are on strike
with the Paunsaugunt thrust belt structures. Two similar
radial patterns of kinematic directional indicators therefore
have been independently documented. If they are related,
then the Iron Peak laccolith may represent only part of the
plutonic complex of regional dimensions as envisaged by
Blank and Crowley (1990), Blank and others (1992), and
Rowley and others (1994, p. 8).

Figure 12 (facing page). Markagunt megabreccia components
exposed along Utah State Highway 143, 4 km east of Panguitch
Lake. showing relationships to underlying and overlying units.
Markagunt megabreccia lower contact (Ic); upper contact (Uc).
Autochthonous unit: Baldhills Tuff Member of Isom Formation
(Tiba). Allochthonous units: Baldhills Tuff Member of Isom For-
mation (Tibm), Bear Valley Formation sedimentary rocks (Tb-
vs), Bear Valley Formation(?) lahar breccia (Tbvl), Haycock
Mountain Tuff(?) (Thm). Tertiary valley-fill gravel (TQ) overlies
megabreccia components with angular unconformity. Same area
as Anderson, 1993, figs. 15-17 and 21. A, View looking east; B,
Close-up of skyline of A, view looking south.
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Whether transport of the Markagunt megabreccia was
by gravity sliding or compressional thrusting can be debated.
The mode of transport may simply reflect the original depth
of the proximal displacement surface, which is unknown. As
shown in figure 6, localities of observed directional features
lie along a relatively narrow east-trending belt near the
southern limits of the Markagunt megabreccia, where it is
thin. Farther north, the widespread Mount Dutton rocks, par-
ticularly mudflow breccias that may be post-megabreccia
units, obscure relationships of the allochthonous and autoch-
thonous rocks, the actual morphology of the megabreccia
mass, and the depth, configuration, and character of the slip
surface. Subsurface information such as seismic or drill-hole
data has not been studied by us. North of Bryce Canyon
National Park, both drill-hole and seismic-reflection data
indicate that the south-vergent thin-skinned faults sole in
gypsiferous Jurassic rocks at present depths between 1,500
and 2,000 m (Lundin, 1989). Sole depths during faulting
were undoubtedly greater. Considering the possible thick-
ness of strata overlying the slip surface (Brian Head Forma-
tion into Mount Dutton units) of the Markagunt
megabreccia, whether the Markagunt megabreccia is the
result of gravity sliding or compressional thrusting, the orig-
inal maximum depth of the slip surface is estimated to have
been less than 1,500 m. Assuming that the stratal overburden
above the base of the Markagunt megabreccia during move-
ment was considerably less than that in the Bryce Canyon
area, a gravity-sliding model would seem the more likely
mode of transport rather than that of low-angle thrusting. A
speculation by Davis and Rowley (1993) that the Markagunt
megabreccia may represent shallow gravity-slide compo-
nents transported on an underlying active thrust sheet seems
plausible. Both structural types could be related to a common
prime mover, the rapid or forceful emplacement of an igne-
ous intrusive with resultant compressive lateral stresses and
near-surface distension. The arcuate radial pattern of kine-
matic indicators of Nickelsen and others (1993) south of the
megabreccia may well represent the surface evidence of the
distal parts of an underlying thrust sheet.

The Markagunt megabreccia complex can be inter-
preted to be either one allochthonous mass that moved
along a broad front from a broad point source (our interpre-
tation) or as two or more smaller masses that were related
or originated separately. If the megabreccia consists of two
or more masses, genetic possibilities for megabreccia trans-
port and emplacement other than the intrusion-caused
model might apply. The west-northwest-trending high-
angle faults of Anderson (1985, 1988, 1993) (the central
and northern Black Ledge faults shown in fig. 4) may have
provided structural control for a south-southwest direction
of megabreccia movement. The S. 20° W. directional ele-
ments in the western part of the study area (fig. 6) and the
dominant N. 80° W. trends of the klippen-like hills north-
east of Brian Head peak are consistent with such tilted
fault-block structural interpretation, although it is not the

interpretation that Anderson applied to the megabreccia of
areas 1, 2, and 4 (fig. 4). In the eastern area of directional
observations, the S. 20° E. slip directions (fig. 6) might rep-
resent oblique movement of a separate megabreccia mass
down a fault block surface, but this seems less likely than
the south-southwest direction. The timing of megabreccia
transport, which we interpret to be about 20 Ma, is also dif-
ficult to reconcile with the timing of formation of the fault
blocks, which Anderson interpreted to have begun in mid-
dle Oligocene time. Anderson (oral commun., August
1995), however, has stated his belief that the movement on
these southernmost faults was as late as Miocene. We pre-
fer to interpret the evidence cited in this report to relate to
an integrated pattern of south-vergent movement of a single
allochthonous mass away from an intrusive body.

CONCLUSIONS

The Markagunt Plateau contains (1) breccia units
coeval with volcanism in which megaclasts of volcanic rocks
are embedded, (2) megabreccia associated with high-angle
faults, (3) megabreccia associated with the Red Hills shear
zone, and (4) the Markagunt megabreccia (restricted), a
widespread unit on the upper surface of the plateau. We con-
clude that emplacement of the Markagunt megabreccia
resulted from uplift and radial stresses associated with intru-
sion of the Iron Peak laccolith or nearby larger hypabyssal
bodies. Transport directions of the megabreccia were south-
ward, either by gravity sliding or by low-angle, thin-skinned
thrusting away from the intrusion(s). The age of transport is
documented to be between about 22 and 20 Ma, roughly
coeval with ages of several 22-20 Ma intrusive bodies of the
region. If the Markagunt megabreccia is indeed related to the
age of maximum intrusive doming of the Iron Peak laccolith
or a larger intrusive body, we believe that the age of mega-
breccia formation was about 20 Ma.

REFERENCES CITED

Anderson, J.J., 1971, Geology of the southwestern High Plateaus of
Utah-Bear Valley Formation, an Oligocene-Miocene volcanic
arenite: Geological Society of America Bulletin, v. 82, p.
1179-1205.

1985, Mid-Tertiary block faulting along west and northwest

trends, southern High Plateaus, Utah: Geological Society of

America Abstracts with Programs, v. 17, no. 7, p. 513.

1988, Pre-basin-range block faulting along west and north-

west trends, southeastern Great Basin and southern High Pla-

teaus:  Geological Society of America Abstracts with

Programs, v. 20, no. 3, p. 139.

1993, The Markagunt megabreccia—Large Miocene gravi-

ty slides mantling the northern Markagunt Plateau, southwest-

ern Utah: Utah Geological Survey Miscellaneous Publication
93-2,37p.




BRECCIAS AND MEGABRECCIAS, MARKAGUNT PLATEAU, UTAH 175

Anderson, J.J., livari, T.A., and Rowley, P.D., 1987, Geologic map
of the Little Creek Peak quadrangle, Garfield and Iron Coun-
ties, Utah: Utah Geological and Mineral Survey Map 104, 11
p.. scale 1:24,000.

Anderson, J.J., and Rowley, P.D., 1975, Cenozoic stratigraphy of
the southwestern High Plateaus of Utah, in Anderson, J.J.,
Rowley, P.D., Fleck, R.J., and Nairn, A.E.M., Cenozoic geol-
ogy of southwestern High Plateaus of Utah: Geological Society
of America Special Paper 160, p. 1-52.

Berkland, J.O., Raymond, L.A., and Kramer, J.C., 1972, What is
Franciscan?: American Association of Petroleum Geologists
Bulletin, v. 56, no. 12, p. 2295-2302.

Best, M.G., Christiansen, E.H., Grommé, Sherman, McKee, E.H.,
and Noble, D.C., 1989, Eocene through Miocene volcanism in
the Great Basin of the western United States—Excursion 3A:
New Mexico Bureau of Mines and Mineral Resources, Memoir
47, p. 91-133.

Best, M.G., Scott, R.B., Rowley, P.D.. Swadley, W C, Anderson,
R.E., Grommé, C.S., Harding, A.E., Deino, A.L., Christiansen,
E.H., Tingey, D.G., and Sullivan, K.R., 1993, Oligocene-
Miocene caldera complexes, ash-flow sheets, and tectonism in
the central and southeastern Great Basin, in Lahren, M.M.,
Trexler, J.H., Jr., and Spinosa, Claude, eds., Crustal evolution
of the Great Basin and Sierra Nevada: Cordilleran/Rocky
Mountain section, Geological Society of America Guidebook,
Dept. of Geological Sciences, University of Nevada, Reno, p.
285-311.

Blank, H.R., and Crowley. J.K., 1990, Geophysical studies, in
Eppinger, R.G., Winkler, G.R., Cookro, T.M., Shubat, M.A.,
Blank, H.R., Crowley, J.K., and Jones, J.L., Preliminary
assessment of the mineral resources of the Cedar City 1°x2°
quadrangle, Utah: U.S. Geological Survey Open-File Report
90-34, p. 24-42.

Blank, H.R., Rowley, P.D., and Hacker, D.B., 1992, Miocene
monzonitic intrusions and associated megabreccias of the Iron
Axis region, southwestern Utah, in Wilson, J.R., ed., Field
guide to geologic excursions in Utah and adjacent areas of
Nevada, Idaho, and Wyoming: Utah Geological Survey Mis-
cellaneous Publication 92-3, p. 399-420.

Davis, G.H., and Krantz, R. W, 1986, Post-“Laramide” thrust faults
in the Claron Formation, Bryce Canyon National Park, Utah:
Geological Society of America Abstracts with Programs, v. 18,
no. 5, p. 98.

Davis, G.H., and Rowley, P.D., 1993. Miocene thrusting, gravity
sliding, and near-surface batholithic emplacement, Marysvale
volcanic field, southwestern Utah: Eos, v. 74, no. 43, p. 647.

Fleck, R.J., Anderson, J.J., and Rowley, P.D., 1975, Chronology ot
mid-Tertiary volcanism in High Plateaus region of Utah, in
Anderson, J.J., Rowley, P.D., Fleck, R.J., and Nairn, A E.M.,
Cenozoic geology of southwestern High Plateaus of Utah:
Geological Society of American Special Paper 160, p. 53-62.

livari, T.A., 1979, Cenozoic geologic evolution of the east central
Markagunt Plateau, Utah: Kent, Ohio, Kent State University
M.S. thesis, 154 p.

Judy, J.R., 1974, Geologic evolution of the west-central Markagunt
Plateau, Utah: Kent, Ohio, Kent State University M.S. thesis,
154 p.

Landes, K.K., 1945, The Mackinac Breccia: Michigan Geological
Survey Publication 44, Geological Series 37, chap. 3, p.
123-153.

Longwell, C.R., 1951, Megabreccia developed downslope from
large faults: American Journal of Science, v. 249, p, 343-355.

Lundin, E.W., 1989, Thrusting of the Claron Formation, Bryce
Canyon region, Utah: Geological Society of America Bulletin,
v. 101, p. 1038-1050.

Mackin, J.H., 1960, Structural significance of Tertiary volcanic
rocks in southwestern Utah: American Journal of Science, v.
258, p. 81-131.

Maldonado, Florian, 1995, Decoupling of mid-Tertiary rocks, Red
Hills-western Markagunt Plateau, southwestern Utah, chapter
I in Scott, R.B., and Swadley, W C, eds., Geologic studies in
the Basin and Range-Colorado Plateau transition in southeast-
ern Nevada, southwestern Utah, and northwestern Arizona,
1992: U.S. Geological Survey Bulletin 2056, p. 233-254.

Maldonado, Florian, and Moore, R.C., 1995, Geology of the
Parowan quadrangle, Iron County, Utah: U.S. Geological Sur-
vey Geologic Quadrangle Map GQ-1762, scale 1:24,000.

Maldonado, Florian, Sable, E.G.. and Anderson, J.J., 1990, Shallow
detachment of mid-Tertiary rocks, Red Hills (Basin and
Range), with implications for a regional detachment zone in
the adjacent Markagunt Plateau (Colorado Plateau), southwest
Utah: Geological Society of America Abstracts with Programs,
v. 22, no. 3, p. 63.

1992, Evidence for a Tertiary low-angle shear zone, Red
Hills, with implications for a regional shear zone in the adja-
cent Colorado Plateau, in Harty, K.M.. ed.. Engineering and
environmental geology of southwestern Utah: Utah Geological
Association Publication 21, p. 315-323.

Maldonado, Florian, Sable, E.G., and Nealey, L.D., 1994, Evolu-
tion of Cenozoic structures, western Markagunt Plateau, south-
western Utah: Utah Geological Association Publication 23, p.
105-116.

Maldonado, Florian, and Williams, V.S., 1993a, Geologic map of
the Parowan Gap quadrangle, Iron County, Utah: U.S. Geolog-
ical Survey Geologic Quadrangle Map GQ-1712, scale
1:24,000.

1993b. Geologic map of the Paragonah quadrangle, Iron
County. Utah: U.S. Geological Survey Geologic Quadrangle
Map GQ-1713, scale 1:24,000.

Merle, O.R., Davis, G.H., Nickelsen, R.P.. and Gourlay, P.A,,
1993, Relation of thin-skinned thrusting of Colorado Plateau
strata in southwestern Utah to Cenozoic magmatism: Geologi-
cal Society of America Bulletin, v. 105, p. 387-398.

Moore, D.W., 1992, Origin of breccia of the Isom Formation near
Cedar Breaks National Monument, Markagunt Plateau, south-
western Utah: Geological Society of America Abstracts with
Programs, v. 24, no. 6, p. 54.

Nealey, D.L.. Maldonado, Florian, Unruh, D.M., and Budahn, J.R.,
1994. Quaternary volcano-tectonic evolution of the western
Markagunt Plateau and Red Hills area, southwestern
Utah—-Geochronological evidence from young basaltic rocks:
Utah Geological Association Publication 23, p. 117-124.

Nickelsen, R.P. and Merle, O.. 1991, Structural evolution at the tip
line of a mid-Tertiary compressional event in southwestern
Utah: Geological Society of America Abstracts with Programs,
v.23.no. 1, p. 109.

Nickelsen, R.P., Merle, O., and Davis, G.H., 1993. Structures of the
mid-Tertiary radial compression in the high plateaus of south-
ern Utah in relation to Sevier, Laramide and Basin and Range
deformation: Geological Society of America Abstracts with
Programs, v. 24, no. 6, p. 55.




176 GEOLOGIC STUDIES, BARCO STUDY UNIT, 1995

Noble, L.F., 1941, Structural features of the Virgin Spring area,
Death Valley, California: Geological Society of America Bul-
letin, v. 52, p. 941-999.

Rowley, P.D., McKee, E.H., and Blank, H.R., Jr., 1989, Miocene
gravity slides resulting from emplacement of the Iron Moun-

tain pluton, southern Iron Springs mining district, Iron County,
Utah [abs.]: Eos, v. 70, no. 43, p. 1309.

Rowley, P.D, Mehnert, H.H., Naeser, C.W., Snee, L.W., Cunning-
ham, C.G., Steven, T.A., Anderson, J.J., Sable, E.G., and
Anderson, R.E., 1994, Isotopic ages and stratigraphy of
Cenozoic rocks of the Marysvale volcanic field and adjacent
areas, west-central Utah: U.S. Geological Survey Bulletin
2071, 35 p.

Sable, E.G., and Anderson, J.J., 1985, Tertiary tectonic slide mega-
breccia, Markagunt Plateau, southwestern Utah: Geological
Society of America Abstracts with Programs, v. 17, no. 4, p.
263.

Smith, R.L., 1960, Ash flows: Geological Society of America Bul-
letin, v. 71, no. 6, p. 795-842.

Spurney, J.C., 1984, Geology of the Iron Peak intrusion, Iron Coun-
ty, Utah: Kent, Ohio, Kent State University M.S. thesis, 84 p.

Thomas, H.E., and Taylor, G.H., 1946, Geology and ground-water
resources of Cedar City and Panowan Valleys, Iron County,
Utah: U.S. Geological Survey Water-Supply Paper 993, 210 p.

Wagner, J.J.. 1984, Geology of the Haycock Mountain 7.5 minute
quadrangle, western Garfield County, Utah: Kent, Ohio, Kent
State University M.S. thesis, 68 p.



Geochemistry and Petrogenesis of Quaternary
Basaltic Rocks from the Red Hills and
Western Markagunt Plateau, Southwestern Utah

By L. David Nealey, James R. Budahn, Florian Maldonado, and Daniel M. Unruh

GEOLOGIC STUDIES IN THE BASIN AND RANGE-COLORADO PLATEAU
TRANSITION IN SOUTHEASTERN NEVADA, SOUTHWESTERN UTAH,
AND NORTHWESTERN ARIZONA, 1995

U.S. GEOLOGICAL SURVEY BULLETIN 2153-1

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1997



NN sE LR~

o

10.
11.

12.

13.

14.
15.

CONTENTS

ADBSITACT ...ttt ettt 179

INIFOQUCTION ...ttt ettt a e sn et s e b s et sennne 179

ACKNOWIEAZIMENILS ...ttt es et 180

GEOIOZIC SEUUNE ..ottt ittt ettt et ts e st ee s e sta st essssesbesesesssese s asesebesenens 180

Distribution Of VENES .......cucueciiirieiiiiececce et ettt neseae s 181

Age and Migration of VOICANISIN .......cooveverieeiieieriereieiesee e 182

Geochemistry of Igneous ROCKS........cc.civviieiiiiiiiicccic e 183

Sampling and Analytical MEthods ...........ccocevevevieiriiiereeeireecteeeeee e 183

Major-element GEOChEIMUISITY ..........cvvvieiereeiiirieeresie sttt eese et sas e 185

Trace-element GEOChEINISIIY .........c..evuiiiieeeieirteeeece e 185

ISOtOPIC GEOCHEIMUISIIY .....vvieieietiie ettt ettt bete e es 187

DISCUSSION. .....cuvuieieieiieiiietetieteirtetese e resebabessastes e sesesesetsssses et ebetesesesebesasabesessssnstatasassesconsesas 189

SOUICE Of MAZIMAS ......oovieiieriiieieiitict ettt ettt ese e sb et be st s b ssassesanes 190

Crystal FraCtioNAtion ...........cc.ecviviiiuiieeiieiiee et e eeeee et eeeseeve e eveeeresa st enseeenenns 191

Crustal Contamination ..........c.eveuiieeerieierireesietesseeeeereeseseesestesesseseseetesereeeeneeseneesesenes 192

The Petrologic MOl ......c.ccooivviiiieriiie sttt e ve s bes e ensans 194

Tectonic IMPLCALIONS ....cc.oovviiieiieiitiicti ettt ettt e 195

SUIMIMIATY ...ttt ettt s e e b ebe e st e ebessesbeasesseabensansesasensasesesinbesbeneens 195

REfEIENCES CEA.........cuiuiiiiiitiiiieietse et ettt b bt e bbb s eseaas 196

FIGURES

Map showing distribution of upper Cenozoic volcanic rocks in western United States........c.coceoevvervevreereccernrennnes
Index map Of SOUtWESIEIN ULAN.........ccooiiiiiiiiiic ettt vt et b s b et st sa e ssensesasenes
Index map showing Red Hills and western Markagunt Plateau study area ..........coc.covveevvcrereeiiienniniisnnesssenseneneens
Alkali versus silica variation diagram for Quaternary volcanic rocks from western Markagunt Plateau...................
Magnesia variation diagrams for mafic rocks from Red Hills and western Markagunt Plateau.............c.cocovecueecnceee
Thortum variation diagrams for Red Hills and western Markagunt Plateau mafic 10cks .........cccccoevnvcvnneereiniecniaes

Chondrite-normalized rare-earth element diagram for low-Nb mafic rocks from Red Hills and western
MaATKAGUNE PIATEAU ....c..oveiiiiiiiiiie ettt et e et et be e e b e ebe s e etsstaebamsess b e st s assesssssrsansaseesbasassessessaansaans
Chondrite-normalized rare-earth element diagram for high-Nb mafic rocks from western

MaATKagUNE PIALEAL ......coviiiiiiieiiiieicectect ettt ettt et eete et e st e eae e b e b eenes st e teese et e saeebeersensenseenresaenaees
Primitive mantle-normalized spider diagram for low-Nb mafic rocks from Red Hills and western

MaArkagunt PIAEAU ......c.ccooiiiiiiiiee ettt ae ettt s e te st e b e e et e e b ete s s ae b e e b e sns s et e e s san st esesens
Primitive mantle-normalized spider diagram for high-Nb mafic rocks from western Markagunt Plateau.................
€yq versus ¥Sr/#Sr isotopic variation diagram for mafic volcanic rocks from Red Hills and western

Markagunt PIAEAU ........c..ccvviioiiiiiicitsetisetetiee ettt b et st e e st es s ss et e s e be et ebean b se st ebe s e beneenateneesesseseneebesnreee
207Pb/*Pb versus 2*Pb/*Pb isotopic variation diagram for Red Hills and western Markagunt Plateau

INATIC TOCKS ottt et s st et e b s e bbb e sttt et e b ek bt ne bbb ese e s st ebenens e nsatenen
2sPb/*Pb versus 2*Pb/2Pb isotopic variation diagram for Red Hills and western Markagunt Plateau

TNALIC TOCKS 1ottt ekt ettt
Nb/U versus Nb variation diagram for mafic rocks from Red Hills and western Markagunt Plateau........................
Primitive mantle-normalized spider diagrams comparing high-Nb and selected low-Nb rocks to

deep crustal xenoliths from San Francisco volcanic field ........cccooiriiirieerieieieieieceeesee e

TABLE

Chemical analyses and isotopic composition of upper Cenozoic volcanic rocks from Red Hills and
western Markagunt PLAEAU ...........cociiiiiiiiieiec ettt st



Geochemistry and Petrogenesis of Quaternary Basaltic Rocks
from the Red Hills and Western Markagunt Plateau,
Southwestern Utah

By L. David Nealey, James R. Budahn, Florian Maldonado, and Daniel M. Unruh

ABSTRACT

Combined elemental and isotopic data for Quaternary
mafic rocks from the Red Hills and western Markagunt Pla-
teau, southwestern Utah, suggest that magmas erupted along
the western margin of the Colorado Plateau probably origi-
nated by an open-system magmatic process involving frac-
tional crystallization and crustal contamination. Magmatism
may have tapped two mantle sources in the area, one in the
asthenosphere and perhaps one in the lithosphere. Fraction-
ation of these primary magmas appears to have been con-
trolled mainly by the removal of olivine and clinopyroxene.
The dominant cause of chemical variations within the mag-
mas, however, appears to have been interaction with lower
and upper crust. Chemical variations may also reflect differ-
ences in the residence times of magmas within the lithos-
phere. These processes operated together to produce two
magma types: high-Nb (=38 ppm Nb) and low-Nb (<20
ppm Nb) mafic rocks. High-Nb mafic rocks have higher Ta,
Th, and U contents, and lower Ba/Th and Ba/Nb ratios than
the low-Nb rocks. High-Nb rocks also have higher Pb and
Nd isotopic compositions than the low-Nb rocks. Overall,
mafic volcanic rocks in the Red Hills and western Marka-
gunt Plateau range in composition from basalt to trachyba-
salt to basaltic andesite. Their silica contents range from
499 to 53.6 weight percent SiO,, and their
87Sr/%68r=0.70406 to 0.70587, *INd/'*Nd=0.512165 to
0.512333, 20Pb/204Pb=16.995 to 18.013, 207Pb/2MPb=
15.421 to 15.513, and 29%Pb/204Pb= 36.683 to 38.169.

Magmatism began about 1.3 Ma and ended about 0.45
Ma. The spatial pattern of ages suggests that magmatism
migrated from west to east across the transition zone
between the Basin and Range and Colorado Plateaus prov-
inces in southwestern Utah. The migration of magmatism
may follow a possible eastward migration of basin-range
faulting across the transition zone. Silica content and Sr iso-
topic compositions decrease overall from west to east, sug-
gesting that residence times were shorter for magmas
erupted in the eastern part of the study area.

INTRODUCTION

Studies of basaltic magmas are of fundamental impor-
tance to understanding the evolution of the Earth’s mantle
and crust. Most, if not all, basaltic magmas originate in the
upper mantle by partial melting of mantle peridotite. The
chemistry of these magmas provides indirect evidence of the
composition of mantle peridotite through the behavior of
incompatible trace elements (Frey and others, 1978; Allegre
and others, 1977; Allégre and Minster, 1978). Variations in
the abundance of compatible elements, on the other hand, are
controlled mainly by fractionation processes (removal and
accumulation of phenocryst phases) that occur during the
transport of the magmas to the surface. Following their gen-
eration, basaltic magmas may also change in composition
due to interaction with the overlying mantle and crust.

The most important control on the bulk composition of
basaltic magmas is likely to be the composition of the source
materials. However, the source signature may be overprinted
by post-melting fractionation and contamination. Uncer-
tainty over the relative effects of fractionation and contami-
nation results in considerable debate in the petrologic
community, and two camps have now formed. One camp
considers that the source region changes through time as
extension causes heating and thinning of the lithospheric
mantle (Perry and others, 1987, 1988; Farmer and others,
1989; Bradshaw and others, 1993; Feuerbach and others,
1993). Because the composition of the source materials of
basaltic magmas is believed to change, these workers argue
that magma compositions also change. The other camp
argues that the change in the composition of eruptive prod-
ucts is due mainly to contamination in the lower and upper
crust (Glazner and Farmer, 1992; Fitton, 1989; Fitton and
others, 1991). Evidence for contamination comes from the
presence of crustal xenoliths and xenocrysts in many upper
Cenozoic mafic rocks (Nealey and Sheridan, 1989; Nealey
and Unruh, 1991; Wendlandt and others, 1993).

Our objectives are: to relate basaltic volcanism between
the Basin and Range and Colorado Plateaus provinces to the
tectonic evolution of the two provinces in southwestern
Utah, and to evaluate the effects of magmatic processes on
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the composition of volcanic rocks. We use field studies, K-
Ar chronology, major- and trace-element data, and Nd, Sr,
Pb isotopic whole-rock data to understand the evolution of a
relatively narrow range in magmatic compositions in one of
the most interesting parts of the transition zone.

This study follows several previous geologic investiga-
tions on mafic rocks in the region. Lowder (1973) reported
chemical analyses of a small number of volcanic rocks from
the region, and presented the first Sr isotopic data. Everson
(1979) reported Pb isotopic data for a lava flow (the Water
Canyon flow) in our study area. More recently, chemical and
isotopic data for mafic volcanic rocks from throughout the
region were described by Kempton and others (1991) and
Fitton and others (1991). Although these studies provide
insight into the origin of mafic rocks, this report is the first
comprehensive geochemical and isotopic study of mafic
rocks from the western Markagunt Plateau and Red Hills.
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GEOLOGIC SETTING

Volcanic rocks described in this report are part of a
broad zone of upper Cenozoic mafic volcanic rocks that sur-
round the Colorado Plateau in Utah, Arizona, New Mexico,
and Colorado (fig. 1). This volcanic terrane was subdivided
into the northeastern transition zone (NETZ) and the south-
eastern transition zone (SETZ) provinces by Kempton and
others (1991) on the basis of a regional geochemical study.
The present study area lies within the NETZ, which extends
from northwestern Arizona into central Utah. The study area
(fig. 2) contains numerous isolated Quaternary mafic volca-
nic centers, from which several small volume lava flows
were erupted. The rocks described here have been mapped as
part of the U.S. Geological Survey’s National Geologic
Mapping Program (Maldonado and Williams, 1993; Mal-
donado and Moore, 1993; and Florian Maldonado and E.G.
Sable, unpub. mapping), and earlier field studies by the
USGS (Averitt and Threet, 1973; Rowley and Threet, 1976).

The Red Hills—western Markagunt Plateau spans the
east edge of the Basin and Range province, and lies at the
west edge of the transition zone between the Colorado Pla-
teaus and Basin and Range provinces. Near the latitude of
the study area, the transition zone of Anderson and

Christenson (1989) is 55 km wide and is bounded on the
west by the Hurricane fault and on the east by the Paunsau-
gunt fault. Between the two fault zones, another major fault
zone, the Sevier, and numerous minor faults mostly step
structural blocks down to the west (figs. 2, 3).
Geologically, the southwestern Utah transition zone is
an interesting area because it is adjacent to the widest conti-
nental rift in the world. Volcanism in such areas “is generally
active as long as the fault[ing] is active, and as fault activity
migrates, so too does volcanism” (Ellis and King, 1991). In
general, volcanism in and on the margins of the rift is asso-
ciated with the brittle deformation of the upper crust, and
with crustal and lithospheric thinning associated with conti-
nental extension. We estimate that the crust in the vicinity of
the Red Hills and western Markagunt Plateau was thinned
8-10 km in the Cenozoic, based on the difference between
the thickness of the crust near Cedar City and that in the inte-
rior of the Colorado Plateau (32-34 km near Cedar City; 40
km in the interior of the Colorado Plateau; Jones and others,
1992). Our method of estimation is the same as that used by
McCarthy and Parsons (1994) for calculating crustal thinning
in the western Arizona transition zone, an area that has essen-
tially the same structural setting as exists in the transition
zone of southwestern Utah. However, for that area, McCar-
thy and Parsons (1994) estimated a slightly greater amount
of crustal thinning (10-15 km), which can be reconciled if
Jones and others (1992) underestimated the thickness of the
crust beneath the interior of the Colorado Plateau. Other val-
ues in the literature range from 45 to more than 50 km for the
thickness of the crust beneath the interior of the Colorado
Plateau (Warren, 1969; Wong and Humphrey, 1989; Hen-
dricks and Plescia, 1991; McCarthy and Parsons, 1994).
Overall, Cenozoic volcanism in the transition zone and
adjacent parts of the Basin and Range and Colorado Plateau
in southwestern Utah was long-lived. According to Rowley
and others (1979, 1994), calc-alkaline magmatism began in
the region about 34 Ma and continued until about 21 Ma.
These early magmas erupted from stratovolcanoes and
calderas in southwestern Utah and southern Nevada, and
were probably fed by shallow batholiths as well as deeper
sources (Steven and others, 1984; Blank and others, 1992;
Rowley and others, 1994, in press; McKee and others, this
volume, chapter L). At about 22 Ma, bimodal magmas (basal-
tic and rhyolitic) began to be erupted in the High Plateaus of
the southwestern Utah transition zone, as rhyolite ash-flow
tuff and rhyolite and mafic lava flows (Hausel and Nash,
1977; Lipman and others, 1978; Best and others, 1980; Mat-
tox, 1992, this volume; Coleman and Walker, 1992; Rowley
and others, 1994, in press; McKee and others, this volume).
After 5 Ma, most of the magmas that were erupted in the Utah
transition zone were basaltic (mostly subalkalic) in compo-
sition, but andesite erupted locally near Panguitch Lake and
Red Canyon in the central Markagunt Plateau (fig. 2), and at
the south end of the Escalante Desert near Enterprise, Utah
(Lowder, 1973; Hausel and Nash, 1977, Anderson and
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Distribution of upper Cenozoic volcanic rocks (mostly <5 Ma) (patterned) in part of western United States. Transition zone

between Basin and Range and Colorado Plateau (Anderson and Christenson, 1989) is area between solid line and hachured line in Utah,
Nevada, Arizona, and western New Mexico. Volcanic areas mentioned in text include WG, western Grand Canyon; SF, San Francisco; SP,
Springerville; CRT, Colorado River trough, DV, Death Valley; RG, Rio Grande. Modified from Best and Brimhall (1974).

Mehnert, 1979; Best and others, 1980; Nealey and others,
unpub. data, 1994). In contrast, post-5 Ma volcanic activity
in the eastern Basin and Range, near and in the Mineral
Mountains and Black Rock Desert, was bimodal basalt-rhy-
olite (Lipman and others, 1978; Coleman and Walker, 1992).

In general, volcanism in the Utah transition zone was
associated with a long period of complex extensional struc-
tural deformation (Anderson and Christenson, 1989; Ander-
son, 1993; Maldonado and others, this volume, chapter G;
Rowley and others, in press). The study area was cut by at
least one mid-Tertiary low-angle structures (Maldonado and
others, 1992), and by numerous small high-angle normal
faults that produced an anastomosing swath of horsts and
grabens that extends from the Hurricane fault eastward into
the interior of the south-central Markagunt Plateau (fig. 3).
Still younger high-angle normal faults cut Quaternary basalt

flows and alluvium in different parts of the transition zone
(Anderson and Christenson, 1989; Maldonado and Will-
iams, 1993; Maldonado and Moore, 1993; Florian Mal-
donado and E.G. Sable, unpub. mapping). All these faults
probably are basin-range structures that initially began their
current episode of movement after 10 Ma (Anderson, 1989;
Rowley and others, in press).

DISTRIBUTION OF VENTS

Figure 3 shows the distribution of horsts and grabens,
and their bounding faults, in the study area. Several of the
vents that erupted Quaternary mafic lavas occur on or near
some of the faults, mainly in the horst blocks (fig. 2). In the
Red Hills and on the east side of the Paragonah fault, cinder
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Index map of southwestern Utah. Modified from Rowley and others (1994). B, Beaver; BH, Brian Head; C, Cedar City; CB,

Cedar Breaks; H, Hatch; IS, Iron Springs; M, Marysvale; Mi, Milford; P, Panguitch; Pa, Parowan; Sp, Spry; Ci, Circleville.

cones are aligned roughly parallel to faults. We interpret the
vent alignments as evidence that volcanism was controlled
by the faults or by joints associated with the faults. Similar
alignments are very common in the central part of the south-
ern Markagunt Plateau, near Navajo Lake, and in the St.
George Basin south of the study area (Thomas and Taylor,
1946; Anderson and Christenson, 1989; Moore and Nealey,
1993). In the central part of the Markagunt Plateau, where
some alignments extend for as much as 12 km, vent align-
ments mostly trend north-northeasterly and northeasterly
(Anderson and Christenson, 1989). In contrast, vent align-
ments east of St. George are northwesterly. The boundary
between the generally northeast and northwest trending
alignments is near lat 37°10' N., where we suspect a major
change takes place in the stress direction surrounding the
Colorado Plateau.

AGE AND MIGRATION OF VOLCANISM

The majority of the Quaternary volcanic units in the
Red Hills and western Markagunt Plateau have been dated
by the K-Ar method. Those dates tell us that volcanism
began in the area about 1.3 Ma with the emplacement of
basalt and basaltic andesite cinder cones and lava flows in
the Red Hills (Best and others, 1980; fig. 3). Activity moved
to the east side of Parowan Valley at about 1 Ma (dates are
0.93 and 1.1 Ma; Anderson and Mehnert, 1979; Anderson
and Bucknam, 1979), as volcanism became centered on Cin-
der Hill (fig. 3) and other small vents along the trace of the
Paragonah fault (E.G. Sable, oral commun., 1993). Later
activity occurred at Black Mountain at about 0.85 Ma (dates
are 0.80 and 0.87 Ma; Best and others, 1980; E.G. Sable, oral
commun., 1994), creating the largest Quaternary lava flow in
the study area. The most recent volcanic activity took place
at a vent above Water Canyon at about 0.45 Ma (Fleck and
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others, 1975). Overall, the dates indicate that volcanism in
the Red Hills and western Markagunt Plateau migrated east-
ward through time.

Late Cenozoic volcanism in the western Grand Canyon,
San Francisco, and Springerville volcanic fields in Arizona
(fig. 1) shows essentially the same migration pattern as that
in the present study area. The similarity of the patterns sug-
gests that volcanism was associated with progressive east-
ward structural transformation of the margin of the Colorado
Plateau into Basin and Range terrain. The eastward and
northeastward migration of volcanism in northern Arizona
has been related to the relative motion of the North American
plate to the Pacific plate (Best and Brimhall, 1974; Tanaka
and others, 1986; Condit and others, 1989; Wenrich and oth-
ers, 1995). However, a global tectonic model such as this is
not necessary if the magmatism was the consequence of
extension around the margin of the Colorado Plateau, as sug-
gested by Ellis and King (1991).

GEOCHEMISTRY OF
IGNEOUS ROCKS

SAMPLING AND ANALYTICAL METHODS

In pursuing our objectives of linking basaltic volcanism
to the tectonic evolution of the transition zone, we collected
samples from all major flow units in the study area. Ana-
lyzed samples are all relatively fresh material, without much
evidence of post-emplacement alteration. Three of our sam-
ples are from the southern part of the Red Hills; two samples
are from Cinder Hill, and two were collected from the Water
Canyon flow (fig. 3). Single samples were collected from a
dike near Henderson Hill, a flow on the south side of Black
Mountain, and a flow near Braffits Creek. Based on location,
petrography, and chemistry, the flow near Braffits Creek
erupted from Cinder Hill. Macroscopically, all rocks in the
study area are olivine basalts. Everson (1979) reported that
the Water Canyon flow contains 10 percent olivine as
phenocrysts and microphenocrysts, 10 percent augite
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Table 1. Chemical analyses and isotopic composition of upper Cenozoic volcanic rocks from Red Hills and western Markagunt Plateau.

[Major-element analyses in weight percent oxide. Trace-element analyses in parts per million. Rock nomenclature modified from LeBas and others (1986). nd, no data, LOL loss
on ignition at 900°C. Analysts: J.S. Mee, D.F. Siems, J. Kent, J.R. Budahn, D.M. Unruh, L.D. Nealey]

Locality Red Hills Cinder Hill Braffits Water Canyon Henderson Black
Creek Hill Mountain
Sample No. NE4 NE29 NE30 NS7 NS8 NS5 NP9 MP152 - MP115 NWF93-1
Rock type  Basalt Basaltic Basaltic Basalt Basalt Basalt Trachy- Trachybasalt Basalt Basalt
Andesite Andesite basalt
Major element XRF)

Si0, 51.4 53.6 53.5 50.4 50.4 50.0 51.1 49.7 49.9 48.7
Al,O4 16.4 15.7 15.8 16.1 16.7 16.4 15.2 14.8 16.1 16.2
FeOT 10.0 9.09 9.1 9.54 9.29 9.43 9.17 9.05 9.87 10.90

MgO 5.80 7.18 7.24 7.57 6.74 7.11 8.27 8.87 7.81 7.66

CaO 9.57 7.51 7.43 9.29 9.34 9.21 8.25 8.85 9.14 893
Na,O 3.17 3.46 3.45 3.54 3.65 3.56 3.5 3.26 3.45 3.31

K,0 .88 1.47 1.49 1.22 1.21 1.22 1.92 1.86 1.21 1.25

TiOy 1.29 1.32 1.31 1.36 1.37 1.39 1.37 1.30 1.47 1.67

P,04 .25 41 .39 .64 .64 .64 .61 .62 .81 .54
MnO .16 .14 .14 .16 .16 .16 .14 .14 17 17

LOI .44 .02 nd nd nd nd nd .83 .04 .44

Trace element XRF)

Nb 11 18 16 38 39 40 9 16 46 6
Rb 23 21 25 26 24 18 28 24 18 18
Sr 410 510 490 740 790 770 1300 1350 870 nd
Zr 168 220 230 235 230 225 225 230 240 210

Y 33 27 26 29 27 26 27 24 24 22
Ba 470 660 690 940 1000 1000 1600 1500 1250 nd
Ce <30 <30 56 110 87 97 120 122 112 nd
La <30 <30 43 40 46 61 43 42 51 nd
Cu 59 52 46 50 57 51 39 49 52 46
Ni 63 172 170 112 78 89 194 215 104 100
Zn 71 83 75 71 74 78 71 70 78 66
Cr 144 280 225 260 174 210 255 265 230 182

Trace element (INAA)

Ba 453 669 659 921 957 942 1470 1590 1220 796
Sr 466 548 573 876 867 846 1450 1390 867 914
Co 34 36 37 37 33 35 39 41 34 40
Ni 63 143 155 101 94 94 181 222 115 nd
Cr 150 288 261 258 204 227 291 293 251 240
Cs 17 .30 .29 17 .16 .04 .27 .20 47 17
Hf 3.53 4.59 4.5 4.62 4.50 4.47 4.38 4.11 4.55 3.88
Rb 17 24 22 19 19 18 23 20 16 nd
Sb 14 .10 .15 .10 11 .13 .07 .05 17 .08
Ta .39 .96 .90 1.87 1.94 1.89 .87 0.83 2.67 1.10
Th 2.25 2.90 2.55 6.47 6.83 6.68 2.74 2.86 10.2 1.88

u .62 .65 .63 1.58 1.60 1.24 .80 .84 2.05 .35
Zn 77.4 79.7 77.6 76.0 77.5 78.1 74.9 79.2 99.7 nd
Zr 178 198 211 214 210 194 204 196 212 nd
Sc 29.6 24 23.7 27.9 24.6 26.3 23.9 25.2 24.7 nd
La 19.2 29.7 29.2 49.0 50.8 49.7 59.1 60.7 64.8 41.0
Ce 40.8 62.6 60.4 96.4 98.9 95.3 127 125 110 84
Nd 20.6 27.8 27.7 40.6 39.9 40.2 60.5 59.4 45.4 39.9
Sm 4.62 5.73 5.61 7.39 7.21 7.10 9.46 9.44 7.87 7.35
Eu 1.45 1.72 1.69 2.08 2.09 2.08 2.43 2.45 2.25 2.11
Gd 4.80 5.66 5.56 5.79 6.10 5.89 7.09 6.42 6.41 nd
Tb .76 .79 .76 .82 .85 .83 .86 .83 91 .83
Tm .43 42 42 41 41 42 37 .36 nd nd
Yb 2.70 2.75 2.62 2.57 2.50 2.58 2.28 2.22 2.15 2.43

Lu .39 .38 .38 .38 .38 37 .33 .32 31 .36
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Table 1.
Plateau.—Continued

Chemical analyses and isotopic composition of upper Cenozoic volcanic rocks from Red Hills and western Markagunt

Isotopic data (Isotope Dilution)

Reference age 1.3 1.3 1.3 1.0 1.0 1.0 0.45 0.45 nd 0.8
(Ma)

87Sr/868r  0.70587 0.70520 nd 0.70453 nd 0.704523  0.704058 nd 0.704577 0.704026
143Nd/144Nd 0.51233 0.51223 nd 0.51246 nd 0.512463 0.512165 nd 0.512525 0.512315
eNd -5.9 5.8 nd -3.4 nd -3.4 9.2 nd -2.0 -6.3
206pp204Pp  17.609  17.477 nd 18.013 nd 18.034 16.995 nd 18.275 17.316
207pp204pp  15.492  15.499 nd 15.512 nd 15.513 15.421 nd 15.537 15.482
208pp/204Pp  38.169  37.612 nd 37.962 nd 37.983 36.683 nd 38.150 37.138

eNg = (MINd/1*Ndsample/143Nd/1#Nd cuur-1) X 10 where CHUR is the equivalent present-day value for a chondritic

uniform reservoir (=0.51264)

microphenocrysts, 10 percent groundmass clinopyroxene,
60 percent groundmass plagioclase, 10 percent opaque
oxides, and a trace of biotite. Although we have not per-
formed detailed modal analyses of other samples from the
study area, macroscopic inspection shows that they are sim-
ilar petrographically to the Water Canyon flow.

Ten new major- and trace-element analyses of mafic
rocks from the western Markagunt Plateau are presented in
table 1. Seven of the ten samples were also analyzed for Sr-
Nd-Pb isotopic compositions (table 1). All analyses were
performed in the laboratories of the U.S. Geological Survey
in Denver, Colo., and Menlo Park, Calif. Major-element
compositions were determined by wavelength-dispersive X-
ray fluorescence (XRF) spectrometry using methods
described by Taggart and others (1987). Trace-element
compositions were determined by energy-dispersive X-ray
fluorescence spectrometry methods described by Johnson
and King (1987). Trace-element analyses by instrumental
neutron activation analysis (INAA) were obtained using
methods similar to those described in Baedecker and
McKown (1987). Isotopic analyses were obtained using
methods described in Nealey and others (1993). Lead iso-
tope ratios were corrected for mass fractionation by 0.12 *
0.03 percent per mass based on analyses of NBS standard
SRM-982. Measured Nd isotopic ratios were corrected for
mass fractionation using *Nd/“Nd= 0.7219. Measured Sr
ratios were corrected for mass fractionation using
86S1r/88Sr=0.1194. The $7Sr/%Sr ratios measured for NBS-987
during this study were 0.710255 £ 15. The #3Nd/!**Nd ratios
measured for La Jolla Nd standard were 0.511855%7 (95 per-
cent confidence interval).

MAJOR-ELEMENT GEOCHEMISTRY

Volcanic rocks in the Red Hills and western Markagunt
Plateau show a moderate range in major-element composi-
tion. Analyzed samples are chemically classified as basalt,
trachybasalt, or basaltic andesite, using the [TUGS nomencla-
ture scheme for volcanic rocks (fig. 4; LeBas and others,
1986). All the samples have tholeiitic affinities (normative
hypersthene and some normative quartz). The most silicic
magmas (53.5 weight percent Si0,) erupted in the Red Hills,
near the north end of the Hurricane fault zone, whereas mag-
mas erupted east of the Paragonah fault zone have silica con-
tents less than 52 weight percent SiO,. Overall, silica and
alumina contents increase as potassium and phosphorus con-
tents decrease with decreasing magnesia—regarded here as
an index of differentiation (fig. 5). Sodium and titanium con-
tents remain the same in all rock types regardless of their
magnesia content. Interestingly, the most silicic samples
(NE29 and NE30) have intermediate magnesia contents.

TRACE-ELEMENT GEOCHEMISTRY

Red Hills and western Markagunt Plateau mafic rocks
show a wide range in trace-element abundances. Compatible
trace elements, that is, those that are preferentially incorpo-
rated into mafic phases such as olivine and clinopyroxene,
show a large amount of variability: Ni ranges from 22 to 215
ppm, Cr from 65 to 293 ppm, and Co from 34 to 41 ppm. Con-
centrations of incompatible trace elements, that is, those that
are partitioned into the residual melt during fractional crys-
tallization, may also show a significant range in abundance:
Rb=15-24 ppm, Yb=0.31-0.41 ppm, Ba=453-1,590 ppm,
Sr=410-1,350 ppm, Th=2.5-10.2 ppm, and La=19-64 ppm.
On the basis of Nb content, the rocks can be distinguished
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Figure4. Alkali versus silica variation diagram for Quaterna-
ry volcanic rocks from western Markagunt Plateau. Samples are
referenced to table 1: ch, Cinder Hill and Braffits Creek; wc,
Water Canyon; bm, Black Mountain; rh, Red Hills; hh, Hend-
erson Hill. Rock nomenclature after LeBas and others (1986).

into two magma types: low-Nb magmas containing less than
20 ppm Nb and high-Nb magmas containing more than 37
ppm Nb. High-Nb mafic magmas were erupted from vents
in the middle of the study area. The two magma types are
also easily distinguished using other incompatible trace ele-
ments: high-Nb rocks have high Ta, Th, and U contents com-
pared to the low-Nb rocks (fig. 6). In addition, some
incompatible trace- element ratios that have been suggested
to have petrologic significance, such as Ba/Th and Ba/Nb
(Weaver, 1991), are lower in the high-Nb mafic rocks than
they are in the low-Nb rocks (Ba/Th=120-142 in high-Nb
versus 201-556 in low-Nb rocks; Ba/Nb=23.6-26.5 in high-
Nb versus 37-163 in low-Nb rocks). Another petrologically
important ratio, Ba/La, is also generally lower in the high-
Nb rocks than in the low-Nb rocks (Ba/La=18.8-19 in high-
Nb versus 19-26 in low-Nb rocks).

All the mafic rocks from the study area are enriched
in light rare-earth elements relative to heavy rare-earth
elements. Chondrite-normalized La ranges from 61 to
206, and Yb from 10 to 13 times the average chondritic
value. Although light to heavy rare-earth element pat-
terns are steep, chondrite-normalized patterns from Tb to
Lu are essentially flat (figs. 7, 8). Thus, differences in
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Figure 5 (above and facing page). Magnesia variation diagrams
for mafic rocks from Red Hills and western Markagunt Plateau. Ox-
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total rare-earth element abundances are due mainly to dif-
ferences in light rare-carth element abundances. In primi-
tive mantle-normalized spider diagrams, low-Nb rocks
show negative anomalies between Ba and La and a large
degree of dispersion from La to P (fig. 9). In contrast,
high-Nb rocks show only small negative anomalies at K,
Hf, and Ti, and almost no dispersion in primitive mantle-
normalized spider diagrams (fig. 10). Samples from the
same vent area have virtually identical trace-element com-
positions: normalized patterns for the Water Canyon flow
(samples NP9 and MP152), Henderson Hill (NS7, NS8,
and NSS5), and the two basaltic andesite samples from the
Red Hills (NE29 and NE30) are almost indistinguishable.
Basalt from the Red Hills is distinguished from basaltic
andesite from the same area by lower abundances of most
trace elements. Assuming that all low-Nb magmas were
related to the same parent magma and that all are related
by the fractionation of olivine and clinopyroxene—phases
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that strongly partition light rare-earth elements into the
residual melt—the order of increasing differentiation for
the low-Nb magmas is (1) Red Hills basalt, (2) Red Hills
basaltic andesite, (3) Black Mountain basalt, and (4)
Water Canyon trachybasalt.

ISOTOPIC GEOCHEMISTRY

The isotopic compositions of mafic rocks in the Red
Hills and western Markagunt Plateau are similar to those
of other upper Cenozoic mafic rocks from the transition
zone in southwestern Utah (Kempton and others, 1991;
Nealey and others, 1993: Unruh and others, 1994). Mea-
sured 37Sr/36Sr ranges from 0.704026 to 0.705870 and
measured INd/1"*Nd ranges from 0.512165 to 0.512333
(table 1; fig. 11).

Measured “0°Pb/20+Pb ranges from 16.995 to 18.275 as
207pb/204Pb ranges from 15.421 to 15.537, and 298Pb/204Pb
ranges from 36.683 to 38.169 (table 1; figs. 12 and 13).



188

Ta, IN PARTS PER MILLION Hf, IN PARTS PER MILLION

U, IN PARTS PER MILLION

Ba, IN PARTS PER MILLION

GEOLOGIC STUDIES, BARCO STUDY UNIT, 1995

5 T T T
- % O O
41 A .
- A
3t J
2+ 4
- A Low-Nb
Tr O High-Nb T
O 1 ! 1 I 1 1
0 3 6 9 12
Th, IN PARTS PER MILLION
3 T T T T T T
- O -
2+ - ]
N A
1 * A Low-Nb
i A O High-Nb
O 1 1 1 1 1 1
0 3 6 9 12
Th, IN PARTS PER MILLION
25 ‘ 1
2+ O ]
15} o .
B O
_1 - |
- A A Low-Nb
05L A .
: A & High-Nb
O 1 1 L 1 { i
0 3 6 9 12
Th, IN PARTS PER MILLION
1600 & \
A D
1200 O .
CQ
800 A -
AA
400 A A Low-Nb i
¢ High-Nb
o 1 1 1 L 1 1
3 6 9 12

Th, IN PARTS PER MILLION

1500 T T T T 1 1
Zz
5 A E
5 1200} ]
=3
o
& o00| o
» &
x 600t A -
& m
z 300 A A Low-Nb
& i ¢ High-Nb T
0 1 1 1 1 1 1
0 3 6 9 12
Th, IN PARTS PER MILLION
250 T T T T T T
5 200 | A A Lc.>w-Nb
= A O High-Nb
s yvy
e 150 + -
o
[92]
£ 100} © o -
5 A 3
= 50t o
~ A
0 1 ! 1 L L L
0 3 6 9 12
Th, INPARTS PER MILLION
80 . . T T T T
% -
S 60F A °
=
§ - %
5 40} ]
A
< O High-Nb
S L
O 1 L ! 1 1 t
0 3 6 9 12

Th, INPARTS PER MILLION

Figure 6. Thorium variation diagrams for Red Hills and
western Markagunt Plateau mafic rocks. A, hafnium; B,
tantalum; C, uranium; D, barium; E, strontium; F, nickel; G,

lanthanum.
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Figure 7. Chondrite-normalized rare-earth element diagram for low-Nb mafic rocks from
Red Hills and western Markagunt Plateau. Normalization values from Hanson (1980).
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Figure 8. Chondrite-normalized rare-earth element diagram for high-Nb mafic rocks from
western Markagunt Plateau. Normalization values from Hanson (1980).

Values of 207Pb/204Pb and 208Pb/24Pb are strongly correlated
with 206Pb/204Pb (figs. 12 and 13). The Pb isotopic data plot
above the northern hemisphere reference line (Hart, 1984),
which is the average Pb isotopic composition of oceanic
basalts in the northern hemisphere. The Pb isotopic data also
plot generally below the Pb isotopic array of Proterozoic
basement rocks from northwestern Arizona (Wooden and
DeWitt, 1991), which we consider to represent the upper
crust in the region.

High-precision isotopic data like those reported here
show promise as a tool for correlating disconnected mafic
lava flows. Sample NS7 from Cinder Hill has the same iso-
topic composition as the sample collected from the lava flow
near Braffits Creek, confirming that the lava flow erupted
from Cinder Hill.

Isotopically, low-Nb and high-Nb rock types have dis-
tinctive signatures. Low-Nb rocks show a wide range in Sr
isotopic composition (37Sr/86Sr=0.704026 to 0.705870)
compared to a very small range for high-Nb rocks
(87S1/868r=0.7045 £ 0.0001). Similarly, the Nd isotopic
composition of low-Nb rocks is much lower than that of the
high-Nb rocks (*4Nd/'*Nd=0.512165 to 0.512333 and
0.51246 to 0.512525). High-Nb rocks also have higher Pb

isotopic compositions than low-Nb rocks. In general, high-
Nb rocks more closely resemble the estimated composition
of bulk solid earth and ocean-island basalt than do the low-
Nb rocks (fig. 11).

DISCUSSION

Petrologists generally accept that mafic magmas simi-
lar in composition to those erupted in the Red Hills and west-
ern Markagunt Plateau are generated by partial melting of
mantle peridotite. Much of the current literature deals with
distinguishing between sources in the asthenosphere and
those in the lithosphere. The asthenosphere is defined as that
part of the upper mantle that is well stirred by convection,
whereas the lithosphere is the rigid part of the upper mantle
and the overlying crust (Perry and others, 1987; Fitton,
1989). This distinction is often difficult to establish because
lithosphere can be transformed into asthenosphere by rising
temperatures. and young lithosphere can show the same
chemical signatures as asthenosphere. According to Fitton
(1989), the lithosphere represents a long-term repository for
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Figure 9. Primitive mantle-normalized spider diagram for low-Nb mafic rocks from Red Hills and western
Markagunt Plateau. Primitive mantle values from Sun and McDonough (1989).
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Figure 10. Primitive mantle-normalized spider diagram for high-Nb mafic rocks from western Markagunt
Plateau. Chondrite values from Sun and McDonough (1989).

enriched and depleted mantle domains; however, both litho-
sphere and asthenosphere may contain zones of enriched and
depleted mantle peridotite according to Perry and others
(1987). Whatever the magma source, silicate melts may
undergo extensive differentiation following their generation,
as magmas change in composition due to interaction with the
lithosphere and undergo crystal fractionation. We attempted
to evaluate the effects of these processes on magmas erupted
in the study area. We begin by considering the ultimate
source of the silicate melts.

SOURCE OF MAGMAS

Trace-element and isotopic data are commonly used to
distinguish between asthenospheric and lithospheric mantle
sources. The standard for ascribing magmas to an asthenos-
pheric source is ocean-island basalt (OIB), which typically

has relatively high Nd (1*Nd/'*Nd=0.5132-0.5124) and low
Sr (87Sr/%6Sr=0.7023-0.706) isotopic compositions (Floyd,
1991). Ocean-island basalt also has 206Pb/204Pb=17.5-21 and
207Pb/204Pb=15.4-15.85 (Floyd, 1991). OIB-like asthenos-
phere has been suggested to exist beneath the Rio Grande rift
in New Mexico (Perry and others, 1987), and the Geronimo
volcanic field in southeastern Arizona (Kempton and others,
1991), as well as beneath other parts of the western United
States. None of the rocks from the Red Hills and western
Markagunt Plateau show geochemical signatures of OIB,
indicating that they were not derived directly from astheno-
spheric mantle.

Menzies (1989) and Farmer and others (1989) sug-
gested that enriched lithospheric mantle still exists beneath
parts of the western United States. In some areas, the lithos-
phere is at least 100 km thick (Prodehl, 1979). Although it is
possible that Red Hills and Markagunt Plateau magmas
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could have been derived from enriched lithospheric mantle,
the high Nd isotopic composition of mantle xenoliths from
the Grand Canyon volcanic field (ex=+14 to +20; Douglas
Smith, University of Texas, written commun., 1994) argues
strongly against this material being the source of these mag-
mas. Also none of the mafic rocks in the study area have the
same isotopic composition as lithospheric mantle presumed
to exist beneath the Rio Grande rift (eng=0 to +2; Perry and
others, 1987). Additionally, they do not exactly match in
composition to lithospheric mantle presumed to exist
beneath the Mineral Mountains in southwestern Utah (eng
=-5; $7Sr/86Sr =(0.705: Coleman and Walker, 1992). Thus
the preponderance of evidence suggests that Red Hills and
western Markagunt Plateau magmas were not derived
directly from lithospheric mantle.

CRYSTAL FRACTIONATION

In order to show that crystal fractionation played a role
in magma genesis, we tested the efficacy of the fractionation
process using various assumed parent magmas. The best evi-
dence that crystal fractionation contributed to chemical vari-
ability within the magmas comes from the presence of
phenocrysts in analyzed samples. However, none of our
samples contains ultramafic xenoliths, so the exact mineral
assemblages and proportions involved in fractionation can-
not be determined.

We evaluated the role of high-pressure fractionation by
assuming that highly incompatible elements like Rb, Th, and
La had bulk-partition coefficients of zero. This is a reason-
able assumption because partition coefficients for these
elements are very small in mineral phases such as olivine
and clinopyroxene (D O}{‘bv =0.008-0.011; Dcl{’t‘f =
0.003-0.018; Bornhorst, 1980; Henderson, 1982).

Fractionation of these phases from a parental magma would
have significantly increased the abundances of such highly
incompatible elements in residual magmas. In our calcula-
tions we used the Rayleigh fractionation law:
cp/C,=F P-1
where F is the fraction of melt remaining after fractionation
and D is the bulk-partition coefficient for minerals fraction-
ated from the parent magma. The variables Cy, and C,, rep-
resent the concentrations of the elements of interest in the
residual magma and in the parent magma, respectively.
Thus, if D=0, the amount of fractionation is given by
F=C,/Cy,

Obviously, the first fractionation tests that should be
made are those for magmas erupted from the same volcanic
center or alignment, then for magmas within the same petro-
logic group, and last for magmas from different petrologic
groups. The three samples (NS7, NS8, and NS5) from Cin-
der Hill provide an estimate of the amount of fractionation
that may be associated with a single volcanic center. Taking
the Braffits Creek sample (sample NS5) as being parental to
samples NS7 and NS8, the latter two rocks could have
formed by 25-31 percent fractionation using XRF Rb, or
about 5 percent fractionation using INAA Rb, assuming that
Rb behaved as a perfectly incompatible element. Modeling
using Th suggests that these same samples could be related
by 3-5 percent fractionation, and modeling using La sug-
gests 1.5-3.5 percent fractionation. The coherence between
the calculated amounts of fractionation using Th and La as
incompatible elements suggests that the total amount of frac-
tionation associated with the Cinder Hill magma batch is
small, probably 3-3.5 percent.

Basalt and basaltic andesite in the Red Hills are petro-
graphically and chemically distinct. Taking Rb as a perfectly
incompatible element suggests that these rocks may be
related by 8-16 percent fractionation of a parent with the
XRF Rb content of sample NE29, which is a basaltic andes-
ite and is therefore unlikely to produce both basalt and
another basaltic andesite composition through a simple frac-
tionation process. But, if INAA Rb data are used, the two
basaltic andesite samples from the Red Hills can be related
to the basalt sample by 22-29 percent fractionation. Model-
ing using Th suggests that the basaltic andesite samples can
be related to the basalt sample by 11-22 percent fraction-
ation. Modeling using La suggests that the basaltic andesite
samples can be related to the basalt sample by 34-35 percent
fractionation of the parent composition. The discordance
here suggests that some process other than simple fraction-
ation is responsible for the chemical variability of rocks in
the Red Hills. We suggest then that if magmas erupted in the
same general area cannot be related by crystal fractionation,
it is extremely unlikely that this process can explain the
entire range in elemental and isotopic composition of both
the low-Nb and the high-Nb magmas. The most likely expla-
nation for the wide range in trace-element abundances and
isotopic composition is crustal contamination.
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CRUSTAL CONTAMINATION

According to Fitton and others (1991), asthenosphere-
derived magmas may become enriched in Ba, radiogenic
Sr, and light rare-earth elements during their residence in
the lithosphere. Crustal interaction with silicic rocks would
raise the $7Sr/%Sr and lower the #3Nd/*#4Nd ratios of hybrid
magmas. Exposed basement rocks in the region in fact
show a wide range in composition from diabase to granite,
and the more silicic varieties have high-Sr, low-Nd, and
variable Pb isotopic compositions (Bennett and DePaolo,
1987; Wooden and DeWitt, 1991; Bryant and others, in
press), whereas lower crust is probably composed predomi-
nantly of mafic and intermediate rock types having low-Sr,
Nd, and Pb isotopic compositions (Nealey and Unruh,
1991; McCarthy and Parsons, 1994). Because the range in
composition of crustal materials is so large, contamination

of asthenosphere-derived magmas by continental crust
could result in an extremely wide range of hybrid chemical
compositions, depending on which crustal materials and in
what proportions they were involved in the contamination
process. This is exactly the signature observed in Red Hills
and western Markagunt Plateau rocks.

One line of evidence that Red Hills and western Mark-
agunt Plateau magmas were contaminated in the crust comes
from high-field-strength element ratios. These ratios are sim-
ilar to those of mafic magmas erupted in subduction zone
environments where crustal contamination has been shown
to be a major process. In addition, the low-Nb mafic rocks
show large Ta-Nb anomalies in primitive mantle-normalized
diagrams, typical of subduction-zone magmas, in contrast to
the high-Nb mafic rocks, which lack these anomalies (figs.
9, 10). Thus, low-Nb mafic rocks appear to contain a higher
crustal component than high-Nb mafic rocks.
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from Red Hills and western Markagunt Plateau. Shaded area
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In addition to the evidence shown by the normalized
patterns, the low-Nb rocks also show trends in plots of
Nb/U versus Nb abundance that are consistent with crustal
contamination. With decreasing Nb, the low-Nb rocks
show a pattern of decreasing Nb/U (fig. 14). This pattern
implies variable amounts of crustal interaction even among
the low-Nb rocks as a whole. Not surprisingly, both low-
and high-Nb rocks have significantly lower Nb/U values
than mid-ocean ridge basalt and ocean-island basalt
(Hofmann and others, 1986), implying that neither magma
type is uncontaminated.

The second line of evidence that the low-Nb rocks are
contaminated comes from their isotopic compositions. All
of the low-Nb rocks have lower Nd isotopic compositions
than the high-Nb rocks (fig. 11). Although this relation
could result from the tapping of different source regions in
the mantle, the overall pattern is more consistent with
crustal contamination.

The dispersion of data points in the Sr-Nd isotopic dia-
gram (fig. 11) suggests that at least two crustal components
may have been involved in the evolution of the low-Nb mag-
mas. Mainly because of differences in Sr isotopic ratios, we
suggest that the dominant crustal component in the low-Nb
Black Mountain and Water Canyon magmas was lower crust
(87S1/86Sr< 0.704) whereas the dominant component in low-
Nb Red Hills magmas was upper crust (¥Sr/8Sr> 0.7058).
The lower crustal component in low-Nb magmas also has
low Nd and Pb isotopic compositions,

The dominant crustal component in the Black Mountain
and Water Canyon magmas may have been similar in com-
position to mafic deep crustal xenoliths from the San Fran-
cisco volcanic field in northern Arizona. The xenoliths have

extremely high Ba (612—4,700 ppm Ba), Sr (2,000-6,900
ppm Sr), and light rare-carth element abundances (38-178
ppm La), and low Nd (eng=-16 to -20), Sr
(87Sr/36Sr=0.7026-0.7029), and Pb (29Pb/204Pb=16.9) isoto-
pic compositions (Nealey and Unruh, 1991; Nealey and
Unruh, unpub. data, 1993). Assimilation of this material by
rising magmas could have lowered the Sr, Nd, and Pb isoto-
pic ratios of the hybrid magmas without significantly affect-
ing their major-element compositions.

The effect of contamination on trace-element abun-
dances is indicated by the primitive mantle-normalized spi-
der diagrams in figure 15. In this diagram, normalized
patterns for Water Canyon and Black Mountain magmas
show good coherence with the xenoliths, but the patterns of
the high-Nb rocks are quite distinct from those of the xeno-
liths. The troughs at Th-U and Ta-Nb strongly suggest that
the low-Nb magmas interacted with lower crust similar in
composition to the xenoliths.

The most compelling reason for suggesting that mafic
lower crustal material was involved in the evolution of the
Water Canyon and Black Mountain magmas is that the
assimilation of mafic crust would not significantly affect
the major-element composition of the hybrid magmas. The
San Francisco field xenoliths that we suggest represent
lower crust in this region have silica contents between 49
and 54 weight percent SiO, (Nealey and Unruh, 1991).
Granulite, garnet amphibolite, and also some paragneiss
xenoliths from the interior of the Colorado Plateau have
similar mafic compositions (Wendlandt and others, 1993).
The low-silica contents of deep crustal materials are crucial
to petrologic models of magma genesis in the western
United States where continental crust overlies the upper
mantle (Glazner and Farmer, 1992).

This kind of crustal contamination is referred to as
cryptic contamination because it is difficult to identify the
presence of a mafic lower crustal component in mafic mag-
mas. Glazner and Farmer (1992) inferred that cryptic con-
tamination occurs when mantle-derived magmas stagnate in
the crust. Recently, cryptic contamination has been sug-
gested as an important petrologic process by Moyer and
Esperanca (1989), and was later proven by Glazner and
Farmer (1992) for Quaternary mafic magmas erupted in
southeastern California. Glazner and Farmer (1992)
showed that the variation in the Nd isotopic composition of
xenolith-bearing basaltic rocks from the Mojave Desert is
small (3.8 € units) and that the Nd isotopic values are gen-
erally much higher (eng>5) than those of xenolith-free
basalts (11.7 € units; eng=8.76 to —2.98). The xenolith-bear-
ing rocks have Sr and Nd isotopic compositions that are
similar to those of asthenospheric-mantle-derived ocean-
island basalt. Although we have found no ultramafic or
mafic xenoliths in any of the mafic lava flows in the study
area, we suggest that cryptic contamination was an impor-
tant petrologic process here as well.
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crustal xenoliths from San Francisco volcanic field (data from Nealey and Unruh, 1991).

The generally higher Sr isotopic compositions of Red
Hills rocks suggest that the dominant crustal component in
these magmas was more evolved than that assimilated by
Black Mountain and Water Canyon magmas. This material
could be any of a number of crustal rock types that may
reside beneath the transition zone in southwestern Utah. The
most likely sources of upper crustal contamination would be
igneous rocks of Proterozoic to Cenozoic age (Farmer and
DePaolo, 1983; Wooden and DeWitt, 1991; Coleman and
Walker, 1992; Blank and others, 1992; McKee and others,
this volume, chapter L).

Another possible source of crustal contamination is
subducted oceanic crust that may have been underplated at
the base of the lithosphere in pre-Cenozoic time (Fitton,
1989; Fitton and others, 1991). According to Fitton and his
colleagues, this material is likely to have been enriched in Ba
and radiogenic Sr. This material would be difficult to distin-
guish from Proterozoic basement rocks because both would
have subduction-zone geochemical signatures.

All this speculation, however, must be tempered by the
fact that none of the volcanic rocks in the Red Hills and west-
ern Markagunt Plateau contain crustal xenoliths of any com-
position. Thus although the dispersion of data in the various
diagrams is likely due to contamination, this hypothesis can-
not be proven. Our working hypothesis is that the low-Nb
samples from Water Canyon and Black Mountain assimi-
lated mafic lower crust, whereas low-Nb magmas erupted in
the Red Hills mainly assimilated upper crust. We also sug-
gest that the high-Nb magmas contain some amount of a
crustal component.

THE PETROLOGIC MODEL

The preceding discussion indicates that neither con-
tamination of a single crustal component nor high-pressure
fractionation alone can explain all the chemical variations
observed in Red Hills—western Markagunt Plateau magmas.
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Isotopic data clearly indicate that two or more crustal com-
ponents contributed to compositional variations, whereas
trace-element modeling indicates that crystal fractionation
was involved in some magma batches. We therefore sug-
gest an open-system magmatic model in which primary
mantle-derived magmas differentiated by a combined pro-
cess of crystal fractionation and crustal contamination. The
most primitive erupted magmas appear to be represented by
the high-Nb mafic rocks. However, based on their rela-
tively low Nd and high Sr isotopic compositions, even this
magma type is likely to have been contaminated by crustal
materials. Less contaminated magmatic compositions are
represented by lava flows in the central part of the Marka-
gunt Plateau, where we have identified more primitive
compositions having 87Sr/3%6Sr=0.704 and eyg= 0 (Nealey
and others, 1993). But even these materials probably do
not represent primary mantle-derived magma compositions.
In addition, covariation of Sr, Nd and Pb isotopic data for
regional mafic rocks suggests that two mantle sources may
have been tapped by Quaternary magmatism (Nealey and
others, 1993; Unruh and others, 1994). Both mantle
sources may be asthenospheric mantle. but one source in
the lithospheric mantle cannot be ruled out (Nealey and
others, 1993). Both mantle sources probably have
87S1r/86Sr<(0.703 and exg >0, but one (asthenospheric) source
has 206Pb/24Pb >18.3 compared with a 200Pb/20¢Pb of =17.3
in the other mantle source.

TECTONIC IMPLICATIONS

Integrated elemental and isotopic studies of upper
Cenozoic mafic magmas erupted in various parts of the
western United States commonly show temporal patterns
that are interpreted as evidence of rising asthenosphere-
lithosphere boundaries attendant to extension (Daley and
DePaolo, 1992, Bradshaw and others, 1993; Feuerbach and
others, 1993). The exception is the Death Valley magmas,
which show the opposite pattern (Asmerom and others,
1994; R.A. Thompson, oral commun., 1994). In most
places, magmas erupted during the carly stages of exten-
sion commonly show lithospheric signatures characterized
by low-Nd and high-Sr isotopic compositions (Perry and
others, 1987; Daley and DePaolo, 1992; Bradshaw and oth-
ers, 1993; Feuerbach and others, 1993). Their Nd isotopic
compositions are similar to those of some mafic magmas
erupted in the Red Hills and western Markagunt Plateau,
but their Sr isotopic compositions are not.

In contrast, magmas erupted after the peak periods of
extension have high-Nd and low-Sr isotopic compositions
similar to those of ocean-island basalts. Mafic rocks from
several parts of the western United States show such pat-
terns, including those from the Colorado River trough in
Nevada, California, and Arizona, and the Rio Grande rift in
New Mexico (fig. 1; Daley and DePaolo, 1992; Feuerbach
and others, 1993; Perry and others, 1987; Leat and others,
1988; Bradshaw and others, 1993). If these geochemical

patterns are due to rising asthenosphere-lithosphere bound-
aries, then the isotopic compositions of Quaternary mafic
rocks in the Red Hills and western Markagunt Plateau indi-
cate that extension along the margin of the Colorado Pla-
teau in southwestern Utah has not reached its peak and that
the asthenosphere-lithosphere boundary is still too deep for
the asthenosphere to be tapped as a magma source. The
first statement is consistent with the suggestion of Fitton
and his colleagues (Fitton, 1989; Fitton and others, 1991)
that the transition zone in this region is in the early stages
of extension, compared with the interior of the Basin and
Range. The statement is also consistent with the geophysi-
cal evidence that shows that the crust along the margin of
the Colorado Plateau has not been thinned as much as it has
in the Basin and Range.

Like previous workers, we suggest that magmas
erupted during the early stages of extension interact more
effectively with the lithosphere (mantle and crust) as they
rise to the surface. Thus a thick crust with cooler ambient
temperatures causes more interaction at the crust-mantle
boundary and at higher levels within the crust. This causes
the final composition of magmas erupted at the surface to be
dependent upon the composition of the source, the propor-
tion and composition of overlying lithosphere, and the
amount of fractionation that the magmas experience during
their residence in the lithosphere.

SUMMARY

The overall range in elemental and isotopic composi-
tion of magmas erupted in the Red Hills and western Mark-
agunt Plateau reflects a combination of magmatic processes
that operated on primary magmas that originated in the
asthenosphere. Based on the isotopic composition of ocean-
island basalt, which is derived from asthenospheric mantle,
primary magmas generated below the Red Hills—western
Markagunt Plateau had much higher Nd and Pb isotopic
compositions than those erupted at the surface. Isotopic
composition of the Water Canyon lava flow suggests that
one lithospheric component (lower crust?) had low-Sr, Nd,
and Pb isotopic compositions. Another lithospheric compo-
nent (middle to upper crust) probably had low Sr and Nd iso-
topic compositions.

Mafic magmatism in the Red Hills and western Marka-
gunt Plateau migrated eastward in Quaternary time as the
margin of the Colorado Plateau was progressively dismem-
bered by lithospheric extension. As magmatism migrated
into the Colorado Plateau, the eruptive products changed in
composition as lithospheric residence times decreased, and
interaction between mantle-derived magmas and lower and
upper crust decreased. Rising magmas further differentiated
through an open-system magmatic process involving
combined fractional crystallization and crustal contamina-
tion. These processes produced magmas that range in com-
position from basalt to basaltic andesite, across a very
narrow part of the transition zone between the Colorado Pla-
teaus and Basin and Range provinces in southwestern Utah.
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Geochemistry, Source Characteristics, and
Tectonic Implications of Upper Cenozoic Basalts of the
Basin and Range—Colorado Plateau Transition Zone, Utah

By Stephen R. Mattox!

ABSTRACT

Late Cenozoic basalts (<16 Ma) in the Utah transition
zone vary systematically in the distribution of rock types and
in the concentration of major and trace elements. In the tran-
sition zone and the adjacent Colorado Plateaus province, all
basalts are alkalic; normative nepheline, MgO content. and
compatible and incompatible trace-element contents gener-
ally increase to the east. Along the west margin of the transi-
tion zone and in the adjacent Basin and Range province, all
basalts are tholeiitic and, relative to the alkali basalts, less
mafic; concentrations of compatible and incompatible trace
elements are lower. All basalts have one of the three distinc-
tive trace-element patterns. Alkalic and tholeiitic basalts
from the Utah transition zone show overlapping isotopic
compositions that occupy a unique position on the Nd-Sr iso-
topic diagram relative to basalts from other late Cenozoic
volcanic provinces in the southwestern United States.

Geochemical data indicate that most of the systematic
variation in element concentrations can be accounted for
by relatively lower degrees of partial melting at greater
depths with increasing distance to the east. All magmas
underwent fractional crystallization, but assimilation of
crust was limited.

Trace-element patterns provide a genetic link to mafic
alkaline dikes that serve as approximations of the composi-
tions of the sources of the basalts. Coupled with the distribu-
tion of rock types, the trace-clement patterns help to
construct a two-layered model for the location of mantle

“sources in the transition zone.

In contrast to geophysical models, which suggest that
the asthenosphere is near the base of the crust near the Basin
and Range—Colorado Plateau boundary, limited crustal
extension within the transition zone and the Nd isotopic

INorthern Illinois University, DeKalb, IL; present address: Universi-
ty of North Dakota, Department of Space Studies, Grand Forks. ND
58202-9008.

compositions of the basalts indicate that lithospheric mantle
1s preserved in the Utah transition zone and the adjacent east-
ern Basin and Range and Colorado Plateaus provinces.

INTRODUCTION

Geochemical data for basaltic rocks provide a means of
testing models for the tectonic and magmatic evolution of
volcanic fields in the Basin and Range province and along the
margin of the Colorado Plateau (Perry and others, 1987; Orm-
erod and others, 1988; Farmer and others, 1990; Daley and
DePaolo, 1992). Studies by Fitton and others (1988, 1991)
and Kempton and others (1991) have presented tectonic inter-
pretations of the Utah transition zone based on basalt
geochemistry. However, their works were regional in nature
and lacked a detailed transect of the transition zone. Early
work in Utah (Best and others, 1980) showed interesting
space-time-compositional patterns, such as a decline in the
potassium content in mantle-generated magmas from 14 to 2
Ma, but was limited by a small number of samples of rocks
dated late Cenozoic (< 20 Ma) within the transition zone.

This study presents the geochemical study for 34
basalts erupted during the late Cenozoic. The study (1)
describes compositional variation in basalts across the Utah
transition zone, (2) identifies the processes that affected
magma composition, (3) characterizes their sources, and (4)
constrains the tectonic history of the Utah transition zone.
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GEOLOGIC SETTING
AND PREVIOUS WORK

The Utah transition zone shares geologic and geophys-
ical characteristics with the adjacent Basin and Range and
Colorado Plateaus provinces and is defined geographically
by the boundaries of the High Plateaus subprovince (fig. 1).
Like the Basin and Range province to the west, the struc-
ture of the transition zone is dominated by north-south-
trending uplifts that are separated by intervening alluviated
valleys. Sedimentary and volcanic strata in the transition
zone are generally subhorizontal or broadly warped, a char-
acteristic of the Colorado Plateau to the east. The Marys-
vale volcanic field, near the center of the transition zone, is
the dominant volcanic terrane. Volcanic rocks of the field
cap a sequence of Paleozoic and Mesozoic sedimentary
rocks, Tertiary continental sedimentary rocks, and ash-flow
tuffs derived from calderas to the west (Mackin, 1960;
Steven and others, 1990). The rocks can be divided into an
early sequence of calc-alkaline rocks and a late sequence of
bimodal basalt-rhyolite rocks.

Calc-alkaline rocks range in age from 35 to 22 Ma.
Stratovolcano complexes produced large volumes of inter-
mediate composition lava flows, mudflow breccia and
locally derived ash-flow tuffs (Fleck and others, 1975; Row-
ley and others, 1979; Best and others, 1980; Steven and oth-
ers, 1990; Cunningham and others, 1991).

About 22 Ma, the composition of the eruptions changed
to a bimodal assemblage of silicic alkali rhyolite lava flows
and ash-flow tuffs, associated with formation of the Mount
Belknap and Red Hills calderas (Cunningham and Steven,
1979), and mafic lava flows (Cunningham and others, 1983;
Anderson, 1986; Mattox, 1991a). The change from the 35 to
22 Ma calc-alkaline rocks to the younger than 22 Ma bimo-
dal assemblage coincided with the onset of extension along
the eastern margin of the Basin and Range province (Rowley
and others, 1978; Cunningham and others, 1991). The earli-
est mafic rocks (22 to 21 Ma) are potassium rich (K,0>3
weight percent) and erupted from fissures. Younger mafic
rocks (<16 Ma) include alkalic and tholeiitic basalts (Best
and others, 1980; Cunningham and others, 1991; Mattox,
1991b, 1992b) that erupted from cinder cones and central
vents along the periphery of the volcanic field (Dutton,
1880) and in the adjacent Basin and Range province.

Timing of late Cenozoic magmatism was episodic, and
loci of activity shifted between episodes. Small volumes of
basalt and basaltic andesite erupted from vents scattered in
the Basin and Range and transition zone from 16 to 8 Ma
(Best and others, 1980; Mattox, 1991b). From 7 to 4 Ma, vol-
canism was alkaline and volcanic activity was located in the
eastern transition zone, the Sevier and Awapa Plateaus (Row-
ley and others, 1981; Nelson, 1989; Mattox, 1991b). During
this period, mafic alkaline dikes intruded the San Rafael
Swell in the Colorado Plateau (Gartner, 1985; Gartner and

Delaney, 1988). By 3 Ma, the centers of volcanism shifted to
the eastern margin of the Basin and Range province, and
compositions of eruptive products were tholeiitic. Tholeiitic
volcanism began on the Markagunt Plateau and in the adja-
cent Basin and Range province, along the west margin of the
transition zone, about 1 Ma. The westward shift in volcanism
in the Utah transition zone is away from the Colorado Plateau
during the last 4 Ma. This shift is opposite to the direction of
migration in the transition zone in extreme southwestern
Utah and northern Arizona (Best and Hamblin, 1978; Tanaka
and others, 1986; Condit and others, 1989).

Previous geochemical studies of volcanic rocks from
the Marysvale field were for a limited geographic area (Low-
der, 1973), of a reconnaissance nature (Wender, 1976;
Wender and Nash, 1979), or part of a regional study (Fitton
and others, 1988, 1991; Kempton and others, 1991). Lowder
(1973) suggested that alkalic and tholeiitic basalts on the
Markagunt Plateau were derived from the same mantle
source by differing degrees of partial melting. Wender
(1976) and Wender and Nash (1979), whose work preceded
complete description of the stratigraphy at Marysvale, sam-
pled numerous units but included only two young basalts (<
16 Ma); and Wender and Nash had difficulty in relating
rocks by any simple petrogenetic models. Fitton and others
(1988) proposed that transition zone basalts were derived
from a lithospheric source.

GEOPHYSICAL SETTING

Geophysical methods highlight differences between the
Basin and Range and Colorado Plateaus provinces. Exten-
sion reduced the thickness of the crust beneath the Basin and
Range province from as much as 45 km to 30 km (Allmend-
inger and others, 1987). The highest heat flow in the south-
ern Basin and Range province is in southwestern Utah
(Eaton and others, 1987) where P-wave velocities, electrical
resistivity, and gravity data suggest that the asthenosphere is
near the base of the crust (Thompson and Zoback, 1979).
The crust and lithosphere beneath the Colorado Plateau are
approximately 45 and 80 km thick, respectively (Thompson
and Zoback, 1979; Allmendinger and others, 1987). Thomp-
son and Zoback (1979) noted that many Basin and Range
geophysical characteristics extend inward of the classic
plateau physiographic boundary for distances of 50-100 km,
which includes the entire transition zone.

Figure 1 (facing page). Index map for Utah transition zone,
High Plateaus subprovince, and basalt sample localities. The Fish
Lake, Awapa, Aquarius, and Sevier Plateaus are referred to as the
eastern transition zone. Most basalts in the eastern transition zone
are 7-4 Ma. The Markagunt Plateau is referred to as the western
transition zone. Most basalts in the western transition zone are less
than 1 Ma. Large-scale map shows basalt sample localities.
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ANALYTICAL METHODS

Thirty-four new whole-rock analyses were obtained for
rocks from the transition zone and adjacent Basin and Range
and Colorado Plateaus provinces. Major- and trace-element
data (table 1) were determined by XRF (X-ray fluorescence)
spectrometry at Northern Illinois University using methods
described in Mattox (1992a). Samples analyzed by XRF were
powdered in a tungsten carbide shatter box. Major-element
compositions are plotted on an adjusted volatile-free basis. A
subset of 18 samples (table 2) was analyzed by instrumental
neutron activation analysis (INAA), using methods described
by Baedecker and McKown (1987). Samples analyzed by
INAA were powdered in an alumina ball mill. Isotopic data
were determined on 10 samples at Rutgers University and the
University of Kansas (table 3), using methods described by
Carr and others (1990) and Coleman and Walker (1992),
respectively. The isotopic composition of basalts is reported
and plotted as initial values.

CLASSIFICATION AND
PETROGRAPHY

Upper Cenozoic rocks from the Utah transition zone are
classified in two ways, the total alkali versus silica diagram
(Le Bas and others, 1986) and by normative mineralogy (Irv-
ine and Baragar, 1971). The first method allows the rocks to
be divided on broad terms as basalt and trachybasalt. In the
total alkali-silica diagram, the rocks plot in the basalt and tra-
chybasalt fields. The second method allows for a more pre-
cise petrologic and petrochemical classification and divides
the rocks into tholeiitic and alkali basalts. About half the
rocks contain normative nepheline; the remainder are hyper-
sthene normative. Nepheline normative rocks plot above the
alkaline-subalkaline line of Irvine and Baragar (1971) and
are classified as alkali basalts. All the hypersthene normative
basalts plot below the alkaline-subalkaline line and are clas-
sified as tholeiitic basalts.

The basalts are hypocrystalline or porphyritic and con-
tain phenocrysts of olivine, plagioclase, iron-titanium
oxides, and clinopyroxene. Tholeiites have a relatively high
modal abundance of plagioclase, olivine, and iron-titanium
oxides. Modal abundances of alkali basalts are dominated by
olivine and clinopyroxene with less abundant plagioclase
and iron-titanium oxides. Olivine crystals are ubiquitous and
range in composition from Foy,to Fog, (Mattox, 1991b; Low-
der, 1970). Augite occurs as isolated phenocrysts, as glom-
erocrysts with olivine or plagioclase and hypersthene, or as
rims on olivine phenocrysts. Clinopyroxene compositions
vary from WogEny to WouEny (Lowder, 1970). The
groundmass is intersertal or, in a few samples, trachytic.

GEOCHEMISTRY
MAJOR-ELEMENT GEOCHEMISTRY

The two basalt types can be distinguished by their MgO
content; however, both types include samples with magne-
sium numbers (Mg/Mg+Fe) in the range suggested for pri-
mary basalts. The MgO content of most alkali basalts is
greater than 8 weight percent oxide (fig. 2). Most tholeiitic
basalts have MgO in the range 6-8 weight percent oxide.
Magnesium numbers vary from 0.46 to 0.71 and 0.54 to 0.68
for the alkali basalts and the tholeiites, respectively. Six
alkali basalts and one tholeiite have high Mg numbers and
probably represent primary mantle magmas. (See section,
“Primitive Magmas.”) Rocks with high magnesium will be
used as the parents of more evolved magmas.

Major-element concentrations show continuous ranges
that contain trends for some elements for each of the two
basalt types. The concentrations of SiO,, Al,Os, and Na,O
increase and CaO decreases as MgO decreases in the alkali
basalts. The concentrations of TiO,, FeOr, and P,Os, and
K,O remain fairly uniform. For the tholeiites, the contents
of Ti0,, Al,Os, and FeOy increase and Na,0, K,O, and P,0;
decrease as MgO decreases. Calcium content initially
increases and then decreases. Relative to the tholeiites, the
alkali basalts have higher TiO,, K,O, and P,Os, and lower
Al,O3 and FeOr .

TRACE-ELEMENT GEOCHEMISTRY

Alkali and tholeiitic basalts show fairly distinctive, but
slightly overlapping ranges in trace-element contents (fig.
3). The compatible trace elements, Ni and Cr, are higher in
most alkali basalts than in tholeiites. Large-ion lithophile
elements (Ba, Rb, Sr, and Th) and high-field strength ele-
ments (Nb, Hf, and Ta) are also higher in alkali basalts.
Chondrite-normalized rare-earth element patterns for alkali
basalts are smooth with moderate to high enrichment of light
rare-earth elements relative to chondrites (table 2; fig. 4). A
tholeiite from the Black Rock Desert, BRY, is characterized
by moderate enrichment of light rare-earth elements and a
flat, unfractionated pattern for heavy rare-earth elements.
The pattern for a tholeiite from the Markagunt Plateau, LC1,
resembles the patterns for alkali basalts; however, light rare-
earth element abundances in LCI1 are slightly lower than
those of the alkali basalts.

Basalts become progressively more enriched in light
rare-earth elements with increasing distance to the east.
Light rare-earth element enrichment is represented by the
ratio of La to Eu. BRY, a tholeiite from the eastern margin of
the Basin and Range province, has a La/Eu ratio of 15. LC1,
a tholeiite from the Markagunt Plateau in the western transi-
tion zone, has a La/Eu ratio of 25. The La/Eu of alkali basalt
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Table 1. Major-element, trace-element, and normative compositions, and ages of basalts from Utah transition zone.
[Analysts: S.R. Mattox, J.A. Walker: nd, not determined; leaders (---), not present]
Sample BRI BR2 BR9 1LC1 P13 P32 P36 P42 P22 P35 Mile97 P2
Major-oxide _composition
SiOg 49.14 4892 4935 51.27 52.47 51.87 51.54 48.53 50.04 48.23 48.45 49.79
TiOg 1.29 1.45 1.74 1.34 1.23 1.35 137 1.46 1.29 1.59 1.73 1.36
AlbO3 17.15 16.65 16.03 15.57 1432 16.40 16.30 16.12 16.29 15.54 1552 15.72
FeO 9.77 989 11.93 8.47 8.77 9.05 920 11.37 10.07 9.93 8.80 9.67
MnO 16 .16 10 .14 .14 .15 15 18 17 17 .14 17
MgO 7.80 7.32 6.38 8.36 9.18 6.82 6.80 6.98 7.38 8.13 7.71 8.20
CaO 10.06 10.43 8.62 8.65 7.38 9.11 9.20 9.68 10.66 10.16 8.64 10.02
NayO 298 2.87 3.13 2.87 3.59 343 3.29 3.12 3.10 3.09 3.52 293
KO 57 .69 1.11 192 1.55 1.06 99 35 1.37 1.15 1.78 1.87
Py05 .28 39 37 57 54 33 .39 21 32 .64 .65 52
Total 99.20 98.77 98.76 _99.16 9917 99.57 99.23 98.00 100.69  98.63 96.94 100.25
Trace-element composition
\% 200 204 269 166 149 129 141 172 197 159 133 185
Sc 26.1 25.7 29.2 249 20.1 21.6 23.3 25.8 29.2 21.9 18.6 23.8
Ba 328 602 463 1,520 1,706 623 633 181 968 841 994 1,592
Cr 168 235 111 343 310 155 150 161 240 215 228 259
Co 74 65 62 43 86 34 42 41 48 43 43 49
Ni 139 132 86 169 275 36 40 43 87 57 143 129
Pb 23.5 8.8 2.0 13.9 22.7 3.0 38 0.6 14.9 3.6 9.0 15.2
Th 1.4 0.4 4.9 1.2 33 1.8 1.2 1.9 4.5 34 3.6 3.6
Rb 9 11 20 18 15 7 7 1 24 6 15 43
Sr 444 523 426 1,315 1,327 387 377 156 605 523 1,127 1,090
Y 33 33 36 26 23 13 13 12 26 13 27 27
7r 128 157 152 186 173 74 75 63 153 74 241 156
Nb 8 10 17 17 21 6 6 3 15 13 20 25
Normative mineral composition
[Based on_ analyses recalculated to 100 percent water-free oxides]
Q — _— . e . i _— . e
or 3.4 4.1 6.6 11.4 9.2 6.3 5.8 2.1 8.1 6.8 10.5 11.1
ab 25.2 24.3 26.5 24.3 30.4 29.0 27.8 26.4 20.7 19.9 24.4 18.6
an 31.7 30.5 26.4 23.9 18.4 26.2 26.8 29.0 26.5 25.1 21.3 24.2
ne ———- - — — — J— - -
di 13.4 15.4 11.6 12.4 14.9 15.6 15.5 15.8 21.8 20.7 14.2 20.9
hy 4.3 4.7 7.1 9.7 6.3 7.4 9.3 3.3 -—-- -
ol 18.1 16.2 16.5 13.6 17.2 12.2 10.9 18.4 17.9 19.0 18.9 19.0
il 2.5 2.8 3.3 2.5 2.3 2.6 2.6 2.8 2.5 3.0 3.3 2.6
ap 0.6 0.9 0.9 1.3 — - 1.5 -
Age (Ma)
nd nd nd 145 nd nd nd nd nd 8 25 nd

1 Age from Fleck and others (1975) and corrected for new decay constants of Steiger and Jager (1977).

2 Age from Best and others (1980).

BR1
BR2
BRO
LC1
P13
P32
P36
P42
P22
P35
Mile97
P2

Tholeiite from Black Rock Desert:
Tholeiite from Black Rock Desert:
Tholeiite from Black Rock Desert:
Tholeiite from Markagunt Plateau:
Tholeiite from Markagunt Plateau:
Tholeiite from Markagunt Plateau:
Tholeiite from Markagunt Plateau:
Tholeiite from Markagunt Plateau:

Alkali basalt from Markagunt Plateau: Navajo Lake quadrangle at lat 37°31'49" N., long 112°49'14" W.

SAMPLE DESCRIPTIONS

Black Rock quadrangle at lat 38°42'01" N., long 112°57'12" W,

Cinder Crater quadrangle at lat 38°42'44" N, long 112°37'01" W.
Pavant Butte North quadrangle at lat 39°07'34" N., long 112°32'12" W.
Parowan quadrangle at lat 37°51'48" N, long 112°46'24" W.

Panguitch Lake quadrangle at lat 37°40'10" N., long 112°39'00" W.
Henrie Knolls quadrangle at lat 37°38'41" N, long 112°42'14" W.
Henrie Knolls quadrangle at lat 37°31'18" N., long 112°44'19" W.

Asay Bench quadrangle at lat 37°35'15" N., long 112°36'33" W.
Alkali basalt from Markagunt Platean: Panguitch Lake quadrangle at lat 37°40'08" N., long 112°40'14" W.

Alkali basalt from Markagunt Plateau: Glendale Jet. quadrangle at lat 37°25'47" N, long 112°32'10" W.
Alkali basalt from Markagunt Plateau: Panguitch quadrangle at lat 37°46'43" N, long 112°26'33" W.

207



208 GEOLOGIC STUDIES, BARCO STUDY UNIT, 1995

Table 1. Major-element, trace-element, and normative compositions, and ages of basalts from Utah transition
zone.—Continued

Sample P3 P28 P30 P3| P26 EVl EV4 78164 NSI  OC3 A3

Major-oxide composition
N6 49.07 49.57 48.81 49.42 4946 49.95 4945 47.15 47.40 48.34 49.17
TiO9 1.32 2.17 2.22 2.14 1.60 1.57 1.56 1.67 1.64 1.74 1.43
AlhpO3 1496 15.88 15.58 16.26 15.85 15.77 15.75 15.19 14.48 16.11 16.10

FeO 8.74 9.27 9.07 9.41 8.82 8.72 8.80 9.48 9.26 9.12 9.36
MnO 15 15 15 .16 .16 .15 .15 .16 .16 15 .16
MgO 9.18 8.17 8.14 7.93 9.44 8.15 7.81 9.20 9.99 1.75 8.61
CaO 9.54 8.21 8.52 8.19 9.36 9.91 8.82 8.44 9.41 8.84 9.33

NayO 2.90 3.79 3.63 3.90 3.11 3.31 3.35 3.32 3.80 3.46 3.20
K20 1.82 1.79 1.82 1.81 1.95 2.23 2.28 1.76 0.94 1.78 1.90
P205 .54 .65 .67 1 .58 .67 A1 54 .18 58 52
Total 98.22 99.65 98.61 99.93 100.33  100.43 98.68 96.91 97.86 97.87 99.78
Trace-element compaosition

v 197 131 135 119 153 216 234 186 203 190 211
Sc 23.3 17.6 21.0 15.8 17.6 21.6 23.6 20.4 19.0 25.1 25.9
Ba 1,433 408 407 443 1,156 1,258 1,259 832 1,470 799 1,568
Cr 303 193 200 169 201 277 284 344 391 292 271
Co 52.5 39.1 44.5 37.6 39.4 52.0 56.8 39.3 56.0 52.9 49.8
Ni 180 68 68 84 95 188 196 187 230 146 151
Pb 6.9 4.1 4.5 4.1 3.0 35.3 38.0 8.2 9.3 5.3 21.8
Th 7.7 3.0 3.1 2.2 2.6 5.2 6.3 6.6 10.3 4.7 4.3
Rb 46 10 10 8 22 49 47 46 10 46 43
Sr 936 454 434 515 481 1,115 1,133 889 1,249 838 941
Y 26 14 14 14 14 26 26 27 22 27 26
Zr 150 141 141 141 91 288 195 192 174 186 164
Nb 28 19 20 18 16 28 28 26 30 27 27
Normative mineral composition
[Based on analyses recalculated to 100 percent water-free oxides]
Q [ —— —- ——_— —— —- ——_—- — R e —-
or 10.8 10.6 10.8 10.7 11.5 13.2 13.5 10.4 5.6 10.5 11.2
ab 21.4 23.3 21.3 22.5 17.9 16.5 19.2 23.7 18.4 19.9 18.0
an 22.4 21.0 20.8 21.5 23.5 21.6 21.2 21.4 19.7 23.2 24.0
ne 1.7 4.7 5.1 5.7 4.6 6.3 5.0 2.4 7.5 5.1 4.9
di 17.4 16.1 17.5 15.6 18.6 22.5 18.5 13.6 22.0 16.9 18.3
ol 20.8 19.1 18.2 19.1 20.6 16.8 17.7 16.6 20.9 18.4 20.2
mt ---- - - - -—-- ———- - 4.5 —— -—-- -
il 2.5 4.1 4.2 4.1 3.0 3.0 3.0 3.2 3.1 3.3 2.7
ap 1.3 ——-- — [ - J— — 3.2 - — —
Age (Ma)
nd ls nd nd nd 127 T12.7 2738 nd nd 15 4

1 Age from Best and others (1980)
2Age from Rowley and others (1981)

SAMPLE DESCRIPTION S
P3 Alkali basalt from Markagunt Plateau: Panguitch quadrangle at lat 37°46'08" N.,long 112°27'18" W.
P28 Alkali basalt from Markagunt Plateau: Asay Bench quadrangle at lat 37°31'03" N., long 112°37'15" W.
P30 Alkali basalt from Markagunt Plateau: Asay Bench quadrangle at lat 37°31'03" N., long 112°37'15" W.
P31 Alkali basalt from Markagunt Plateau: Asay Bench quadrangle at lat 37°31'03" N., long 112°37'15" W.
P26 Alkali basalt from Markagunt Plateau: Panguitch quadrangle at lat 37°46'55" N., long 112°23'42" W.
EVl Alkali basalt from Sevier Plateau: Marysvale quadrangle at lat 38°24'00" N., long 112°09'54" W.
Ev4 Alkali basalt from Sevier Plateau: Marysvale quadrangle at lat 38°24'15" N., long 112°09'20" W.
78164  Alkali basalt from Sevier Plateau: Phonolite Hill quadrangle at lat 38°11'52" N., long 112°04'50" W.
NS1 Alkali basalt from Sevier Plateau: Mahustan Peak quadrangle at lat 38°16'18" N., long 112°01'14" W.
oc3 Alkali basalt from Sevier Plateau: Phonolite Hill quadrangle at lat 38°10'28" N.,long 112°01'56" W.
A3 Alkali basalt from Awapa Plateau: Angle quadrangle at lat 38°08'00" N., long 111°57'40" W.



Table 1.

CHARACTERISTICS OF UPPER CENOZOIC BASALTS, UTAH

Major-element, trace-element, and normative compositions, and ages of basalts from Utah transition
zone.—Continued

Sample AP26 AP32 AP45 AP55 APS8 AP107___AP127  API31 AP133 FV3 CR1
Major-oxide composition

Si0y 48.08 47.27 47.56 49.55 48.58 49.12 46.68 48.43 47.04 48.82 47.73
TiOy 1.23 1.27 1.46 1.30 1.40 1.33 1.49 1.27 1.55 1.30 1.37
AlpO3 14.49 13.65 15.36 15.57 14.31 16.58 16.15 1597 14.73 15.14 15.84
FeO 8.21 8.46 9.07 8.02 9.75 10.23 9.10 10.11 9.11 8.36 7.87
MnO 15 15 17 .14 17 .18 17 17 17 .16 .14
MgO 996 10.09 10.28 6.06 8.99 7.92 9.09 8.76  10.54 8.60 7.81
CaO 9.99 10.35 10.38 10.76 9.13 9.93 9.64 9.61 10.19 8.18 8.54
NayO 2.96 298 2.55 3.52 2.84 3.16 3.14 2.76 2.69 3.13 3.2
Ko0O 1.97 1.88 1.66 2.25 1.95 1.39 2.52 1.40 1.75 2.99 2.69
P05 .66 .63 .67 67 .63 45 .49 46 .65 54 .94

Total 97.70 9673 99.16 9784  97.75 10029 9847 9894 9892 9722 96.25

Trace-element composition _
A" 216 203 225 192 186 208 208 177 252 186 203
Sc 28.2 21.1 29.8 22.7 25.0 26.6 23.5 27.8 24.8 23.0 24.3
Ba 1,544 1,277 1,507 1,979 1,302 1,134 2,360 1,128 1.468 2,329 2,539
Cr 513 400 428 238 344 260 271 355 452 371 401
Co 62 50 59 41 49 54 52 50 60 44 40
Ni 237 261 212 63 181 136 146 158 231 169 105
Pb 11.9 9.2 6.0 15.4 9.1 6.6 8.1 7.2 13.8 10.1 24.4
Th 7.2 6.3 3.9 12.4 6.2 5.1 8.3 5.2 7.2 10.9 14.4
Rb 43 41 42 43 50 32 96 31 43 77 69
Sr 1,535 1,261 928 1,660 1,065 882 1,357 892 1,042 868 1,724
Y 23 24 29 25 23 27 31 26 29 24 27
7r 144 126 183 115 142 130 209 126 174 228 197
Nb 17 18 31 22 24 20 42 19 33 35 37
Normative mineral composition
[Based on_analyses recalculated to 100 percent water-free oxides]
or 11.6 11.1 9.8 13.3 10.3 8.2 14.9 8.3 10.3 17.7 15.9
ab 16.3 13.9 12.8 15.7 15.1 19.7 6.4 21.8 11.2 17.1 14.0
an 20.4 18.3 25.6 20.0 21.0 27.0 22.5 27.0 23.0 18.4 20.4
ne 4.7 6.1 4.8 7.6 4.2 3.8 10.9 9 6.3 5.1 7.6
di 20.1 23.5 21.1 27.4 17.4 18.4 20.6 14.4 22.4 15.2 17.9
hy f— J— - — . - - —
ol 20.6 19.9 21.7 10.6 20.3 20.3 19.8 23.1 21.7 20.0 16.9
il 2.3 2.4 2.8 10.6 2.5 2.5 2.8 2.4 2.9 2.5 2.6
ap 1.5 1.5 2.5 -—-- — 1.1 —— 1.3 -
Age (Ma)
16.4! nd nd nd nd nd 159 nd nd nd 24
1 Age from Mattox (1991b).
2 Age from Gartner and Delaney (1988).
SAMPLE DESCRIPTIONS

AP26
AP32
AP45
AP55
APS8
AP107
AP127
AP131
AP133
FV3
CR1

Alkali basalt from Awapa Plateau:
Alkali basalt from Awapa Plateau:
Alkali basalt from Awapa Plateau:
Alkali basalt from Awapa Plateau:
Alkali basalt from Awapa Plateau:
Alkali basalt from Awapa Plateau:
Alkali basalt from Awapa Plateau:
Alkali basalt from Awapa Plateau:
Alkali basalt from Awapa Plateau:

Burrville quadrangle at lat 38°45'05" N.. long 111°47'54" W,
Abes Knoll quadrangle at lat 38°26'22" N., long 111°4927" W.
Flossie Knoll quadrangle at lat 38°12'50" N., long 111°50'11" W.
Flossie Knoll quadrangle at lat 38°11'53" N., long 111°46'48" W.
Flossie Knoll quadrangle at lat 38°14'06" N., long 111°4822" W.
Moroni Peak quadrangle at lat 38°20'10" N., long 111°41'41" W.

Government Point quadrangle at lat 38°13'48" N., long 111°35'08" W.

Bicknell quadrangle at lat 38°19'22" N, long 111°37'28" W.
Pollywog Lake quadrangle at lat 38°06'18" N., long 111°48'51" W.

Alkali basalt from Fish Lake Plateau: Geyser Peak quadrangle at lat 38°35'23" N, long 111°28'37" W.
Alkali basalt from Capitol Reef: Fruita NW quadrangle at lat 38°29'54" N., long 111°28'37" W.
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Table 2.

[Analyst: G. Wandless; concentrations given in parts per million; nd, not determined]

Rare-earth element and selected trace-element compositions determined by instrumental neutron activation analysis.

Sample BRY LC1 P3 P28 EV1 NS1 A3 AP26  AP32 AP127 Fv3 CR1
La 28.3 60.3 512 453 59.3 705 48.7 8.5 652 76.0 543 115.0
Ce 56 122 102 85 115 133 90 157 130 144 99 208
Nd 27.6 54.1 447 37.3 515 56.8 38.4 64.4 560 58.1 43.1 81.0
Sm 6.2 9.4 8.6 78 9.5 10.0 7.1 11.4 104 9.8 7.6 12.8
En 1.9 24 23 22 23 25 1.9 2.7 25 25 2.0 3.1
6.6 7.4 7.6 nd 7.7 8.0 6.0 8.7 7.9 7.6 6.7 9.2
Tb 9 9 1.0 1.0 9 1.0 9 1.0 1.0 1.0 9 1.1
Ho 1.4 1.2 1.2 .8 nd 9 nd 1.6 1.0 1.2 1.0 nd
Tm .59 .35 43 nd .36 31 46 38 38 43 37 40
Yb 3.20 2.25 248 234 2.09 1.88 258 2.07 2.00 2.50 2.08 2.31
La 48 .30 33 .33 27 25 38 .26 28 35 31 .30
Sc 284 24.1 248 247 22.6 222 28.1 236 248 283 26.1 23.6
Ba 550 1,590 1,220 580 1,290 1,480 1,670 1,490 1,390 2430 2,460 2,590
Cr 99 299 288 329 307 384 274 511 469 286 389 362
Co 45 40 42 43 40 45 41 41 44 41 37 31
Ni 95 207 174 167 202 244 145 233 261 149 186 124
Zn 114 81 82 78 87 90 83 89 85 81 88 88
Th 28 28 4.2 38 5.2 89 43 171 5.7 6.4 10.1 13.8
Rb 24 20 35 23 45 15 45 47 42 81 79 71
Sr 480 1,520 1,190 980 1,290 1,390 1,120 1,800 1,480 1,500 1,000 1,990
Zr 199 200 198 239 198 154 180 196 210 215 236 213
8) 9 8 8 1.0 1.2 1.6 6 9 8 1.6 2.0 28
Cs 3 3 1.0 3 1.7 1.5 N 9 .8 5.0 53 5.0
Hf 343 433 4.56 523 4.55 465 392 4.27 406 5.24 5.95 5.67
Ta 1.02 93 1.57 2.53 1.60 2.01 1.64 1.08 1.18 2.89 2.88 2.51

NS1 from the Sevier Plateau is 28. CR1, an alkali basalt from
the Colorado Plateau, just east of the transition zone, has a
La/Eu ratio of 37. The increase in the La/Eu ratio to the east
transects the eastern Basin and Range province, the transi-
tion zone, and the western Colorado Plateau.

Tholeiitic and alkalic basalts are characterized by small
negative europium anomalies of EwWEu* =0.89-0.94. The
negative europium anomalies may be the result of plagio-
clase fractionation.

Basalts from the Utah transition zone have one of three
distinct patterns on chondrite-normalized spider diagrams
(fig. 5). Alkali basalts, represented by CR1, show enrich-
ment of Ba and La, a depletion of Rb, a moderate depletion
of Nb and Ta, and moderate light rare-earth element enrich-
ment. A single alkali basalt from the Sevier Plateau, basalt
NS1, has a large depletion of Rb and K, no depletion for Nb-
Ta, and a small depletion of Zr. Mattox (1992a) analyzed 88
upper Cenozoic rocks, representing nearly every volcanic
deposit in the Utah transition zone, and found that only NS1
had these trace-element characteristics. Tholeiitic basalts,
represented by basalt BR1, show depletions of more incom-
patible elements, less pronounced enrichment of Ba and La
(and Ce), small depletions of Rb and Nb, and lower light
rare-earth element concentrations. None of the basalts from

the Utah transition zone have normalized incompatible
trace-element patterns with the enrichment in incompatible
elements centered at Nb, a characteristic of ocean island
basalts or basalts derived from the asthenosphere (fig. 5)
(Fitton and others, 1988; Ormerod and others, 1988).

ISOTOPE GEOCHEMISTRY

Alkalic and tholeiitic basalts from the Utah transition
zone show overlapping isotopic compositions. Initial
87Sr/%6Sr of nine alkali basalts ranges from 0.7043 to 0.7046
(fig. 6; table 3). Four analyses of tholeiites define a larger
range from initial 87Sr/8Sr of 0.7039 to 0.7058.  Three
tholeiites have initial 87Sr/%Sr of 0.7046 or less. The basalts
from the Utah transition zone have Sr isotopic compositions
similar to the value for bulk earth (0.7045). The value for
bulk earth is based on the age of the Earth and the assump-
tion that terrestrial Sr has evolved in a uniform reservoir
whose Rb/Sr is equal to that of chondritic meteorites. The
tholeiites can be divided into two groups based on isotopic
composition and geographic location. Basalts BR1 and BR9,
from the Black Rock Desert, plot to the right of bulk earth
and are enriched in radiogenic Sr. Enriched isotopic values
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Table 3.  Sr-Nd-Pb isotopic data for basalts from Utah transition zone.

[eNd=["**Nd/"+*Ndampie/ **Nd/**Ndcyur-11e 10*where 143N/ *¥Ndcpyp=0.51264; nd. not determined)

Sample
No. 8731/80sr; 143Na/144N4 eNd 206pp204py,  207py, 204py, 208py, 204py,
Tholeiites
BR1  .704684+11 51232943 6.1 17.87 15.51 37.69
BRY  .705815+13 51230743 -6.5 nd nd nd
LC1l5 704136421 51221648 8.27 16.982 15.399 36.646
pP323 7043 nd nd nd nd nd
Alkali basalts
NS12 70448 512347 5.7 17.883 15.512 37.845
p32 70468 512311 6.4 17.893 15.509 38.108
AP2610 704684111 .512194+10 8.7 17.59 15.48 37.52
CR1l  704643+12 512279+14 7.0 nd nd nd
0C52 70432 512325 6.1 17.739 15.508 37.762
EVIZ 70461 512371 5.2 18.108 15.532 37.895
p313 7041 nd nd nd nd nd
Mile974 7041 nd nd nd nd nd

l_gr and Nd isotopic data provided by M. Feigenson, Rutgers University.

2-8r . Nd , and Pb isotopic data provided by D. Coleman, University of Kansas.

3-sr isotopic data from Lowder (1973), P31=Lowder's sample 482.

4-sr isotopic data from sample WPL-8 of Leeman (1970).

5=Pb isotopic data from Everson (1979).

6-pp isotopic data provided by R. Ward, Northern Illinois University.

result from basalts with higher Rb/Sr relative to bulk earth.
Tholeiite LCI1, from the eastern Markagunt Plateau, has
lower #7Sr/%Sr and plots to the left of bulk earth. The rela-
tively high 87Sr/8Sr of BR9 may be the result of contamina-
tion by upper crust. (See section, “Crustal Contamination.”)
Excluding BRY, the alkali basalts and the two remaining
tholeiitic samples have similar isotopic compositions.

The initial “*Nd/**Nd of the alkali basalts ranges from
0.51219 to 0.51237 (eng = -5.2 to -8.7) and includes the
more narrow range of the tholeiites from 0.51221 to 0.51233

(eng =-06.1 10 -8.3) (fig. 6; table 3). The Nd isotopic compo-
sitions are lower than the value for bulk earth
(1Nd/*Nd=0.51264, eng = 0) and plot below the mantle
array, as defined by mid-ocean ridge and ocean island basalts
(White and Hofmann, 1982).

The basalts from the Utah transition zone occupy a
unique position on the Nd-Sr isotopic diagram relative to
basalts from other late Cenozoic volcanic fields in the south-
western United States (fig. 6 and Kempton and others, 1991).
Although the range in Sr isotopic compositions is similar to
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and eastern Colorado Plateau (CR1). Note that light rare-earth element abundances increase with

distance to the east.

that of basalts from the Grand Canyon and San Francisco
Peaks fields (#7Sr/86Sr =0.7032-0.7045, eng= -2.6 to 2.1)
(Alibert and others, 1986) and alkali basalts from the
Arizona transition zone (¥7Sr/%6Sr=0.7049-0.7054, eng =
-2.0 to —0.2) (Wittke and others, 1989), basalts from the
Utah transition zone are readily distinguished by their less
radiogenic Nd isotopic compositions (eng< —5.2). None of
the analyzed basalts show the more radiogenic Sr isotope
compositions found in basalts from southern Nevada
(¥7S1/%6Sr=0.7070— 0.7075) (Farmer and others, 1990).

In the “Discussion” section the elemental and isotopic
data are used to constrain the origin and evolution of mag-
mas erupted in the Utah transition zone and adjacent prov-
inces. Various magmatic processes will be evaluated to
constrain their contribution to the geochemical characteris-
tics of the basalts. Central to this discussion are space-time
variation patterns in the composition of the basalts.

DISCUSSION
SPACE-TIME-COMPOSITION PATTERNS

The temporal changes in the location of volcanic cen-
ters in the Utah transition zone and adjacent areas are neither
simple nor systematic. From 16 to 8 Ma, small volumes of
magma erupted from scattered localities in the transition
zone and the adjacent Basin and Range province. By 6 Ma,
and continuing to about 4 Ma, all activity was located in the

eastern transition zone and the adjacent Colorado Plateaus
province. After a short lull in volcanism, small volumes of
lava erupted in the Black Rock Desert. In the last 1 m.y., all
activity has been on the Markagunt Plateau and in the adja-
cent Basin and Range province. The change in the locus and
timing of magmatism, from the eastern transition zone and
adjacent Colorado Plateau from 6 to 4 Ma to the western
transition zone and adjacent Basin and Range province dur-
ing the last 1 m.y., defines a westward shift in volcanism that
is unique to the Utah transition zone. Furthermore, volcan-
ism in the transition zone did not migrate eastward at uni-
form rates as observed at other volcanic fields (Best and
Brimhall, 1974; Tanaka and others, 1986; Condit and others,
1989) but might be better described as episodic and occur-
ring at different locations.

Basalts from the Utah transition zone define systematic
spatial and temporal trends in major-element contents, nor-
mative compositions, and trace-element contents (fig. 7)
(Best and others, 1980; Mattox and Walker, 1990). From
west to east Si0,, TiO,, Al,O,, and FeOr decrease and MgO,
K,0, and P,Os increase. Magnesium numbers also increase
from west to east from 0.55 to almost 0.71. Basalts from the
eastern Basin and Range province and western transition
zone are olivine tholeiites, with alkali basalts (average nor-
mative nepheline=2.7 percent) first appearing near the center
of and along the eastern margin of the Markagunt Plateau
(fig. 1). Alkali basalts are abundant near the center of the
transition zone (Sevier Plateau; nepheline=6.4 percent) and
in the eastern part (Awapa Plateau; nepheline=6.6 percent).
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and others, 1984).

Farther east, in the Capitol Reef area, all rocks are alkalic
(nepheline=7.7 percent). A general trend from subalkaline-
to-alkaline compositions in the Basin and Range province to
alkaline compositions in the Colorado Plateaus province was
recognized earlier by Best and Hamblin (1978). The spatial
and temporal trends are most pronounced for the incompati-
ble elements of the most primitive basalts (MgO > 6 weight
percent). Concentrations of nearly all compatible and incom-
patible trace elements increase to the east (fig. 7) except for
Zr and Sc.

The overall space-time-composition patterns in the
Utah transition zone appear to be as follows: Prior to 10 Ma,
small volumes of alkalic and tholeiitic basalts erupted at scat-
tered locations. About 6 Ma, volcanism became localized in
the eastern transition zone and adjacent Colorado Plateaus
province, increased in volume, and became more alkaline,
mafic, and trace element enriched with increasing distance to
the east. About 2.5 Ma, tholeiitic volcanism began along the
~ eastern margin of the Basin and Range province. In the last
2 m.y., volcanism has been dominantly tholeiitic and limited
to the eastern Basin and Range province and the adjacent
Markagunt Plateau. The possible petrogenetic causes of these
compositional patterns are discussed next.

PRIMITIVE MAGMAS

Basalts with the characteristics of primitive magmas, if
not primary magmas, have erupted on each plateau and dur-
ing the entire period of late Cenozoic volcanism (16-0 Ma).

Characteristics commonly cited for primary magmas include
high MgO content (> 10 weight percent), magnesium num-
ber (20.68), Ni (200—450 ppm), and Cr (170-310 ppm) (Kes-
son, 1973; Frey and others, 1978; Basaltic Volcanism
Special Project, 1981). Six alkalic basalts from the eastern
transition zone have characteristics of primary magmas. Two
tholeiites and one alkali basalt from the western transition
zone have most, but not all of the characteristics of primary
magmas. Because these primitive magmas may represent
unmodified mantle compositions, they are considered herein
as parental magmas and as representatives of different
magmatic sources.

Although these chemical features indicate that these
basalts may represent primary magmas, the absence of man-
tle xenoliths coupled with the fact that cryptic contamination
cannot be recognized may mean that they are not truly pri-
mary magmas. A single, quartz-normative tholeiitic lava
flow that contains sedimentary xenoliths (Mattox, 1992a)
was not included in this study.

PETROGENESIS

Any model for the genesis of the basalts in the Utah
transition zone must explain the distribution of different rock
types and the systematic chemical variations. In this section,
several geochemical processes are modeled to determine
their influence on magma compositions: partial melting,
crystal fractionation, and crustal contamination.
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Grande Rift (RGR) data for alkali basalts (ab) and olivine tholeiites (ot) are from Perry and others (1987). Grand Canyon and
San Francisco Peaks data are from Alibert and others (1986). Arizona alkali basalt (AZ-ab) data are from Wittke and others
(1989). Average basalt from Lunar Crater volcanic field shown by cross (Lum and others, 1989). Leucite Hills data are from
Vollmer and others (1984). Southern Nevada data are from Farmer and others (1990). Also shown are fields for mid-ocean ridge
basalts (MORB) and ocean island basalts from White and Hofmann (1982). Bulk earth values for Nd (0.51264) and Sr (0.7045)
isotopic compositions shown by horizontal and vertical lines, respectively.

PARTIAL MELTING

Petrologists universally accept that basaltic magmas
similar to those erupted in southwestern Utah are derived
by partial melting of upper mantle peridotite. Such magma
genesis 1s modeled as either a batch (equilibrium) or frac-
tional melting process (Allegre and Minister, 1978; Frey
and Prinz, 1978). Source materials used in the models are
either garnet or spinel peridotites because melting experi-
ments in laboratories have shown that these materials can
produce basaltic melts at small degrees of partial melting.
The specific compositions of source materials melted to
produce magmas in southwestern Utah are unknown, but
studies of mantle-derived xenoliths show that both garnet
and spinel peridotite compose the upper mantle beneath the
southwestern United States (Wilshire and others, 1988;

Nealey and Sheridan, 1989).

Batch partial melting calculations can be used to con-
strain the degree of partial melting required to generate pri-
mary magmas as well as the mineralogy of the mantle
source. The basic equation for nonmodal equilibrium melt-
ing was presented in Allegre and Minister (1978) and takes
the form:

1

S S ey
D,+ F(1-P)

G
G,

where:

C, = the concentration of the trace element in the partial
melt

C, =the concentration of the trace element in the mantle
source

F = the degree of partial melting

D, = the initial bulk solid-liquid partition coefficient

= XaD4an + XboDben ... where a and b are minerals in

the source (or melt),
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and X"o, bo
initial source and

= weight fractions of @, b, ... in the

D = the mineral-melt partition coefficient, and

P = peKd' + pbKd" ... where p = fraction of liquid
contributed by each phase to the total melt. This model
assumes a homogeneous source and constant mineral-melt
partition coefficients.

Extensive partial melting calculations using rare-earth
element abundances from spinel peridotite xenoliths from
the San Carlos volcanic field in Arizona do not produce sat-
isfactory results (Mattox, 1992a). The xenoliths lacked the
necessary light rare-earth element enrichments (Frey and

Prinz, 1978) to produce transition zone magmas. More
importantly, these calculations showed that the primary
melts would have high normalized heavy rare-earth element
patterns that are not present in patterns in basalts from the
Utah transition zone (Mattox, 1992a).

An alternative source for primary basaltic magmas is
upper mantle garnet peridotite; rare lherzolite xenoliths from
the southwestern United States provide constraints on this
possible source material. Partial melting calculations using
phlogopite-bearing garnet lherzolite, represented by a xeno-
lith from The Thumb of the Navajo volcanic field (Ehren-
berg, 1982), produces the light rare-earth element patterns
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similar to those of the Utah basalts, assuming a source con-
tribution to the melt in the proportions of 2:2:4:1:1 for oliv-
ine, orthopyroxene, clinopyroxene, garnet, and phlogopite,
respectively (Mattox, 1992a). Modeling of this source com-
position suggests that the primary alkali and tholeiitic basalts
of the Markagunt Plateau resulted from <5 percent partial
melting, with alkalic basalts representing smaller degrees of
melting. However, these models fail to produce the higher
(7-10 times chondrite) heavy rare-earth element abundances
of the Utah transition zone basalts. Additional calculations,
including a slightly different source, different proportions of
contributing phases in the source, and different degrees of
melting also produced unsatisfactory results, suggesting a
more complicated source than that proposed by the models
(Mattox, 1992a) or a contribution to the geochemical varia-
tion of the basalts by a process such as fractional
crystallization and (or) contamination.

Trace-element abundances also suggest a continuum in
the degree of partial melting. Different amounts of partial
melting can be evaluated using a plot of a highly incompati-
ble element versus the ratio of a highly incompatible element
and a slightly incompatible element (Allegre and Minister,
1978). Magmas related by partial melting produced a steep,
positive trend on such a plot. Alkali basalts and tholeiites
produce a steep, positive trend in a plot of Zr versus Zr/Y,

with alkali basalts having high Zr contents and Zr/Y ratios
relative to tholeiites (fig. 8). This relationship suggests that
the basalts are related by variable degrees of partial melting,
with alkali basalts resulting from lower degrees of melting
relative to tholeiites.

FRACTIONAL CRYSTALLIZATION

The wide range in Ni and Cr concentrations suggests
that fractional crystallization of mafic phases greatly influ-
enced the composition of the basalts. Fractional crystalliza-
tion was modeled using the Rayleigh distillation equation of
Allegre and Minister (1978) in the form:

Ciy= FO-» 2)
Ci,
where
Cii = trace-element concentration of element / in the
liquid

Ci, = trace-element concentration of element i in the
initial liquid

F = weight fraction of residual liquid (or degree of
crystallization)

D = bulk partition coefficient for trace element i.
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Observed phenocrysts and their modes (Mattox. 1992a)
and the partition coefficients compiled by Henderson (1982)
were used in the equation. For example, removal of olivine
and clinopyroxene from alkali basalt AP26 produces the
concentrations of Ni and Th of more differentiated magmas
of the Awapa Plateau (fig. 9); the trends can be explained by
5-20 percent crystallization.

The range in Ni and Th concentrations in tholeiites
can also be explained by fractional crystallization. The low
compatible trace-element contents of some tholeiites on the
Markagunt Plateau can be modeled using LCl1 as a
parental magma and removing 20 percent olivine and
pyroxene (fig. 9).

The success of the models indicates that some of the
variation in the basalt composition is probably the result of
fractional crystallization. Variance from the fractionation
curve suggests that some other process operated on parental
magmas to produce the chemical variations or that magmas
tapped different sources. Because of the likelihood that
ascending magmas assimilate crust en route to the surface,
crustal contamination is considered next.

CRUSTAL CONTAMINATION

The clustering of isotopic compositions from basalts
with diverse major- and trace-element compositions sug-
gests that crustal contamination did not played a major role
in the chemical variability of transition zone basalts. In addi-
tion, only one of the upper Cenozoic basalts has the elevated
initial Sr isotopic compositions (¥7St/%Sr > 0.705-0.708)
diagnostic of older andesitic and potassic lava flows that
have been contaminated by upper crust (Mattox, 1992a).

Assimilation of crust is modeled using equations that
account for concomitant fractional crystallization. The equa-
tions were presented by DePaolo (1981). For changes in ele-
mental concentration, the equation takes the form:

Cow-Fi+ r (o
Cnm & —1 :,Com

(1-F=) 3)

where

C,, = concentration of the element in the magma

Cem = original concentration of the element in the
magma

C2 = concentration of the element in the wallrock

F =M, /Men , where M,, = mass of magma and

MPew = the mass of the original magma,

r = M,/M,, the ratio of mass rate of assimilation to the
mass rate of crystal fractionation,

D = bulk partition coefficient of the element for the
fractionating assemblage, and

z=r+D-1
r-1

For changes in the isotopic composition of the magma,
the equation takes the form:

r Q“ ( I‘F':) Ea + Com }7-Z Eom (4)

E = r-1

(1-F') + Com F=

llzg

.
71 3

¢

where

E,, = isotopic ratio of the magma

E°n = initial isotopic ratio of the magma
E, = isotopic ratio of the assimilant
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Figure 9. Rayleigh fractionation models for (A) Awapa Plateau
alkalic and (B) Markagunt Plateau tholeiitic magmas. A, Derivation
of more evolved alkalic magmas by fractional crystallization of oli-
vine and pyroxene. Primitive magma AP26 is the parent. B, Deri-
vation of more evolved tholeiitic magmas by fractional
crystallization of olivine and pyroxene from parental magma LCI1.
Bulk partition coefficients for Ni and Th are & and 0, respectively.
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These equations were used to constrain the magmatic
history of a tholeiite from the Black Rock Desert, sample
BR9, which has Nd isotopic composition similar to the other
basalts but elevated Sr isotopic composition (fig. 6). If
basalt BR1, a tholeiite from the Black Rock Desert, is used
as the parent, the Sr concentration and isotopic composition
of BR9 can be modeled by fractionating only 3 percent oliv-
ine plus pyroxene. The bulk distribution coefficient for Srin
the model is Dg, = 0.5 and the ratio of the mass assimilated
to the initial mass of magma is 0.02. The ratio of mass rate
of assimilation to the mass rate of crystal fractionation is 0.5.
The model assumes upper crust to be similar in composition
to Precambrian gneiss from the nearby Mineral Mountains.
The gneiss has the composition Si0,=74.35 weight percent,
Sr=84.8 ppm, and #7S1/%Sr=0.8518 (sample MMZ88-25 of
Coleman and Walker, 1992).

The assimilation of lower crust by magmas of the
Marysvale volcanic field was modeled by Mattox (1992a)
and found to be unlikely. The models assumed lower crust to
be chemically similar to mafic xenoliths from the Henry
Mountains, 60 km southeast of the transition zone. Although
Sr and Nd isotopic compositions of transition zone basalts
are similar to those of the xenoliths (87Sr/86Sr=0.7032-
0.7049 and *Nd/'*Nd=0.51185- 0.51319; unpub. data of
Stephen T. Nelson, University of California at Los Angeles),
the Pb isotopic compositions of the basalts (table 3) are
substantially less radiogenic compared to the xenoliths
(206Pp/204 Pb =19.33-20.55, 207Pb/ 204Pb=15.65-15.82, 208Pb/
204Pb=38.30-38.88; unpub. data of Stephen T. Nelson).
Assimilation of varying amounts of lower crust by different
magma bodies during ascent would result in noticeable
shifts in the Pb isotopic compositions of the basalts. The
observed Pb isotopic compositions of the basalts do not
reflect such an event.

DEPTH OF MELTING

Elemental ratios and normative compositions are useful
for estimating the depth of mantle melting (Fitton and others,
1988; Ellam, 1992; Kay and others, 1988). Taking the Black
Rock Desert as a reference on the western margin of the Utah
transition zone, these geochemical data indicate that the
depth of melting increases systematically from west to east
across the transition zone. Values for CaO/Al,O; and norma-
tive diopside increase from west to east from the eastern
Basin and Range province, across the transition zone, to
Capitol Reef (fig. 10). Fitton and others (1988) interpreted
the shift towards higher CaO/Al,0; and higher proportions
of normative diopside in Colorado Plateau nephelinites rela-
tive to Basin and Range basalts to indicate a higher gar-
net/clinopyroxene ratio in the mantle source and a greater
depth of origin for the Colorado Plateau magmas. The more
detailed perspective gained by the most mafic samples from
the plateaus in the transition zone supports the hypothesis of
Fitton and others (1988).

Trace-element ratios also support a greater depth of
magma generation in the eastern transition zone. Because of
the higher partition coefficients of heavy rare-earth elements
for garnet, the ratio of a light rare-earth element to a heavy
rare-earth element can indicate the presence or absence of
garnet in the source. Coupled with the change with increas-
ing depth from a spinel lherzolite source to a garnet lherzo-
lite source, magmas with steep rare-earth element patterns
and high La/Yb and Ce/Yb can be interpreted as being
derived from greater depths (Ellam, 1992). The gradual
increase in La/Yb and Ce/Yb from the eastern Basin and
Range province, across the transition zone to Capitol Reef,
suggests a greater depth of magma generation to the east (fig.
10). Kay and others (1988) interpreted La/Yb of 10-20 to
indicate that garnet was minor or absent in the source; ratios
of 30—40 indicate that garnet was present. Values for La/Yb
for the Utah basalts range from 15 to 50. Furthermore, the
ratios mirror the change from abundant tholeiites (shallow
source) in the eastern Basin and Range province and western
transition zone to abundant alkali basalts (deeper source) in
the eastern transition zone and adjacent Colorado Plateau.

In summary, two processes, degree of partial melting
and depth of melting, exert the greatest influence on basalt
composition. Lower degrees of partial melting at greater
depths generate alkali basalts in the eastern transition zone
and adjacent Colorado Plateau. Higher degrees of partial
melting at shallower depth generate tholeiitic basalts in the
western transition zone and the adjacent Basin and Range
province. These two processes produce most of the system-
atic variation in lava chemistries observed across the transi-
tion zone (fig. 7). However, these processes alone cannot
account for the three distinct trace-element patterns observed
for the transition zone basalts (fig. 5), indicating that the
chemical composition of the source is also important.

NATURE OF BASALT SOURCE REGIONS

Trace-element patterns of basalts in the Utah transition
zone suggest that at least three distinctive source composi-
tions were involved in their generation (fig. 5). To better
constrain the nature of these mantle sources, the trace-ele-
ment patterns of the basalts were compared with patterns
from other igneous rocks in the transition zone.

The basalts in the Marysvale region show composi-
tional similarities to mafic alkaline dikes of the Wasatch Pla-
teau in the extreme north of the transition zone (fig. 1). The
petrology and geochemistry of these dikes were described by
Tingey and others (1991). They classified the dikes as
minette and two varieties of melanephelinite. Minette dikes
contain phenocrysts of phlogopite and olivine. Melanephe-
linite dikes contain phenocrysts of diopside and olivine with
essential nepheline and trace amounts of phlogopite. Mica
melanephelinite dikes contain diopside and olivine and up to
20 percent phlogopite. The major-element composition of
each rock type is different. However, all are strongly
enriched in compatible and incompatible trace elements
(Tingey and others, 1991).
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Figure 10. Systematic increase in CaO/Al,Q; and
La/Yb with increasing distance to the east for the most
mafic samples in Utah transition zone and adjacent ar-
eas. Square, tholeiite: solid triangle, alkali basalt. Low
ratios of La/Yb suggest that garnet is absent or limited
in the source. High ratios of La/Yb suggest that garnet
is an important phase in the source. Distance is O for
Black Rock Desert and increases to the east.

The trace-element composition of the transition zone
basalts is similar to those of the mafic alkaline dikes. Most
of the alkali basalts from the eastern transition zone are sim-
ilar to mica melanephelinite dikes (fig. 11). A single alkali
basalt from the eastern transition zone is similar to the
melanephelinite dikes. Both alkali basalts and tholeiites from
the western transition zone are similar to minette dikes.

The similarity of the trace-element patterns suggests a
genetic relationship between the basalts and the mafic dikes.
The basalts may have been derived from mantle veined by
dikes similar to those of the Wasatch Plateau. Alternatively,
the basalts and the dikes may have been derived from the
same three distinct mantle sources and related by high and
low degrees of partial melting, respectively. A discussion of
source mineralogy and origin of the mafic alkaline dikes
appeared in Tingey and others (1991).

LOCATION OF SOURCES

The similarity in compositions of basalts and mafic
dikes coupled with depth information gained from the
geochemical data can be used to construct a cross section of
the lithosphere beneath the Utah transition zone. Elemental
ratios and normative compositions indicate that the depth of
melting for the basalts in the transition zone increased to the
east (fig. 10). This increase in depth of melting correlates
with the distribution of the types of basalts, with tholeiitic
basalts in the western transition zone and alkalic basalts in
the eastern transition zone (fig. 1). Therefore, the source of
tholeiitic basalts and dikes of similar composition must be at
a shallow depth relative to the source of alkali basalts and
dikes of similar composition.

Theoretical and experimental studies also suggest that
tholeiites are generated at shallower depths relative to alkali
basalts and approximate the depths to the sources of the
two types of basalt (Kushiro, 1968; DePaolo, 1979; Jaques
and Green, 1980; Presnall and others, 1978; Takahashi,
1980; Takahashi and Kushiro, 1983). The experimental
studies of Takahashi (1980) and Takahashi and Kushiro
(1983) estimated that alkali basalts, similar to those in the
Utah transition zone, originate from depths of about 45-65
km. Since tholeiites are derived from melting at shallower
depths, their sources are probably less than 45 km deep.
The depths of specific sources can be approximated by
these experimental studies.

The vertical distribution of sources in the transition
zone can be constrained by basalt type and trace-element
patterns. The geochemical compositions of deeper sources
are identified by using mafic dikes and alkali basalts with
similar chemical affinity. Trace-element patterns of mica
melanephelinite, melanephelinite, and minette dikes are sim-
ilar to those of alkali basalts (fig. 11), placing sources with
these geochemical signatures at greater relative depths. The
composition of the source at shallow depths is reflected in
the composition of mafic dikes and tholeiitic basalts. Trace-
clement patterns of tholeiites are similar to minette dikes
(fig. 11). A source capable of generating these compositions
must be present at relatively shallow depths.

The lateral distribution of the sources in the transition
zone is reflected in the spatial distribution of basalts with the
characteristic trace-element patterns. The presence of a mica
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melanephelinite-like source beneath the entire transition
zone and the adjacent Colorado Plateau is indicated by trace-
element patterns for alkali basalts from the Awapa, Sevier,
and Markagunt Plateaus, and Capitol Reef. The lack of alkali
basalts in the eastern Basin and Range province precludes
the recognition of this source there. A melanephelinite-like
source is located, with certainty, only beneath the Sevier Pla-
teau, as indicated by the trace-element pattern of a single
alkali basalt. The minette-like source is located beneath the
Markagunt Plateau and the adjacent Basin and Range prov-
ince, as indicated by the trace-element patterns of alkali
basalts and tholeiites.

A cross section of the proposed mantle sources beneath
the transition zone and the adjacent provinces can be con-
structed from the depth and spatial information (fig. 12). The
cross section represents the known locations of the sources.
The nature of the mantle in areas that have not produced
basalts, the shallow mantle beneath the eastern transition
zone and the deeper mantle beneath the Basin and Range
province, remains unknown; the presence of specific sources,
that is, minette at shallow levels in the eastern transition zone
or mica melanephelinite at deeper levels beneath the Basin
and Range province, cannot be excluded. The cross section
serves as a model for source regions in the transition zone to
be tested in extreme southern Utah and northern Arizona.

TECTONIC SIGNIFICANCE

In contrast with geophysical data (Thompson and
Zoback, 1979), which suggest that the asthenosphere is near
the base of the crust, the isotopic and trace-element compo-
sitions of basalts from the Utah transition zone argue for
preservation of lithospheric mantle. The low Nd isotopic
compositions of the basalts from the Utah transition zone
require a light rare-earth element enrichment event early in
the history of the source of these magmas and subsequent
long-term isolation from convecting mantle, most likely in
the lithospheric mantle. Evolution from lithospheric to
asthenospheric sources has been detected elsewhere by a
shift in isotopic compositions (Perry and others, 1987; Orm-
erod and others, 1988; Farmer and others, 1990). The con-
stancy of the isotopic composition of alkali basalts erupted
from 16 to 0.5 Ma demonstrates that the asthenosphere has
not physically replaced the lithosphere beneath the Utah
transition zone.

Figure 11. Comparison of trace-element patterns for basalts from
Utah transition zone to mica melanephelinite, melanephelinite, and
minette dikes of Tingey and others (1991).
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The simple structural history of the transition zone, rel-
ative to the Basin and Range province, also argues for pres-
ervation of the lithosphere. Rowley and others (1979) noted
that faults are less abundant in the transition zone and that
structural displacement on faults decreases across the transi-
tion zone from west to east. Immediately west of the transi-
tion zone, the structural history is more complex and
includes a west-dipping detachment surface and listric faults
(Nielson and others, 1986; Planke and Smith, 1991).

The amount of crustal extension in the Utah transition
zone does not support thinning and replacement of the
lithosphere. Daley and DePaolo (1992) related the stretch-
ing factor B (where B = extended length of crust/original
length of crust) to the thickness of the lithosphere. In south-
ern Nevada, where isotopic data support replacement of
lithosphere by asthenosphere, 3 ranges from 2 to 4 (Daley
and DePaolo, 1992). In the Utah transition zone, B is
approximately 1.2, based on a summation of the horizontal
displacement across faults. B is approximately 2 for

Cenozoic extension along the detachment surface just west
of the transition zone (estimated from data in Planke and
Smith, 1991). Therefore, the geochemical data of this study
are inconsistent with geophysical models that place the
asthenosphere in contact with the crust immediately west of
the Utah transition zone along the eastern margin of the
Basin and Range province.

The tectonic model of Perry and others (1987) may
resolve the discordance of the geochemical and geophysical
data. Perry and others proposed that mantle lithosphere
could be thermally converted to asthenosphere, yet retain the
geochemical properties of the lithosphere. Ultimately, the
“hot” lithosphere is physically replaced by convecting
asthenosphere. The change in magmatic source is reflected
in a shift in basalt isotopic composition. The composition of
basalts in the Utah transition zone indicate that, although the
source may be asthenospheric in physical character, magmas
are derived from a source in the lithospheric mantle.
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CONCLUSIONS

The distribution of rock types and the composition of
the lavas in the Utah transition zone are largely controlled by
degree and depth of partial melting. Lower degrees of partial
melting at greater depths generate alkali basalts in the east-
ern transition zone and adjacent Colorado Plateau. Higher
degrees of partial melting at shallower depth generate tholei-
itic basalts in the western transition zone and the adjacent
Basin and Range province. The basalts inherited three dis-
tinct trace-element patterns from sources derived from man-
tle veined by mafic alkaline dikes or from higher degrees of
partial melting of the sources for the mafic alkaline dikes.
The relationship between the rock types and mafic alkaline
dikes indicates that the mantle in the transition zone is lay-
ered and that a mica melanephelinite-like source is most
common. The Nd isotopic composition of the basalts indi-
cates a source in the lithospheric mantle and long-term sta-
bility of the transition zone.
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The Role of Lithosphere and Asthenosphere in the Genesis of
Late Cenozoic Volcanism at Diamond Valley and
Veyo Volcano, Southwestern Utah

By Robert L. Nusbaum,! Daniel M. Unruh, and V.E. Millings, III!

ABSTRACT

As part of the U.S. Geological Survey Basin and
Range—Colorado Plateau (BARCO) Study Unit, elemental
and isotopic compositions were determined for upper Ceno-
zoic basaltic rocks from the Basin and Range—Colorado Pla-
teau transition zone of southwestern Utah. We studied four
volcanic units: two which erupted from Veyo Volcano (<0.5
Ma), the Diamond Valley cinder cones, and the Santa Clara
flow (=1 ka). Veyo units exhibit low gy4 (—8) and 206Pb/204Pb
(17.5-17.6), but moderately high #7Sr/%Sr (0.7052) com-
pared to Diamond Valley—Santa Clara samples (gxq = 3.8,
206Pb/24Pb=18.0-18.3, #7S1/%Sr=0.7044). Veyo samples also
have higher SiO, contents (54-55 percent), LILE abun-
dances, and LILE/HFSE than Diamond Valley—Santa Clara
samples. This evidence and the presence of quartz xeno-
crysts in some Veyo lavas lead us to conclude that the chem-
ical and isotopic characteristics of these samples reflect
significant crustal interaction, either by derivation of their
parental magmas at the crust-mantle interface or through
assimilation-fractional crystallization processes within the
lower crust.

The most isotopically enriched volcanic rocks from the
Markagunt Plateau also have elevated silica contents (to 58
percent Si0O,), similar low &y, and 206Pb/294Pb, but lower
8S1/%Sr, A7/4, and A8/4 values than Veyo samples. We
interpret these data to indicate that the crustal end-members
in the two areas were isotopically distinct.

Although the Diamond Valley-Santa Clara samples
have a more depleted isotopic signature than Veyo lavas, and
have much higher HFSE/LILE abundances (Zr/Ba =0.4),
their isotopic signature is still more enriched than that nor-
mally ascribed to a pure asthenospheric (OIB) source. We
suggest that the chemical and isotopic characteristics of
these basalts were derived primarily from the lithospheric
mantle. Relationships between ey,-values and ages for
basalts from the St. George area as a whole suggest that

'Department of Geology, College of Charleston, Charleston. SC
29424,

lithospheric involvement in the generation of these samples
has been increasing over the last =4 m.y. The results are con-
sistent with progressive heating of the lithosphere by
repeated injection of asthenospheric magmas, and may
imply that the rates of extension and volcanism are both cur-
rently increasing in the St. George basin.

INTRODUCTION

One of the main objectives of a study of continental
basalts is to identify the chemical and physical characteristics
of their source regions. In this report, we present chemical
and Pb, Sr, and Nd isotopic data for upper Cenozoic volcanic
rocks erupted at Diamond Valley and Veyo Volcano, south-
western Utah (fig. 1). These rocks were erupted within the
Basin and Range—Colorado Plateau transition zone and pro-
vide an opportunity to compare the relationships between
magmatism and tectonism in the transition zone with those
on the adjacent Colorado Plateau. This type of study is par-
ticularly important in the St. George basin because of the
rapid population growth in the area, the presence of very
young volcanic rocks, and the incidence of significant his-
toric earthquakes. A magnitude 5.5-5.9 earthquake centered
approximately 8 km southwest of St. George was recorded in
September 1992 (Pearthree and Wallace, 1992). This study
is part of the U.S. Geological Survey Basin and
Range—Colorado Plateau (BARCO) Study Unit.

The St. George basin lies at the southwest end of an
approximately 50 km wide, northeast-trending band of late
Tertiary-Quaternary (=4-0 Ma; Best and others, 1980) basal-
tic volcanism. This band is bounded on the west by the Gun-
lock fault and on the east by the Toroweap-Sevier fault, two
down-to-the-west high-angle normal faults (Blank and
Kucks, 1989). These faults are thought to represent the nom-
inal Basin and Range-transition zone, and transition
zone—Colorado Plateau boundaries, respectively. These two
faults strike approximately north-south in northwestern Ari-
zona and southwesternmost Utah, but strike northeast-south-
west just north of the band of basaltic rocks. The band is
bisected by a third similar fault, the Hurricane fault (Blank
and Kucks, 1989).
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Figure 1. Location map with geology modified from Blank and
Kucks (1989). Exact sample locations provided by Unruh and oth-
ers (in press). Stars represent locations of the Veyo Volcano and
Diamond Valley cinder cones.

Older basaltic volcanism (12—6 Ma) occurred only a few
kilometers northwest of the Veyo Volcano, but northwest of
the Gunlock fault 4-7 Ma basalts are found south of the study
area between the Gunlock and Toroweap-Sevier faults and
west of the Gunlock fault (Best and others, 1980). Oligocene-
Miocene mafic and silicic volcanic rocks are found northwest
of the study area, and lower Miocene intermediate to silicic
intrusive rocks border the band of basaltic volcanism north
of the St. George basin (Blank and Kucks, 1989).

Very little previous work has been conducted on the
rocks discussed herein. Hamblin (1987) provided a brief
description of the Santa Clara flow and cinder cones in Dia-
mond Valley. The presence of “aa” crust on the upper flow
surfaces and the lack of vegetation on the Diamond Valley
cinder cones indicate that the units are =1,000 years old.
Thus, these rocks are among the youngest volcanic features
in the southwestern United States and are similar in age to
flows associated with Sunset Crater, San Francisco volcanic
field near Flagstaff, Ariz. (Hamblin, 1987).

A greater age for the Veyo lava and cinder cone is evi-
dent from the lack of “aa” crust and the degree of vegeta-
tion on the slopes of the cinder cone. Hamblin (1987)
estimated the age of the Veyo units to be less than 0.5 Ma.
Consequently, the study of these volcanic units presents an
opportunity to study the evolution of the magma source(s)
over the last 0.5 m.y., as well as the relationships between
magma sources and the chemical composition of the
erupted products.
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SAMPLES

Seventeen samples were collected for whole-rock
major- and trace-element analyses, and 9 were selected for
Sr, Nd, and Pb isotopic analyses. Units are informally
divided into the following: the Santa Clara flow unit; the
Diamond Valley unit, which includes the two cinder cones at
Diamond Valley; the Veyo cone unit; and the Veyo lava unit.
Field relations indicate that the Veyo lava unit was erupted
from Veyo Volcano. The relationship between the Santa
Clara flow and Diamond Valley units is less certain; how-
ever, the source of the Santa Clara flow is near the north Dia-
mond Valley cone (Hamblin, 1987).

Veyo samples are petrographically distinct from Dia-
mond Valley and Santa Clara. The latter are basaltic and
contain only olivine phenocrysts, whereas Veyo samples
have plagioclase, olivine, augite, and rare orthopyroxene
phenocrysts. Many of the plagioclase phenocrysts are
reverse-zoned (An65-An75) and exhibit sieve textures.
Quartz xenocrysts were found in some samples of the Veyo
lava unit near the cone.

ANALYTICAL PROCEDURES

Whole-rock analyses shown in table 1 were conducted
using inductively coupled plasma atomic emission spec-
trometry (ICP-AES) for major elements and Ba, Rb, Sr, Nb,
Zr, and Y. The FeO content was determined using acid
decomposition coupled with titration. Samples with K,O less
than 1.5 wt. percent were analyzed by atomic absorption.
Analytical errors using ICP-AES are *5 percent for major
elements and *10 percent for trace elements. Major- and
trace-element data for two samples, NSG 9238 and NSG 42,
were obtained by XRF (INAA for Ba).

Strontium, Nd, and Pb isotopic ratios were determined
at the U.S. Geological Survey using the procedures

described by Unruh and others (in press). Powdered samples
were dissolved in a mixture of HF and HNO; at 70°-90°C in
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screw-cap PFA teflon bombs. Lead was separated using
anion exchange in 1.2N HBr medium. Strontium and rare-
earth elements (REE) were separated by cation exchange in
2.5 and 6.0N HCIl. Neodymium was separated from other
REE by cation exchange using 0.2M n-methyllactic acid.

Lead and Sr isotopic measurements were performed
using a Sector-54, 7-collector mass spectrometer using sin-
gle Re and oxidized Ta filaments, respectively. Lead isoto-
pic ratios were corrected for mass fractionation of 0.14+0.03
percent per mass based on analyses of NBS Pb standard
SRM-982 run at 1,280°-1,400°C. Srisotopic data were nor-
malized to #S1/%Sr=0.1194. The mean measured $7Sr/%¢Sr
value for NBS Sr standard SRM-987 during the course of
this study was 0.710258%0.000008 (2G,,; 14 analyses).

Neodymium isotopic analyses were made with an Iso-
mass 54R, single-collector mass spectrometer using triple
filaments (Re center, Ta sides). Fourteen analyses of the La
Jolla Nd standard yielded a mean value of
0.511855+0.000007 (26,,). Single-run precision for Sr and
Nd analyses is 0.003-0.004 percent. Uncertainties for Pb
isotopic data are essentially those induced by the mass-
fractionation corrections.

GEOCHEMISTRY
MAJOR ELEMENTS

Two distinct groups are defined by major-element data
for the units (fig. 2; table 1). Diamond Valley and Santa
Clara units are basalt on a total alkalies vs. silica (TAS) dia-
gram (LeMaitre and others, 1989). Samples of Diamond
Valley units, which erupted prior to the Santa Clara flow,
have slightly lower Mg# and slightly higher silica than the
Santa Clara flow unit. Alkali contents in these samples are
slightly lower than in most other basalts from this general
area (fig. 2).

Veyo samples are basaltic trachyandesite with lower
MgO and CaO contents and slightly lower Mg#, but higher
Si0,, AlLO;, P,Os and alkali contents than Diamond Valley
and Santa Clara units (fig. 2; table 1). No major-element dis-
tinction can be made between Veyo cone samples and the
Veyo lava unit. Concentrations of TiO, are nearly identical
for all units.

TRACE ELEMENTS

Samples of Veyo units also exhibit distinctly different
trace element characteristics from those of Diamond Valley
and Santa Clara flow samples (table 1). The more evolved
Veyo units are strongly enriched in the LIL (large-ion litho-
phile) elements Rb, Sr, Ba relative to Diamond Valley and
Santa Clara units. High field strength elements (HFSE) Zr
and Nb are also somewhat enriched in the Veyo units, but not
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Figure 2. Total-alkali-silica classification (Le Maitre and
others, 1989) of samples from St. George basin. Data are from
table 1 and L.D. Nealey (written commun., 1994).

to the extent of the LIL elements. As a result, the ratios of
LILE to HFSE are significantly higher for Veyo samples
than for Diamond Valley and Santa Clara samples. Diamond
Valley and Santa Clara samples have virtually identical
trace-element contents, and Y contents are indistinguishable
among all units.

ISOTOPIC DATA

Nine samples were analyzed for Pb, Sr, and Nd isotopic
compositions: five from Veyo crater, one from the Veyo
lava, one from the north cone at Diamond Valley, and two
from the Santa Clara flow. One of the Santa Clara samples
(92ND6) is from the northern part of the flow; the other
(NSG9238) is from the distal end. Measured 8Sr/%Sr ratios
of samples (table 2) range from 0.70438 to 0.70524. Veyo
samples have higher and more uniform values (0.70521 to
0.70524) than Diamond Valley and Santa Clara samples
(0.70438 to 0.70454).

Measured '3Nd/'*Nd values range from 0.51222 to
0.51246 for the nine samples, with €y, ranging from -3.7 to
—8.1. Samples of the Santa Clara flow and Diamond Valley
have identical and higher epsilon values of -3.7 to -3.8.
Neodymium isotopic compositions of Veyo samples are dis-
tinctly less radiogenic than those of Diamond Valley and
Santa Clara with gyy =—7.5 to —8.1. The Nd isotopic compo-
sitions of Veyo cone and lava samples cannot be distin-
guished from one another within analytical uncertainty.
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Table 1.
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Major- and trace-element geochemistry of Veyo Volcano, Santa Clara, and Diamond Valley rocks.

[Samples analyzed by ICP-AES except for NSG9238 and NSG42, which were analyzed at the U.S. Geological Survey by XRF (analysts J.S. Mee and D.F. Siems). Barium con-
tents for these two samples were determined by INAA (J. Budahn, analyst). DV, Diamond Valley cinder cones; SCL, Santa Clara lava; VC. Veyo Volcano cinder cone; VL,

Veyo lava. Oxides in weight percent, trace-element contents in ppm; leaders (--), not determined]

92NDC1  92NDC2 92ND6 92ND7 92N1 92N2 92N3 92N4 NSG9238 92VT1 92VT12 92VT14
Si02 49.91 49.63 49.15 47.84 48.23 48.07 47.9 48.19 49.5 54.99 54.46 51.91
TiO2 1.63 1.61 1.59 1.58 1.51 1.48 1.54 1.51 1.49 1.44 1.45 1.66
Al203 15.89 15.79 15.63 15.67 15.22 14.9 15.15 15.01 15.3 16.93 16.99 17.06
Fe203 3.64 2.77 2.26 2.37 2.20 2.42 2.96 5.57 13.4 2.71 2.76 3.04
FeO 7.94 8.72 9.42 9.47 9.25 8.88 8.74 6.35 - 4.84 4,77 5.95
MnO 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.18 0.13 0.13 0.16
MgO 7.19 7.2 8.27 8.29 7.76 8.07 7.97 8.05 8.3 4.46 4.29 5.56
Ca0 8.80 8.86 8.56 8.8 8.59 8.56 8.54 8.55 8.63 6.78 7.57 7.78
Na20 3.17 3.16 3.42 3.17 3.26 2.99 3.24 3.2 3.22 3.98 3.9 3.99
K20 0.60 0.65 0.57 0.53 0.51 0.86 0.55 054 0.57 2.33 2.31 1.77
P20s 0.30 0.30 0.29 0.29 0.28 0.31 0.27 0.27 0.26 0.64 0.65 0.94
Total 99.25 98.87 99.34 98.19 96.99 96.87 97.04 97.42 100.55 99.32 100.30 99.95
Lol 0.01 0.01 0.01 0.01 0.01 0.16 0.01 0.01 0.01 0.09 1.10 0.13
Mg# 55.5 55.0 57.6 57.4 56.5 58.0 57.2 59.1 - 54.7 539 55.7
Ba 210 210 200 250 240 250 260 240 269 1220 1200 1570
Rb <5 <5 <5 <5 6 5 <5 <5 <10 32 27 1
Sr 290 280 280 290 310 310 320 320 320 740 740 920
Nb 20 20 20 10 10 15 15 15 23 35 35 50
Zr 110 100 100 100 - - 90 20 120 90 90 280
Y 30 30 30 20 - - 10 10 27 10 10 20
2r/Ba 0.52 0.48 0.50 0.40 - - 0.35 0.38 0.45 0.07 0.08 0.18
Ba/Nb 10 1" 10 25 24 17 17 16 12 35 34 3
K20/TiO, 0.4 0.4 0.4 0.3 0.3 0.6 0.4 0.4 0.4 1.6 1.6 1.1
Unit2 DV DV SCL SCL SCL SCL SCL SCL SCL vC VL VL

Measured 206Pb/24Pb isotope ratios vary from 17.52 to
18.27; Veyo units exhibit lower ratios (17.52—17.66) than
Diamond Valley and Santa Clara samples (17.98-18.27).
Lead isotopic compositions of both suites are within the
general range of values observed among basalts of this
area (fig. 3). The 27Pb/20‘Pb and 208Pb/204Pb ratios are
highly correlated with 206Pb/204Pb (fig. 3) and range from
15.48 to 15.57 and 37.66 to 38.19, respectively. Also
shown in table 2 are A7/4 and A8/4 values. These values,
as defined by Hart (1984), represent differences (x100) in
207Pb/204Pb and 208Pb/204Ph between the sample and average
northern-hemisphere ocean island basalts (OIB) with the
same 206Pb/204Pb (NHRL line in fig. 3). All units have
similar A7/4 (9-10), but Veyo samples have somewhat
higher A8/4 (76-92) than Diamond Valley and Santa Clara
samples (47-74).

DISCUSSION

Based on field, age, and chemical relationships previ-
ously outlined, it is evident that both the Veyo lava and cinder
cone may be discussed as a single unit and that the Diamond
Valley cinder cones and Santa Clara lava may also be con-
sidered to represent a single unit (simply the Diamond Valley
unit, hereafter). Consequently, the data will be discussed in
terms of two distinct groups in the ensuing discussion.

CONSERVED ELEMENT RATIOS

The X, Ti, and P data from table 1 are plotted as con-
served element ratios (elemental ratios that are not affected
by fractionation of mafic silicate phases or plagioclase;
Pearce, 1968) in figure 4 to test whether the Veyo units were
cogenetic with the Diamond Valley unit. Two features of the
data are readily apparent: (1) the two units form trends that
are distinctly displaced from one another, and (2) the trends
exhibited by the data from the two units appear to converge
at low Ti/K and P/K. The first of these observations indicates
that the two units are not related to one another simply by
fractionation of olivine, pyroxene, and (or) plagioclase. Fur-
thermore, the fact that the data for each group form distinct
trends rather than tight clusters suggests that some mecha-
nism in addition to olivine-orthopyroxene-plagioclase frac-
tionation was involved.

The second observation suggests that the trends exhib-
ited by each group may reflect contamination from a source,
such as Tertiary silicic intrusive rocks of the Pine Valley lac-
colith (also shown in fig. 4; from Coleman and Walker,
1992), with low Ti/K and P/K. Therefore, the simplest inter-
pretation of these data is that the two units were derived from
different sources (or from the same source but under differ-
ent physiochemical conditions), but share a common crustal
contaminant. However, we note that the use of this diagram
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Table 1. Major- and trace-element geochemistry of Veyo
Volcano, Santa Clara, and Diamond Valley rocks.—Continued

92VT20 92VT21 92VT22 92VT23 92VT24 NSG42
54.09 55.46 53.88 55.51 53.93 5438
1.65 1.49 1.65 1.54 1.63 1.42
17.37 17.49 17.61 17.61 1749 17.2
4.13 2.86 4.17 2.84 4.03 8.27
4.37 4.76 4.15 4.94 4.29 -
0.14 0.13 0.13 0.13 0.13 0.3
4.53 4.69 4.38 4.54 449 4.48
7.38 6.81 7.43 7.04 765 6.98
3.82 4.1 3.89 4.10 3.89 3.67
1.76 1.9 1.69 1.84 1.62 2.0
0.61 0.61 0.60 0.65 0.59 0.62
99.93 100.70 99.09 101.1 100.2  99.67
0.08 0.46 0.40 0.37 0.41  0.03
53.5 55.9 53.3 54.49 53.78 -
940 1010 950 1010 1040 1230
21 22 16 22 16 34
680 690 700 690 730 780
40 40 40 40 50 34
250 250 240 260 240 315
30 30 30 30 30 29
0.27 0.25 0.25 0.26 0.23 0.26
24 25 24 25 21 36
1.1 1.3 1.0 1.2 1.0 1.5
VL vC vC vC VvC vL

to determine whether or not the two groups share a common
source is not valid if one or both magmas were in equilibrium
with phases in which Ti, K, and P are not incompatible, such
as Fe-Ti oxides or apatite, for example. Furthermore, con-
tamination of the parental magmas at different stages in their
evolution can also cause the apparent differences in the two
trends observed in figure 4.

TRACE-ELEMENT CONSTRAINTS ON
MAGMA SOURCES

Trace-element plots, based on average values for Veyo
units and Diamond Valley units (fig. 5), have been con-
structed in order to further investigate possible relation-
ships between the Veyo and Diamond Valley units. The
average data have been both internally normalized and nor-
malized to two other scales, average oceanic island basalt
(OIB) and average post-5 Ma transition zone basalt (Fitton
and others, 1991), in order to determine possible relation-
ships of these units with potential magma sources as well as
with one another.

The trace-element abundance ratios of Veyo to Dia-
mond Valley samples are summarized in figure 5A4. Veyo
samples are enriched relative to Diamond Valley samples by
factors of 4-5 in the highly incompatible elements Rb and
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Figure 3. Lead isotopic compositions of Veyo and Diamond Val-
ley—Santa Clara samples. Solid dot, Veyo; crossed square, Diamond
Valley—Santa Clara. Also shown (open circles) are data for other basal-

tic rocks from St. George basin (Unruh and others, in press).

Ba, and by factors of 2-3 in moderately incompatible ele-
ments K, Nb, Sr, P, and Zr; but they show no relative enrich-
ment in Ti and Y. The rather smooth pattern exhibited by the
data suggests that the Veyo lavas could have been derived
from a source similar to that which produced the Diamond
Valley lavas. However, this scenario would require the pres-
ence of residual or fractionating clinopyroxene and Fe-Ti
oxide phases (Pearce and Norry, 1979) in order to account
for the pronounced lack of enrichment of Ti and Y in Veyo
samples.

Diamond Valley-Santa Clara units exhibit a relatively
flat, OIB-type pattern with depleted Rb and a slight negative
Nb anomaly (fig. 5B). Fitton and others (1991) concluded
that the generally flat patterns, like that of the Diamond Val-
ley—Santa Clara units (fig. 5B), are indicative of an astheno-
spheric mantle source, although the small negative Nb
anomaly suggests the presence of a lithospheric component
in the source region of these samples.

The Veyo samples have more pronounced negative Nb
and TiO, anomalies, with enriched Ba and K,O when com-
pared to mean OIB (fig. 5B). Fitton and others (1991)
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Table 2. Pb, Sr, and Nd isotopic data for Diamond Valley-Santa Clara and Veyo samples.

[Uncertainties correspond to last significant figures and are 26y,. A7/4 and A8/4 are defined by Hart (1984; the NHRL lines in fig. 3) and represent the absolute differences (x100)
between the measured 207Pb/204Pb and 208Pb/204Pb and average OIB with the same 206pb/204pp]

Sample 206pp/204py  207pp/204pp  208pp/204p,  A7/4  A8/4 87gr/865y 143Nd/144Nd eNd
Diamond V.
92NDC2 18.274+ 11 15.5701+ 14 38.192 t 46 9.8 47.2 0.704543+22 0.512443+14 -3.8
Santa Clara
92ND6 17.981 £ 22 15.527+22 38.105%62 8.7 73.9 0.704407 £ 21 0.512445%10 -3.7
NSG 9238 18.020+ 11 15.542+14 38.146 % 46 9.8 73.3 0.704384+23 0.512439+15 -3.8
Veyo
92VT20 17.548+12 15.494+15 37.763*47 10.0 92.0 0.705244 +33 0.512231+15 -7.9
92VT21 17.567 £ 11 15.502+15 37.743145 10.7 87.7 0.705240+23 0.512230%+14 -7.9
92VvT122 17.662 £ 11  15.502+ 14 37.7381 46 9.6 75.7 0.705206 £ 32 0.512249+13 -7.5
92VT23 17.595+12 15495115 37.739 47 9.7 84.0 0.705145+21 0.512246+10 -7.6
92VT24 17.575+£12 15498+ 15 37.763147 10.2 88.8 0.705200% 25 0.512226+22 -8.0
NSG 42 17.515+13 15477+ 15 37.662 + 48 8.7 85.7 0.705211+25 0.512223+16  -8.1

recognized similar patterns in the post-5 Ma transition zone
samples they studied, and argued that crustal assimilation
sufficient to elevate Ba/Nb would leave the final product too
silicic to be basalt. They proposed an explanation involving
enrichment of the lithospheric mantle by subduction-derived
fluids, depleted in Nb (for example, pelagic sediment).
Although this interpretation could be true for Veyo samples,
crustal contamination cannot be ruled out as the cause of the
elevated Ba/Nb because Veyo rocks are basaltic tra-
chyandesite, rather than basalt.

Diamond Valley—Santa Clara samples are depleted in
incompatible elements, particularly in Rb and Ba, relative to
average transition zone basaltic rocks (fig. 5C). The Ba
depletion relative to high field strength elements (Nb, Zr, Y)
suggests that these rocks were derived from a source more
similar to those for OIB than for other transition zone
basalts. The Zr/Ba for Diamond Valley—Santa Clara units
ranges from 0.3 to 0.5 (table 1), and this range represents the
highest values yet found in the St. George area (L.D. Nealey
and J.R. Budahn, written commun., 1994). Ormerod and oth-
ers (1988; and see Kempton and others, 1991) proposed that
Zr/Ba ratios in excess of =0.4 are typical of lavas with an
asthenospheric source. This is consistent with K,O/TiO, and
Ba/Nb ratios, which are within the range of Hawaiian lavas
(Clague and Dalrymple, 1988; Chen and others, 1991).

The trace-element data for Diamond Valley samples are
generally consistent with commonly accepted models for
basaltic volcanism in the western United States. A common
feature of these models is that a lithospheric source for the
magmas gives way through time to an asthenospheric source
either as a result of thinning of the lithosphere during exten-
sion (for example, Perry and others, 1987; Daley and DePa-
olo, 1992), or depletion of the low-melting components in
the lithosphere by previous melt extraction (Fitton and oth-
ers, 1991). Diamond Valley samples represent one of the
youngest episodes of basaltic volcanism in the entire transi-
tion zone, and one might therefore expect these magmas to
have trace-element abundances similar to OIB.

Veyo samples, normalized to the mean transition zone
basalt (fig. 5C), show a uniform horizontal trend with a slight
negative Sr anomaly and slight depletion in Ti and Y relative
to other elements. If one assumes that these samples were
derived from a parental magma with trace-element charac-
teristics identical to average transition zone basalts, then the
Sr anomaly may reflect plagioclase fractionation and the
lowered Ti and Y abundances may reflect fractionation of
clinopyroxene and Fe-Ti oxides.

Ormerod and others (1988) suggested that lithospheric
mantle is characterized by Zr/Ba of about 0.2 or less. Veyo
samples have Zr/Ba <0.27 (table 1); thus the predominant
source of the trace-element characteristics of the Veyo lavas
appears to have been the lithosphere. The parental magma to
the Veyo samples was almost certainly generated within the
asthenosphere, but it may have interacted extensively with
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Figure 4. Pearce conserved element ratio diagram for mean Veyo
units and mean Diamond Valley-Santa Clara flow units. Shown for
reference are fields for OIB and E-MORB (Fitton and others,
1991), and for Tertiary intrusive rocks in southwestern Utah (Cole-
man and Walker, 1992).
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overlying lithospheric mantle to the extent that the magma
adopted the trace-element characteristics of the lithospheric
mantle. The presence of quartz xenocrysts in some Veyo
samples, coupled with the apparent contamination trend
observed in figure 4, suggests that crustal interaction also
contributed to the chemical characteristics of the Veyo lavas.
Conceivably, the lithospheric trace-element signature of the
Veyo samples is entirely due to crustal interaction with
asthenosphere-derived magmas.

ISOTOPIC DATA AND MAGMA SOURCES

Earlier reports on the Sr isotopic composition of upper
Cenozoic volcanic rocks of southwestern Utah include that
of Lowder (1973) and Leeman (1982), which demonstrated
that the mantle source regions were heterogencous. The first
Pb isotopic data for basaltic rocks in the St. George area were
reported by Everson (1979). Kempton and others (1991)
were the first to integrate Sr-Nd-Pb isotopic data in an
attempt to assess lithosphere contributions to mafic magma-
tism (<17 Ma) in the southwestern U.S. Their study of the
northern part of eastern transition zone (NETZ), which
includes southwestern Utah, indicates the following:
8781/86Sr ranges from 0.7034 to 0.7061; Nd/'*Nd from
0.5121 to 0.5130; and 20¢Pb/2*4Pb from 17.0 to 18.8. Our iso-
topic data (table 2) fall within these ranges.

Samples from both Diamond Valley and Veyo exhibit
relatively low €yqg values, high #7Sr/3¢Sr, and low 206Pb/204Pb
compared to basalts from the Great Basin that were appar-
ently derived from uncontaminated asthenosphere (g 2+4,
878r/86Sr < 0.7038, 206Pb/2%*Pb 2>18.9; Farmer and others,
1989). In addition, several samples from the St. George area
(fig. 6) show higher gy, and 2%6Pb/204Pb than Diamond Valley
samples. Values of 26Pb/24Pb < 18.0 are virtually unknown
in OIB (see Hart, 1984 for a summary), but extremely com-
mon in Markagunt Plateau and St. George samples (Nealey
and others, in press; Unruh and others, in press; also see Ever-
son, 1979; Kempton and others, 1991). These observations in
combination with trace-element data previously presented
suggest that isotopic characteristics of most samples in this
area, including both Veyo and Diamond Valley, were modi-
fied by lithospheric (crust or mantle) interaction (for exam-
ple, Fitton and others, 1991; Kempton and others, 1991).

The Pb, Nd, and Sr isotopic compositions of Veyo and
Diamond Valley samples, together with data for other sam-
ples from the St. George area (Unruh and others, in press),
are summarized as functions of silica content in figure 6.
The 206Pb/24Pb values show a good negatively correlated
trend with silica content (fig. 6A4). The most mafic samples
have 20¢Pb/204Pb of 18.3-18.7, whereas the most silicic sam-
ples (including Veyo samples) have 26Pb/24Pb=17.5-17.8.
Diamond Valley samples have intermediate 2°Pb/2%Pb
(18.0-18.3) and silica contents. The A7/4 and A8/4 values
(not shown) for St. George samples as a group also increase
with increasing silica content.
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Figure 5. Incompatible element ratio plots. A, Internal normal-
ization of Veyo data relative to those for Diamond Valley—Santa
Clara samples. B, Incompatible elements normalized to mean val-
ues of 897 OIB samples. C, Incompatible elements normalized to
mean values of 137 transition zone rocks <5 Ma. OIB and transition
zone normalization from Fitton and others, 1991.

Neodymium isotopic ratios (expressed as €ng; fig. 6B)
show a more scattered but similar trend to the Pb data. The
most mafic samples have €y= 0 to -2, whereas Veyo sam-
ples have the lowest gyg of =7.5 to —8. Diamond Valley sam-
ples again have intermediate values (€yy = —3.8). Samples
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from the Markagunt Plateau (Nealey and others, in press)
show trends similar to those of St. George samples in figures
6A and 6B, and extend the trends to values of 206Pb/204Pb
=17.0 and €yq = —11 at silica contents of 58-60 percent.

Strontium isotopic data (fig. 6C) show a rather poor
correlation with silica. However, Veyo samples show among
the highest 87Sr/86Sr=0.7052, and the more mafic samples
generally have 8Sr/8Sr <0.705. The 87Sr/%Sr of Diamond
Valley samples is atypically low (0.7044-0.7045) for their
silica content when compared to other samples from the area.
Markagunt Plateau samples show even less correlation
between #7Sr/%Sr and silica contents, but have generally
lower 87Sr/%6Sr (0.7038-0.7045) than St. George samples
(Nealey and others, in press).

Good correlations between isotopic compositions and
silica contents are generally taken as evidence for crustal
contamination. If this is indeed the case, then the isotopic
composition of the crustal contaminant can be approximated
from Veyo samples, which are among the most silicic in this
area and plot toward the presumed crustal end-member in
figure 6. The contaminant must have 8Sr/%Sr >0.7052,
206Ph/204Pb <17.55, eng< -8, A7/4 2 +10, and A8/4 = +90 (fig.
6 and table 1). The Pb isotopic characteristics of the apparent
contaminant (low 2%6Pb/204Pb and high A8/4) more likely rep-
resent lower crust rather than upper crust (for example, Zart-
man, 1984). The results are consistent with either derivation
of the parental magmas at the crust-mantle interface
(Johnson, 1991) or assimilation-fractional crystallization
processes within the lower crust.

Kempton and others (1991) have suggested that the
enriched component in transition zone basalts as a whole
more likely represents lithospheric mantle interaction than
crustal contamination. Although this interpretation certainly
appears valid in many instances, we prefer to interpret the
Veyo data in terms of crustal contamination because of pet-
rographic evidence for contamination previously presented,
the elevated silica content in Veyo samples, and the correla-
tions between isotopic data and silica content.

The isotopic compositions of the crustal end-member
presented in the preceding discussion are both similar to
and different from those determined for the isotopically
enriched end-member in basaltic rocks from the Markagunt
Plateau to the northeast (Nealey and others, in press). This
component in Markagunt Plateau basalts is also most
apparent in the most silicic samples and is also character-
ized by low 206Pb/204Ph (£17.0) and €y (< —11). However,
the enriched component in Markagunt Plateau basalts is
also characterized by low $Sr/8Sr (< 0.7040) and moder-
ately low A8/4 (< +50).
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Figure 6. Plots of A, 206Pb/2Pb; B, €ng; C, 87Sr/%6Sr as functions of sil-
ica content for samples from St. George area. Additional data for samples
from St. George area are from Unruh and others (in press). Symbols used
are the same as in figure 3: solid circle, Veyo; crossed square, Diamond
Valley-Santa Clara; open circle, other St. George area basaltic rocks
(Unruh and others, in press).
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The chemical and isotopic features of Diamond Valley
samples are somewhat enigmatic. Major- and trace-element
data for these samples (figs. 3 and 5 and preceding discus-
sion) suggest an OIB-type source for these basalts, with per-
haps a small lithospheric component (elevated Ba/Nb; fig.
5B). In contrast, the €yq values (fig. 6B). suggest that there is
a relatively large lithospheric component in these samples.
The location of the Pb data above the OIB reference line
(NHRL) in figure 3 also indicates a significant lithospheric
component in these samples.

The isotopic data for St. George basalts as a group form
a fairly well defined trend on an €y, vs. 7Sr/%6Sr diagram (fig.
7) that is consistent with mixing between depleted mantle
with #7Sr/%6Sr < 0.7037 and €4 2 0 and crust as most apparent
in the Veyo data (87St/86Sr > 0.7052, exy < —8; the scatter in
the trend, toward higher #’Sr/%Sr, could be attributed to small
amounts of upper crustal contamination with very high
878r/%6Sr). However, this interpretation for Diamond Valley
samples is not consistent with the trace-element data. These
samples have higher Zr/Ba and lower Rb and Ba abundances
than any other samples (potential parental magmas) or
potential contaminants thus far found within the St. George
area (L.D. Nealey and J.R. Budahn, written commun., 1994).
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Although contamination of asthenospheric magmas
with LIL-depleted mafic crust (see Kempton and others,
1991 for a discussion of potential contaminants) cannot be
entirely ruled out, we prefer the interpretation that the iso-
topic characteristics of Diamond Valley basalts were
derived from the lithospheric mantle (or a mixed lithos-
phere-asthenosphere source). The isotopic characteristics of
the Diamond Valley basalts are similar to those estimated
for the lithospheric mantle in southeastern Nevada during
Miocene time (¥7Sr/86Sr =0.704-0.705, exqg= —4 to =5, Scott
and others, 1995; Unruh, unpub. data, 1994). This lithos-
pheric source, or in any case the mixed source, was
depleted in the typical “subduction-related” component
(high Ba/Nb, for example; Fitton and others, 1991), per-
haps as a result of prior melt extraction.

TECTONIC SIGNIFICANCE

The relationship between magmatism and tectonism in
the southwestern United States is the subject of considerable
debate and long-standing interest. In continental rifts such as
the Rio Grande rift, there is a tendency for the youngest mafic
magmas to have the highest proportion of asthenospheric
mantle in their source regions as reflected in their gy values
(Perry and others, 1987; Leat and others, 1988; Daley and
DePaolo, 1992). The progressive increase in €yy values from
older to younger lavas observed in these studies has been
interpreted to result from progressive replacement of low-€xy
lithospheric mantle with upwelling asthenospheric material.

During the ecarly stages of extension, particularly in an
“off-axis” location (assuming a pure-shear model; see fig. 1
of Farmer and others, 1989) such as is apparently the case
in the St. George area, asthenospheric magmas are
emplaced within the lithospheric mantle and an inhomoge-
neous mixture results. The chemical and isotopic character-
istics of magmas derived from this mixed mantle are
determined by local conditions of mixing and melting
(Perry and others, 1987).

The isotopic data for samples from the St. George basin
are consistent with expected results from an area in the early
stages of extension-related volcanism. Although the Dia-
mond Valley—-Santa Clara basalts are the youngest in the
basin and have asthenospheric trace-element signatures, the
isotopic characteristics of these basalts exhibit a higher litho-
spheric-mantle component than many of the older basalts in
the area. The apparent decoupling of elemental and isotopic
data reflects complex mixing and melting processes that
occur in a heterogeneous mantle source region.
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Limited geochronologic data for samples analyzed for
Nd isotopic compositions suggest that the data may follow a
trend opposite to those seen in rift environments (fig. 8).
Younger basalts in southwesternmost Utah and northernmost
Arizona have lower €y, and therefore a more lithospheric
source, than older basalts, at least within the last 4 m.y.

Although the apparent trend in figure 8 must be verified
by much additional data, we are nonetheless tempted to spec-
ulate on its significance. The St. George basin apparently
was volcanically inactive from early Miocene time (21 Ma)
until about 3—4 Ma (Best and others, 1980). Mafic volcanic
rocks of intermediate age (=613 Ma; Best and others, 1980)
are found immediately northwest and southwest of the St.
George area, but only west of the Gunlock fault. Conse-
quently, the oldest magmas (3—4 Ma) in the area were prob-
ably emplaced into relatively cold lithosphere. Those that
reached the surface may have done so with minimal lithos-
pheric interaction and may have retained their asthenos-
pheric isotopic signature. As magmatism continued, the
lithosphere was progressively heated and more efficiently
interacted with the intruding magmas, and basalts with a
mixed chemical and isotopic signature, such as the Diamond
Valley-Santa Clara basalts, were produced. If this explana-
tion is valid, then one might conclude that the flux of
asthenospheric magma in the St. George area has been
increasing over the last =4 m.y., and that the frequency of
basaltic volcanism may also be increasing.

SUMMARY AND CONCLUSIONS

The =1,000 year old Diamond Valley—Santa Clara units
and <0.5 Ma Veyo Volcano units can be distinguished from
one another on the basis of mineralogy, major- and trace-ele-
ment chemistry, and isotopic data. Diamond Valley—Santa
Clara samples represent the youngest flows in the St. George
area and have the lowest LILE/HFSE abundances. However,
their isotopic signature suggests that these basalts were
derived, at least in part, from the lithospheric mantle.

Veyo volcanics have lower gyy (= -8), higher 87Sr/8Sr
(=0.7052), and lower 206Pb/204Pb (17.5~17.6) than Diamond
Valley—Santa Clara samples (€xq = —3.7, 87Sr/8Sr = 0.7044,
206Pb/24Pb=18.0-18.3). Veyo samples are also characterized
by high silica content, higher LIL-element abundances, and
higher LILE/HFSE abundance ratios. This evidence, as well
as the presence of quartz xenocrysts in these samples, indi-
cates that the chemical and isotopic characteristics of these
magmas were derived in part from the crust, either by direct
melting at the crust-mantle interface (Johnson, 1991), or by
an assimilation-fractional crystallization process, or both.

When compared to the most isotopically enriched
Markagunt Plateau volcanic rocks, the Veyo samples have
similar low €y4 and 206Pb/204Pb, but higher 87Sr/86Sr, A7/4 and
A8/4 values. We interpret these data as an indication that the
crustal end-members in the two areas were isotopically
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Figure 8. gynq4 versus age for basalts from southwestern Utah and north-
ernmost Arizona. Only those samples that are true basalts (<52 percent
Si0,) with little or no evidence of significant crustal contamination
(87S1/86Sr £ 0.7052) are shown. Nd isotopic data are from this work, Unruh
and others (in press), and Wenrich and others (in press). Ages are from
Best and others (1980) and Wenrich and others (in press).

distinct. The apparent low 26Pb/204Pb values and the lack of
strongly elevated 87Sr/8Sr in the most silicic samples suggest
that the contamination from the lower crust was more signif-
icant than that from “typical” upper crust.

Although based on an extremely limited data set, €y4-
age relationships for basalts < 4 Ma in this area suggest that
this area is in the initial stages of extension-related volcan-
ism and that magmatism, and presumably volcanism, in the
St. George area are both currently increasing.

REFERENCES CITED

Best, M.G., McKee, E.H., and Damon, P.E., 1980, Space-time-
composition patterns of late Cenozoic mafic volcanism, south-
western Utah and adjoining areas: American Journal of Sci-
ence, v. 280, p. 1035-1050.

Blank, H.R., and Kucks, R.P.. 1989, Generalized geologic map of
the USGS “BARCO” Project area, southwestern Utah, south-
eastern Nevada, and northwestern Arizona: U.S. Geological
Survey Open-File Report 89-432, plate 3.

Chen, C.-Y., Frey, F.A., Garcia, M.O., Dalrymple, G.B., and Hart,
S.R., 1991, The tholeiite to alkalic basalt transition at Haleaka-
la Volcano, Maui, Hawaii: Contributions to Mineralogy and
Petrology, v. 106, p. 183-200.

Clague, D.A., and Dalrymple, G.B., 1988, Age and petrology of
alkalic post shield and rejuvenated-stage lava from Kauai,
Hawaii: Contributions to Mineralogy and Petrology, v. 99, p.
202-218.



LITHOSPHERE AND ASTHENOSPHERE IN LATE CENOZOIC VOLCANISM, SW. UTAH 239

Coleman, D.S., and Walker, J.D., 1992, Evidence for the generation
of juvenile granitic crust during continental extension, Mineral
Mountains Batholith, Utah: Journal of Geophysical Research,
v. 97, p. 11011-11024.

Daley, E.E., and DePaolo, D.J., 1992, Isotopic evidence for lithos-
pheric thinning during extension—Southeastern Great Basin:
Geology, v. 20, p. 104-108.

Everson, J.E., 1979, Regional variations in the lead isotopic charac-
teristics of late Cenozoic basalts from the southwestern United
States: Pasadena, Calif., California Institute of Technology Ph.
D. dissertation, 454 p.

Farmer, G.L., Perry, F.V., Semken, S., Crowe, B., Curtis, D., and
DePaolo, D.J., 1989, Isotopic evidence on the structure and ori-
gin of subcontinental lithosphere mantle in southern Nevada:
Journal of Geophysical Research. v. 94, p. 7885-7898.

Fitton, J.G., James, D., and Leeman, W.P., 1991, Basic magmatism
associated with late Cenozoic extension in the western United
States—Compositional variations in space and time: Journal of
Geophysical Research. v. 96, no. B8, p. 13693-13711.

Hamblin, W .K., 1987, Late Cenozoic volcanism in the St. George
basin, Utah, in Geological Society of America Centennial Field
Guide, Rocky Mountain Section: p. 291-294.

Hart, S.R., 1984, A large-scale isotope anomaly in the southern
hemisphere mantle: Nature, v. 309, p. 753-757.

Johnson, C.M., 1991, Large-scale crust formation and lithosphere
modification beneath middle to late Cenozoic calderas and vol-
canic fields, western North America: Journal of Geophysical
Research, v. 96, p. 13485-13507.

Kempton, P.D., Fitton, J.G., Hawkesworth, C.J., and Ormerod,
D.S., 1991, Isotopic and trace element constraints on the com-
position and evolution of the lithosphere beneath the south-
western United States: Journal of Geophysical Research, v. 96,
p. 13713-13735.

Leat, P.T., Thompson, R.N., Morrison, M.A., Hendry, G.L., and
Dickin, A.P., 1988, Compositionally-diverse Miocene-Recent
rift-related magmatism in NW Colorado—Partial melting, and
mixing of 3 different mantle sources: Journal of Petrology,
Special Lithosphere Issue, p. 351-377.

Leeman, W.P., 1982, Tectonic and magmatic significance of stron-
tium isotopic variations in Cenozoic volcanic rocks from the
western United States: Geological Society of America Bulle-
tin, v. 93, p. 487-503.

Le Maitre. R.W., Bateman, P.. Dudek, A., Keller, J., Lameyre, J.,
Le Bas, M.]., Sabine, P.A., Schmid, R., Sorensen, H. Streck-
eisen, A., Woodley, A.R., and Zanettin, B., 1989, A classifi-
cation of igneous rocks and glossary of terms: Oxford,
Blackwell, 193 p.

Lowder, G.G., 1973, Late Cenozoic transitional alkali olivine-
tholeiitic basalt and andesite from the margin of the Great
Basin, southwest Utah: Geological Society of America Bulle-
tin, v. 84, p. 2993-3012.

Nealey, L.D., Unruh, D.M., and Maldonado, F., in press, Sr-Nd-Pb
isotopic maps of the Panguitch 1:100.000 quadrangle: U.S.
Geological Survey Open-File Report 93-691, scale 1:250,000.

Ormerod, D.S., Hawkesworth, C.J., Rogers, N.-W., Leeman, W.P.,
and Menzies, M.A., 1988, Tectonic and magmatic transitions
in the western Great Basin, USA: Nature, v. 333, p. 349-353.

Pearce, J.A. and Norry, M.J., 1979, Petrogenetic implications of Ti,
Zr, Y, and Nb variations in volcanic rocks: Contributions to
Mineralogy and Petrology, v. 69, p. 33-47.

Pearce, T.H., 1968, A contribution to the theory of variation dia-
grams: Contributions to Mineralogy and Petrology, v. 19, p.
142-157.

Pearthree, P.A., and Wallace, T.C., 1992, The St. George earth-
quake of September 2, 1992: Arizona Geology, v. 22, p. 7-8.

Perry. F.V., Baldridge, W.S., and DePaolo, D.J., 1987, Role of
asthenosphere and lithosphere in genesis of late Cenozoic
basaltic rocks from the Rio Grande rift and adjacent regions of
the southwestern United States: Journal of Geophysical
Research, v. 92, p. 9193-9213.

Scott, R.B., Unruh, D.M., Snee, L.W., Harding, A.E., Nealey. L.D.,
Blank, H.R., Budahn, J.R., and Mehnert, H.H., 1995, Relation
of peralkaline magmatism to heterogeneous extension during
middle Miocene, southeastern Nevada: Journal of Geophysical
Research, v. 100, p. 10381-10401.

Unruh, D.M., Nealey, L.D., Maldonado, Florian, and Nusbaum,
R.L.. in press, Sr-Nd-Pb isotopic maps of late Cenozoic volca-
nic rocks of the St. George 30'x60" quadrangle, southwestern
Utah: U.S. Geological Survey Open-File Report 94-11, scale
1:250,000, with accompanying text.

Wenrich, K.J., Billingsley, G.H., and Blackerby, B.A., in press,
Spatial migration and composition changes of Miocene-Qua-
ternary magmatism in the western Grand Canyon: Journal of
Geophysical Research.

Zartman, R.E., 1984, Lead, strontium, and neodymium isotopic
characterization of mineral deposits relative to their geologic
environments: Proceedings of the 27th International Geologic
Congress, v. 12, p. 83-106.






Potassium-Argon Ages of Tertiary Igneous Rocks
in the Eastern Bull Valley Mountains and
Pine Valley Mountains, Southwestern Utah

By Edwin H. McKee, H. Richard Blank, and Peter D. Rowley

GEOLOGIC STUDIES IN THE BASIN AND RANGE-COLORADO PLATEAU
TRANSITION IN SOUTHEASTERN NEVADA, SOUTHWESTERN UTAH,
AND NORTHWESTERN ARIZONA, 1995

U.S. GEOLOGICAL SURVEY BULLETIN 2153-L

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1997



CONTENTS

ADSITACT. ..ttt ettt et 243
INEFOAUCTION ...ttt en bbb aen s 243
ACKNOWICAZIMENES ...ttt e e 244
GEOLOZIC SELUNE ....euvviieiiiiiietiietieteteeecee ettt b ettt es ettt s ea st seseeenesanenen 244
Dated IZNE0US UNILS ...ccviiiiiiririiiiiirieeieiiee ettt sttt benesaenensenesennenesssaesenes 246
Wah Wah Springs FOIMAtion ............ccooueoveeiivieiesieieee ettt seeseneas 247
Bauers Tuff Member of the Condor Canyon Formation ............ccoccvvevieieicinrennnn, 247
Stoddard Mountain INtrUSION. ...........ccevirireiieieteneic et 248
Bull Valley INTUSION c..cc.coviiiviiieeicc ittt en 249
Rencher FOrmation .........cccooiiiiiiiiee et 249
Pine Valley LacCOLith .......ooovvvieriiieiciiieic ettt 249
Rhyolite 0f COW HOIOW......ccooioviiiiiiieeeeee e 249
Rhyolite of Little PINe CreeK.....cc.ocvivviieeieeicierieiereccniesiiae et sree et eieseseeens 249
Dacite of the HOZDACK .......oviiiiiiiiiii ettt 250
Rhyolite of Shinbone Creek .............vvceiviriniecenieireciicr et 250
CONCIUSIONS ...ttt ettt sa st ea s ee e sttt es e ene st b es s enes et bensanebennenens 250
References Cted.......c..oouiiiiiiiiieiceeeeee ettt ettt e 250

Generalized geologic map

FIGURES

of Bull Valley and Pine Valley Mountains, Utah, showing locality of samples

Whose dates are TEPOTtEd NETE............cociiiiiiiiiiiiicie ettt ettt st e
Composite stratigraphic column of volcanic and sedimentary rocks in eastern Bull Valley Mountains

and Pine Valley Mountains

TABLE

Analytical data for K-Ar ages, Bull Valley and Pine Valley Mountains, Utah ...........c.cccovueiiiiicninmicicnrncccen



Potassium-Argon Ages of Tertiary Igneous Rocks in the
Eastern Bull Valley Mountains and Pine Valley Mountains,
Southwestern Utah

By Edwin H. McKee, H. Richard Blank, and Peter D. Rowley

ABSTRACT

The eastern Bull Valley Mountains and Pine Valley
Mountains of the Basin and Range province in southwestern
Utah were the sites of extensive Tertiary volcanism and plu-
tonism. The older (Oligocene and Miocene) exposed igneous
rocks consist mostly of regional ash-flow sheets derived
from sources outside the area. Most of the younger (Miocene
and Pliocene) igneous rocks consist of locally derived ash-
flow tuffs and lava flows that erupted from a major batholith
complex, which underlies the eastern Bull Valley Mountains
and Pine Valley Mountains and large areas to the north. At
least a dozen discrete intrusions (cupolas) rose from the roof
of the batholith, localized along a northeast-striking Sevier-
age thrust fault zone. This northeast-trending line of intru-
sions is called the Iron Axis, so named because iron-ore
deposits occur along the margins of those intrusions in the
Iron Springs mining district north of the study area and in the
Bull Valley mining district in the eastern Bull Valley Moun-
tains. Fourteen K-Ar dates published herein constrain the
ages of some of the igneous rocks, especially the younger,
locally derived units. Isotopic ages were determined for
three intrusions along the Iron Axis: 21.5 Ma for the Stod-
dard Mountain intrusion, 22.8 Ma for the Bull Valley intru-
sion, and 20.9 Ma for the Pine Valley laccolith. Two cooling
units from the Rencher Formation, an ash-flow sheet derived
from the Bull Valley intrusion, provided isotopic ages of
21.8 Ma (lower) and 21.5 Ma (upper). After consolidation of
the batholith, local rhyolite and dacite volcanic domes
erupted in the northern Bull Valley Mountains. I[sotopic ages
of these domes are 15.3-14.3 Ma for the rhyolite of Cow
Hollow, 12.0 Ma for the rhyolite of Little Pine Creek, 12.0
Ma for the dacite of the Hogback, and 4.9 Ma for the rhyolite
of Shinbone Creek.

INTRODUCTION

The Bull Valley and Pine Valley Mountains are in the
Basin and Range province, just west of the Colorado Pla-
teaus province in southwestern Utah (fig. 1). Most of the
rocks in the Bull Valley and Pine Valley Mountains consist
of volcanic rocks that range in age from Oligocene to
Pliocene. The older part of the volcanic sequence consists
mostly of regional ash-flow sheets, derived from outside the
area, whose stratigraphy and age are well known. Most of the
younger part of the sequence, however, consists of locally
derived ash-flow tuffs, lava flows, flow breccia, and volca-
nic mudflow breccia that were erupted and emplaced above
a major batholith complex, but the stratigraphy and ages of
these rocks are relatively poorly known. Also poorly known
are still younger but volumetrically minor local volcanic
units. The regional geologic framework of the eastern Bull
Valley Mountains was established by Blank (1959), whereas
that of the Pine Valley Mountains was established by Cook
(1957). K-Ar dating of some stratigraphically significant
units in the two ranges and adjacent areas were made in the
1970’s by E.H. McKee, but the analytical data were never
published, although Hausel and Nash (1977, fig. 2) men-
tioned most of the dates, and Rowley and others (1989) men-
tioned two of them. Recently the eastern Bull Valley
Mountains and Pine Valley Mountains have become the
focus of new detailed mapping, by Blank (1993) in the Bull
Valley Mountains and by D.B. Hacker of Kent State Univer-
sity in the Pine Valley Mountains, and the overall area was
discussed and visited during a recent field trip (Blank and
others, 1992). In conjunction with this new mapping, we
herein publish the dates and their analytical data (table 1) of
mapped igneous rocks.

The K-Ar age determinations follow the method
described by Evernden and Curtis (1965). Analyses were
done at the U.S. Geological Survey isotope geology labora-
tory in Menlo Park, Calif. Potassium (K) analyses were
made by flame photometer using a lithium internal standard.
Argon (Ar) analyses were done by standard isotope dilution
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techniques on a Nier-type 6-inch 60°-sector mass spectrom-
eter operated in the static mode. The analytical precision at
the 68 percent confidence level (one sigma) of the calculated
ages, owing to uncertainties in the argon and potassium anal-
yses, in the isotopic composition and concentration of the
Ar38 tracer, and in the flame photometer standards, is from 3
to 5 percent. The new dates reported here, and where neces-
sary other dates cited, were recalculated using the IUGS
(International Union of Geological Sciences) decay con-
stants (Steiger and Jager, 1977). Classifications of volcanic
and intrusive rocks are those of IUGS (Le Bas and others,
1986, and Streckeisen, 1976, respectively).
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GEOLOGIC SETTING

The volcanic rocks in the eastern Bull Valley Moun-
tains and the Pine Valley Mountains rest on, or are inter-
bedded near the top of, fluvial and lacustrine rocks of the
Paleocene and Eocene Claron Formation and the upper
Eocene and Oligocene Brian Head Formation (Rowley and
others, 1994; Sable and Maldonado, this volume, chapter
A). The Claron, in turn, rests unconformably on the Upper
Cretaceous Iron Springs Formation, and that unit uncon-
formably overlies the Middle Jurassic Carmel Formation
and Temple Cap Sandstone. The sequence extending from
the Temple Cap upward through the volcanic rocks is simi-
lar to the stratigraphy in the Iron Springs mining district to
the north (fig. 1), initially described by Mackin (1947,
1954). Sevier-age thrust faults cut rocks older than the
Claron Formation in the Iron Springs district and the south-
ern flank of the eastern Bull Valley Mountains. In the Bea-
ver Dam Mountains and other areas to the south, these
thrusts cut a thick pre-Temple Cap sequence as well
(Hintze, 1986, among others).

The oldest volcanic rocks in the eastern Bull Valley
Mountains and Pine Valley Mountains consist largely of
regional calc-alkaline andesite to rhyolite ash-flow tuffs that
were deposited over large parts of southwestern Utah and
southeastern Nevada, ranging from the Oligocene Wah Wah
Springs Formation (>29.5 Ma) at the base, to the Miocene
Condor Canyon Formation (about 23 Ma) in the upper part
(fig. 2). Locally the tuffs are intertongued with andesitic and

dacitic lava flows erupted from the Bull Valley Mountains
centers. The regional stratigraphy of the tuffs was summa-
rized by Blank (1959, 1993), Mackin (1960), Cook (1965),
Anderson and Rowley (1975), Rowley and others (1979,
1994, 1995), Siders and Shubat (1986), Best, Christiansen,
and others (1989), Best and others (1993), Blank and others
(1992), and Scott and others (1995). Most of the older tuffs
were derived from outside the study area, notably the Indian
Peak caldera complex (Best, Christiansen, and Blank, 1989)
north of the Bull Valley Mountains and the Caliente caldera
complex (Williams, 1967; Noble and McKee, 1972; Ekren
and others, 1977; Rowley and others, 1992) in and west of
the Bull Valley Mountains (fig. 1). Isotopic dates of the tuffs
have been reported by many workers, notably Armstrong
(1970), Noble and McKee (1972), Fleck and others (1975),
Best and Grant (1987), Best, Christiansen, and others (1989),
and Rowley and others (1994).

At about 23-22 Ma, voluminous calc-alkaline volcan-
ism began in the eastern Bull Valley Mountains and Pine
Valley Mountains above an inferred major batholith com-
plex that not only underlay much of these areas but also
extended north under the Iron Springs mining district
(Mackin, 1947, Blank and Mackin, 1967; Blank and Kucks,
1989) and parts of the Escalante Desert (Grant and Proctor,
1988; Williams, in press), and from there northeast beneath
the northern Markagunt Plateau and areas east of that, all in
the Colorado Plateau transition zone (Blank and others, in
press; Rowley and others, in press). Parts of the roof of the
batholith complex were intruded along a northeast-striking
Sevier-age thrust fault zone that extends from the eastern
Bull Valley Mountains, through the Iron Springs district, to
the Red Hills 15 km northeast of The Three Peaks intrusion;
it apparently reaches to the Markagunt Plateau of the Colo-
rado Plateau 35 km east-northeast of The Three Peaks intru-
sion (fig. 1). More than a dozen intrusions are thus aligned
northeast, and those extending from the Bull Valley Moun-
tains through the Iron Springs district were referred to as the
Iron Axis by Tobey (1976) and Blank and others (1992)
because extensive iron-ore deposits were derived from, and
occur along the margins of, many of these plutons (fig. 1).
Rowley and others (1994) extended the Iron Axis farther
northeast so that it includes plutons of the same trend that
contain no commercial iron deposits.

The volcanic rocks in the eastern Bull Valley Moun-
tains and the Pine Valley Mountains that are known or
inferred to have been derived from the common batholithic
source make up a thick younger sequence (fig. 2), the old-
est of which are the andesite of Little Creek, the product of
a local volcano, and the Harmony Hills Tuff (Mackin,
1960), a regional ash-flow sheet that spread over much of
southwestern Utah and southeastern Nevada. In the eastern
Bull Valley Mountains, Blank (1959) mapped a thick
sequence of locally derived lava flows and ash-flow tuffs
that blanket much of the area. In the Pine Valley Moun-
tains, Cook (1957) demonstrated that voluminous lava
flows, which he termed the Pine Valley Latite, were
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Table 1. Analytical data for K-Ar ages, Bull Valley and Pine Valley Mountains, Utah.
Rock unit, sample No. K,0 *40Ar(10-10 *40Ar Age in
mineral analyzed! (percent) moles/gram) (percent) m.y.tlc

Rhyolite of Shinbone Creek

7BB10; S 10.12,10.17 0.68 63.4 4.7+0.2

6BB1I1A; S 10.54, 10.59 0.75 81.8 5.0£0.2
Dacite of the Hogback

7BB1; H 0.86, 0.87 0.15 334 12.0+£0.5
Rhyolite of Little Pine Creek

6BB13A; S 6.28, 6.33 0.11 63.0 12.0+0.4
Rhyolite of Cow Hollow

7BB2; S 9.16,9.15 0.19 89.4 14.3+£0.4

7BB2; S 9.16,9.15 2.02 77.2 15.3+0.4
Pine Valley laccolith

7BB6; B 7.64,7.74 232 69.1 20.9+0.6
Rencher Formation,

upper member

6BB5:; B 8.28, 8.23 2.57 80.1 21.5+0.6
Rencher Formation,

middle member

6BB2; B 8.70, 8.74 2.75 64.1 21.8+0.7
Rencher Formation,

lower member

6BB6; B 8.48 2.90 70.8 23.6+0.7
Bull Valley intrusion

7BB15; B 6.21,6.20 2.05 65.4 22.8+0.7
Stoddard Mountain intrusion

7BB5; Band H 3.81,3.95 1.21 52.6 21.5+0.9
Condor Canyon Formation,

Bauers Tuff Member

6BB17; B 7.08,7.14 2.33 73.2 22.6+0.6
Wah Wah Springs Formation

7BB13; B 6.49, 6.41 2.76 80.6 29.5+0.9

IConstants: 4°KAg=0.581x10-10yr1, XB=4.962x10'10yr1, 40K/K=1.67x104; mineral

analyzed: B, biotite; H, hornblende; S, sanidine.
2Determined by flame photometer.

derived from breaching the roof of the huge Pine Valley
laccolith. Major extensional faulting in the region began at
the same time (about 23-22 Ma) as large-scale magmatism
took place (Mackin, 1960; Siders and Shubat, 1986; Siders
and others, 1990), but the present topography was not
established until the inception of the regional basin-range
episode of extensional faulting, at about 10 Ma (Rowley
and others, 1979; Siders and others, 1990). Just before and
after the inception, and after solidification of the batholith
complex, local rhyolite and dacite domes formed in the
northern Bull Valley Mountains (Rowley and others, 1979).
These domes are part of the bimodal (dominantly basaltic

and rhyolitic) volcanism that characterized the basin-range
faulting regime, which continued into the Holocene.

DATED IGNEOUS UNITS

The rock units that we have dated are discussed
briefly herein, from oldest to youngest. We use informal
stratigraphic names for local rhyolite and dacite dome
complexes, until current mapping by H.R. Blank is com-
pleted. The new dates, analytical data, and descriptions of
sample sites are given in table 1. Sample sites are shown in
figure 1, and stratigraphic relationships of volcanic and
sedimentary rocks are given in figure 2.
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Table 1. Analytical data for K-Ar ages, Bull Valley and Pine Valley Mountains, Utah.—Continued

SAMPLE DESCRIPTIONS

7BB10.  Flow-layered rhyolite from along Shinbone Creek, 0.2 km south of Bullrush Spring and about
6.5 km south of Enterprise. W2 sec. 1. T. 38 S.. R. 17 W.; lat 37° 30’ 37" N.. long 113° 42" 49
W.

6BB11A. Rhyolite tuff-lava from ridge 0.3 km east of Bullrush Creek at outlet of Ox Valley, SEV4SW 4
sec. 11, T.38 S.,R. 17 W.: 1at 37° 29’ 33" N, long 113° 43’ 31" W.

7BBI1. Flow-layered dacite lava flow from 0.4 km west of Veyo-Shoal Creek road and about 1 km
north of spillway of Lower Enterprise Reservoir, SEV4 sec. 27, T. 37 S.. R. 18 W.: lat 37° 32’
06" N., long 113° 51' 00" W.

6BB13A. Rhyolite lava flow from just east of Veyo-Shoal Creek road in upper Little Pine Creek. 0.4 km
north of spillway of Lower Enterprise Reservoir, NEV4 sec. 34, T. 37 S..R. 18 W.. lat 37° 31
46" N., long 113° 50" 54" W.

7BB2. Rhyolite lava flow from pack trail in Cow Hollow. about 1.2 km south of paved road leading
west from Enterprise along Shoal Creek, SWY%NEV: sec. 20. T. 37 S.. R. 17 W.. lat 37° 33" 19"
N., long 113° 46’ 44" W.

7BB6. Quartz monzonite porphyry from Pine Valley campground area, about 5 km east-southeast of
town of Pine Valley: lat 37° 22" 13” N., long 113° 27" 21" W.

6BBS. Poorly welded tuff from matrix of block-flow breccia exposed on ridgecrest along pack trail
about 0.5 km west of summit of Cove Mountain and about 5.5 km southwest of Bull Mountain.
S2SWiisec. 12. T. 39 S.. R. 18 W.; 1at 37° 24’ 21" N., 113° 49" 10" W.

6BB2. Poorly welded ash-flow tuff from upper of two cooling units exposed just east of Veyo-Shoal
Creek road. 0.5 km south of Cove Wash and about 3.2 km south of Bull Mountain, NEY4 sec.
16, T. 39S, R. 17 W.; lat 37° 23’ 57" N., long 113° 45 17" W.

6BB6. Poorly welded ash-flow tuff from lower of two cooling units exposed just east of Veyo-Shoal
Creck road. 0.6 km south of Cove Wash and about 3.4 km south of Bull Mountain, NEV4 sec.
16, T.39S.,R. 17 W.. lat 37° 23’ 52" N.. long 113° 45 20" W.

7BB15.  Quartz monzonite porphyry from north side of Moody Wash, 0.7 km upstream from confluence
with Pilot Creek (Racer Canyon), EVANEY4 sec. 32, T. 38 S., R. 17 W.: lat 37° 26" 32" N., long
113°46' 19" W.

7BBS. Quartz monzonite porphyry from roadcut about 100 m northeast of Page Ranch. SEV: NEY
sec. 21, T.37 S.,R. 14 W.  lat 37° 34’ 05" N., long 113° 25" 17" W.

6BB17. Densely welded ash-flow tuff from north side of Bull Mountain, 0.2 km south of Moody Wash
and 0.2 km downstream from confluence of Moody Wash and Pilot Creek (Racer Canyon).
SEVaNWVi sec. 33. T. 38 S.. R. 17 W.. 1at 37° 26' 27" N.. long 113° 45" 43" W.

7BB13.  Poorly welded ash-flow tuff from just west of a jeep trail about 1.5 km west of Bull Mountain
and 1 km south of Moody Wash, SW% SW¥: sec. 32. T. 38 S.. R. 17 W.. lat 37° 26’ 06" N..
long 113° 47 10" W.

WAH WAH SPRINGS FORMATION 29.5 Ma (Best, Christiansen, and Blank, 1989), but unpub-

lished “0Ar/39Ar dates indicate that the current best estimate

The Oligocene Wah Wah Springs Formation of the of the age is closer to 30 Ma (M.G. Best, written commun.,

Needles Range Group (Mackin, 1960; Best and Grant, 1987) 1993). The new date (sample 7BB13) on biotite from the

is one of the largest and most widespread ash-flow sheets in eastern Bull Valley Mountains is 29.5£0.9 Ma (table 1),

the world. It is a moderately welded, crystal-rich, daciticash- ~ Within analytical error of the probable age of the unit calcu-
flow tuff derived from the huge Indian Peak caldera complex ~ lated by Best and his colleagues.

straddling the Nevada-Utah State line north of Modena (fig.

1) (Best, Christiansen, and Blank, 1989). The tuff generally BAUERS TUFF MEMBER OF THE

rests on, but locally is interbedded in, the upper part of rocks CONDOR CANYON FORMATION
mapped as the Claron Formation; these mapped rocks, how-

ever, may correlate with the Brian Head Formation, as The Bauers Tuff Member of the Miocene Condor

defined by Sable and Maldonado (this volume, chapter A). Canyon Formation of the Quichapa Group (Mackin, 1960;
The average K-Ar age of the Wah Wah Springs Formation is Cook, 1965; Williams, 1967; Anderson and Rowley, 1975)
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is a widespread ash-flow sheet in southwestern Utah and
southeastern Nevada. It is a densely welded, crystal-poor,
rthyolite ash-flow tuff derived from the Clover Creek
caldera of Nevada, in the northern part of the central Cali-
ente caldera complex (Rowley and Siders, 1988; Rowley
and others, 1992; Rowley and others, 1995). Best, Chris-
tiansen, and others (1989, table B3, no analytical data pub-
lished) determined two 4CAr/39Ar dates on the unit that
average 22.8 Ma. The new date (sample 6BB17) on biotite
from the eastern Bull Valley Mountains is 22.6+0.6 Ma,
very close to the argon dates.

STODDARD MOUNTAIN INTRUSION

The Stoddard Mountain intrusion, which underlies the
Stoddard Mountain area just north of the Pine Valley Moun-
tains, is one of the intrusions of quartz monzonite porphyry
of the Iron Axis. It is similar in its lithology and most field
relations to intrusions in the Iron Springs mining district
(Mackin, 1947, 1954, 1960, 1968; Blank and Mackin, 1967;
Mackin and Rowley, 1976; Mackin and others, 1976; Row-
ley and Barker, 1978; Barker, 1982, 1991; Van Kooten,
1988). It differs from all the others, except the Pine Valley
laccolith (see p. 249), however, in that it intruded to a higher
structural level (the Upper Cretaceous Iron Springs Forma-
tion), its roof is largely discordant, and it is barren of iron
deposits (Cook, 1957, 1960; Mackin, 1960; Blank and
Mackin, 1967; Barker, 1982, 1991). The new date (sample
7BB5) on the intrusion, the first to be published on it, is
21.5£0.9 Ma on impure biotite, similar to the dates on intru-
sions in the Iron Springs district.

Previously published isotopic dates, some clearly dis-
cordant, on intrusions of the Iron Axis range from 24.6 to
20.2 Ma (Jaffe and others, 1959; Armstrong, 1966, 1970;
Fleck and others, 1975). All intrusions must postdate the
Harmony Hills Tuff of the Quichapa Group because the tuff
was deformed by the intrusions (Mackin, 1960; Anderson
and Rowley, 1975). Although several lines of evidence sug-
gest that the Harmony Hills Tuff was erupted from the Bull
Valley intrusion (Blank, 1959), its exact source has not been
discovered. Six K-Ar dates (Armstrong, 1970; Noble and
McKee, 1972) on the tuff average 21.6 Ma but have a wide
range of values (24.4-20.3 Ma), so the true age of the Har-
mony Hills is not well constrained. Except for the Iron Peak
intrusion (20.2 Ma; Fleck and others, 1975) in the Marka-
gunt Plateau and the Pine Valley laccolith (see p. 249),
which appear to be distinctly younger, the age of most intru-
sions of the Iron Axis is probably about 22-21.5 Ma
(Rowley and others, 1989), coeval with the emplacement of
the Stoddard Mountain intrusion.

AGE ROCK UNIT
QUATERNARY Basin-fill
2 Ma sedimentary rocks 112
PLIOCENE 5 Rhyolite of Dacite of
5 Ma Shinbone Creek| Eightmile Spring

Volcaniclastic rocks of
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Figure 2. Composite stratigraphic column of volcanic and sedi-
mentary rocks in eastern Bull Valley Mountains and Pine Valley
Mountains, Utah, modified from Blank (1959, 1993) and Blank
and others (1992). Numbers refer to isotopic ages of volcanic
rocks, rounded to nearest half million years. Major hiatus in depo-
sition shown by vertical lines, but local unconformities not shown.
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BULL VALLEY INTRUSION

The Bull Valley intrusion, in the eastern Bull Valley
Mountains, is another mass of quartz monzonite porphyry of
the Iron Axis. It has been mapped and described by Blank
(1959), Tobey (1976), and Blank and others (1992), who
found that it was emplaced rapidly and created a topographic
high that shed gravity slides to the north, south, and east. Its
roof is mostly concordant against the Middle Jurassic Tem-
ple Cap Sandstone and overlying Carmel Formation, as with
most other intrusions in the Iron Springs mining district. It
vented a sequence of ash-flow tuff (the Rencher Formation,
described next) and lava flows (Blank, 1959; Blank and oth-
ers, 1992). It is the source of vein iron and relatively minor
replacement iron-ore deposits of the Bull Valley mining dis-
trict. The new date (sample 7BB15) on the Bull Valley intru-
sion, the first to be published on the body, is 22.8+£0.7 Ma on
biotite. This date is numerically older than, but within ana-
lytical error of, dates on the Harmony Hills Tuff, Rencher
Formation (see next), and most other intrusions in the Iron
Axis. Moreover, field relations indicate that the Stoddard
Mountain intrusion is older than the Bull Valley intrusion
(D.B. Hacker, oral commun., 1993).

RENCHER FORMATION

The Rencher Formation (Cook, 1957) is a composite
ash-flow sheet of moderate regional extent and volume
exposed in the eastern Bull Valley Mountains, northern Pine
Valley Mountains, and southern Iron Springs district. It con-
sists mainly of poorly to moderately welded, crystal-rich,
andesitic to dacitic ash-flow tuff derived from the Bull Val-
ley intrusion (Blank, 1959). In the Bull Valley Mountains,
two cooling units and an overlying tuff-breccia flow have
been recognized. Biotite from each unit is dated here. The
dates are 23.6+0.7 Ma on the lowest unit (sample 6BB6),
21.8%0.7 Ma on the middle unit (sample 6BB2), and
21.5%0.6 Ma on the top unit (sample 6BBS5). The date on the
lower unit is discordant with the others and is numerically
older than the probable age of the underlying Harmony Hills
Tuff, so it is rejected; perhaps the sample was contaminated
with lithic material derived from older rocks over which the
tuff spread. The other two isotopic dates, which were first
mentioned by Rowley and others (1989) but without their
analytical data, are believed to more accurately represent the
time of eruption of the Rencher and numerically may better
represent the age of the Bull Valley intrusion, from which
they were derived.

PINE VALLEY LACCOLITH

The Pine Valley laccolith, one of the largest bodies of
this form in the world, consists of quartz monzonite por-
phyry of the Iron Axis suite. It was intruded to a still higher

structural level than other laccoliths of the suite, within the
Paleocene to Eocene Claron Formation, and it breached its
thin roof on its north side and erupted thick dacitic lava
flows, the Pine Valley Latite (Cook, 1957). An abrupt topo-
graphic high was formed by emplacement of the laccolith,
and gravity slides were shed to the west off this high
(Blank and others, 1992; D.B. Hacker, unpub. data, 1993).
The floor of the laccolith is well exposed, with monzonite
resting directly on the lower part of the Claron, and the lac-
colith, now almost completely deroofed by erosion, is about
1,000 m thick. Because it was intruded to such a shallow
level, it is difficult to distinguish intrusive from extrusive
rock in the field, and thus Mattison (1972) interpreted the
whole laccolith as volcanic rock, and Grant (1991) inter-
preted the upper half of the laccolith as volcanic. Mapping
by D.B. Hacker (oral commun., 1993), however, favors the
interpretation of Cook that most of it is intrusive rock
except for more finely flow-foliated Pine Valley Latite on
its northern top. The new date (sample 7BB6), the first to
be determined on the intrusion, is 20.9+0.6 Ma, on biotite
from a sample collected in the lower part of the laccolith; it
and the date on the Iron Peak laccolith indicate distinctly
younger ages for some intrusions of the Iron Axis.

RHYOLITE OF COW HOLLOW

The rhyolite of Cow Hollow is one of four small local
tholoidal eruptive sequences in the northeastern Bull Valley
Mountains that were dated in this study. The unit consists of
crystal-poor, high-silica rhyolite lava flows and feeders con-
fined to the Flat Top Mountain area, west-southwest of
Enterprise. The dated sample was collected from Cow Hol-
low. on the east side of the mountain. Blank (1959) noted
that the unit is petrographically similar to, and is overlain by,
the Ox Valley Tuff, a regional ash-flow sheet whose age is
about 14-13 Ma (Rowley and others, 1995). The unit was
informally called the Cow Creek rhyolite of the Flattop
Mountain suite by Blank (1959); the name Flattop Mountain
Suite was formalized by Cook (1960). We prefer, however,
to use the informal name rhyolite of Cow Hollow (applying
the new topographic name proposed when the quadrangle
map of the area was published in 1972). Two new dates,
determined on splits of sanidine from the same sample (sam-
ple 7BB2), are 15.3+0.4 Ma, and 14.3+£0.4 Ma. We cannot
choose which of these slightly discordant dates best approx-
imates the age of the rhyolite of Cow Hollow, and we sug-
gest that the best estimated age is their average, 14.8 Ma.

RHYOLITE OF LITTLE PINE CREEK

The rhyolite of Little Pine Creek consists of crystal-
poor rhyolite that occurs as small domoform intrusive
masses exposed at low elevations along upper Little Pine



250 GEOLOGIC STUDIES, BARCO STUDY UNIT, 1995

Creek and at Upper and Lower Enterprise Reservoirs. The
occurrence of macroscopically similar lava flows and flow
breccia several kilometers west of Little Pine Creek suggests
that the volcanic domes may be exogenous, as with the rhy-
olite of Cow Hollow. Both the lithology and geologic envi-
ronment of the two map units are similar. The unit was
informally called the Little Pine Creek rhyolite of the Flattop
Mountain suite by Blank (1959), but we prefer to use the
informal name rhyolite of Little Pine Creek. The new date
(sample 6BB13A) on sanidine is 12.0+£0.4 Ma.

DACITE OF THE HOGBACK

The dacite of the Hogback is a local eruptive sequence
of dacitic to rhyodacitic lava flows and feeders of moder-
ately low phenocryst content exposed west and east of the
rhyolite of Cow Hollow, in the area north of Lower Enter-
prise Reservoir occupied by high, broad-topped ridges called
the Hogback. Feeders of the dacite apparently intruded the
rhyolite of Little Pine Creek. The unit was informally called
the Hogs Back formation of the Flattop Mountain suite by
Blank (1959), but we prefer to use the informal name dacite
of the Hogback (applying the name published on the Hebron
7.5-minute topographic quadrangle). The new date (sample
7BB1) on hornblende is 12.0+0.5 Ma, the same age as the
rhyolite of Little Pine Creek.

RHYOLITE OF SHINBONE CREEK

The rhyolite of Shinbone Creek is a rhyolite to rhyodac-
ite rock of a local eruptive sequence of crystal-poor rhyolitic
lava flows, tuff-lava, and inferred intrusive rock exposed
along Shinbone Creek and on the northeastern flanks of adja-
cent Ox Valley, east of the rhyolite of Cow Hollow and south
of Enterprise. The unit, interpreted to be an exogenous dome
containing highly vesiculated margins, was informally
called Shinbone rhyolite of the Flattop Mountain suite by
Blank (1959), but we prefer to use the informal name rhyo-
lite of Shinbone Creek. Two new concordant dates on sani-
dine from different rocks were determined, one on tuff-lava
(sample 6BB11A) on the northeastern side of Ox Valley of
5.0+0.2 Ma, and the other on dense rock (sample 7BB10)
interpreted to be the main vent, to the north along Shinbone
Creek, of 4.7£0.2 Ma. Their average, 4.9 Ma, is our best esti-
mate of the age of the rhyolite mass.

CONCLUSIONS

A large batholith complex underlies the Bull Valley
and Pine Valley Mountains of southwestern Utah, and it
also extends north to underlie the Iron Springs mining dis-
trict and eastern Escalante Desert. From there the complex

may extend northeast to underlie the northern Markagunt
Plateau of the Colorado Plateau transition zone and proba-
bly other areas farther east (Rowley and others, 1994;
Blank and others, in press; Rowley and others, in press).
Many cupolas on the roof of the batholith complex are
exposed along the Iron Axis, which extends northeast from
the central Bull Valley Mountains to the western edge of
the Markagunt Plateau and which was controlled by a
Sevier-age thrust fault that strikes northeast.

The batholith complex was the source of volcanic rocks
that erupted from numerous vents, some of them along the
Iron Axis. K-Ar dates published here constrain the age of the
intrusions and their ash-flow products. Field relationships
show that the oldest dated intrusion from the Iron Axis is the
Stoddard Mountain intrusion, which has an age of 21.5 Ma.
Although field relations prove that the Bull Valley intrusion
of the Iron Axis is younger than the Stoddard Mountain
intrusion, the Bull Valley intrusion has a K-Ar date of 22.8
Ma. This intrusion erupted the Rencher Formation, an ash-
flow tuff that is dated at 21.8 and 21.5 Ma. The Pine Valley
laccolith, southeast of the Iron Axis and part of the overall
batholith complex, is younger (20.9 Ma) than the Stoddard
Mountain and Bull Valley intrusions.

After solidification of the batholith complex, local rhy-
olite and dacite volcanic domes erupted from small centers
in the northern Bull Valley Mountains. These include the
rhyolite of Cow Hollow (14.8 Ma), the rhyolite of Little Pine
Creek (12.0 Ma), the dacite of the Hogback (12.0 Ma), and
the rhyolite of Shinbone Creek (4.9 Ma).
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Local Contraction Along the Pahranagat Shear System,
Southeastern Nevada

By Barbara Byron!

ABSTRACT

New geologic mapping near a conspicuous overhanging
fault scarp on a splay of the left-lateral Maynard Lake fault
zone, one of three major fault zones composing the Pahrana-
gat shear system of southeastern Nevada, has identified con-
traction coeval with regional Cenozoic extension. Left-
lateral strike-slip movement along the northeast-striking
Maynard Lake fault zone generally accommodates differen-
tial extension. The study area along an east-striking splay
fault zone that branches from a major strand of the Maynard
Lake fault zone, however, contains structures that accommo-
date contraction. These structures are found in Miocene ash-
flow tuffs and in upper Tertiary to lower Quaternary basin-
fill deposits. A gently plunging upright close syncline is
present in the eastern map area and a gently plunging upright
close anticline and syncline are present in the western map
area. The southern limb of the western syncline is overturned
and cut by three east-striking high-angle faults—a northern,
middle, and southern fault. Shear-sense indicators on the
northern fault recorded reverse movement, while those on the
middle fault recorded left-lateral strike-slip movement. The
southern fault experienced oblique movement with both left-
lateral and high-angle reverse components of slip. Computer
analyses of fault-slip data indicate a normal faulting stress
regime with an east-west extension direction.

INTRODUCTION

Contractional deformation is not expected in the classic
extensional terrain of the Basin and Range. This study, how-
ever, describes contractional structures found during new
geologic mapping near a conspicuous overhanging fault
scarp (fig. 1) within the Pahranagat shear system, in the
Basin and Range province of southeastern Nevada, and pro-
poses an explanation for their occurrence. The fault scarp is
one of three closely spaced high-angle faults constituting an

12456 West 3rd Avenue, Durango, CO 81301.

east-striking splay fault zone that branches from the main
strand of the northeast-striking Maynard Lake fault zone.
The study area lies along the Maynard Lake fault zone at the
south end of the Hiko Range, 22 km southeast of Alamo and
4 km east of Pahranagat National Wildlife Refuge in Lincoln
County, Nev. (fig. 2). Recent geologic mapping is of an 8
km? area in the northeast corner of the Lower Pahranagat
Lake 7.5-minute quadrangle (Barbara Byron and R.B. Scott,
unpub. data, 1991) (fig. 3). Fault-slip data were collected
from this area and then compiled and analyzed to determine
paleostress orientations.

The Pahranagat shear system was previously mapped in
two regional 1:250,000-scale maps of Lincoln County, one
of the pre-Cenozoic units by Tschanz and Pampeyan (1970)
and the other of Cenozoic units by Ekren and others (1977).
More recently, an unpublished geologic synthesis of the
Pahranagat 1°x30' quadrangle at a scale of 1:100,000 (A.S.
Jayko, written commun., 1992) includes the study area but
does not reveal the contractional structures found by the
larger scale mapping (1:24,000) of this study. The adjoining
Delamar 3 NW 7.5-minute quadrangle to the ecast was
mapped (1:24,000) by Scott and others (1990).
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GEOLOGIC SETTING

The Pahranagat shear system was first described by
Tschanz and Pampeyan (1970) as a set of three parallel
northeast-striking post-Miocene left-lateral strike-slip fault
zones. The southernmost of these is the Maynard Lake fault
zone (fig. 2). Following Wright and Troxel’s proposal
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(1970) that right-lateral offset on the northwest-striking
northern Death Valley/Furnace Creek fault was due to
marked differences in extension along opposite sides of the
fault, subsequent studies throughout the Basin and Range
have utilized differential extension to explain strike-slip
movement. (See, among others, Anderson, 1973; Davis and
Burchfiel, 1973; Lawrence, 1976; Bohannon, 1979; Guth,
1981; Wernicke and others, 1982; Cemen and others, 1985;
Clayton, 1988; Weber and Smith, 1987.) The Pahranagat
shear system formed to accommodate differential extension
(Tschanz and Pampeyan, 1970; Liggett and Ehrenspeck,
1974; Davis, 1979; Jayko, 1990) between more highly
extended areas to the northwest and less extended areas to
the southeast. Left-lateral offset across the fault system was
synchronous with normal offset on faults on either side of
the shear system.

In the broad region surrounding the Pahranagat shear
system, Tertiary clastic and volcanic rocks unconformably
overlie Paleozoic miogeoclinal strata that were folded and
faulted during the Late Cretaceous Sevier orogeny, but only
Miocene volcanic rocks and late Tertiary and Quaternary
alluvial and colluvial sediments are exposed in the study
area. The volcanic rocks consist of five major ash-flow tuffs
and a basalt lava flow. The 18.6 Ma Hiko Tuff (sanidine
4Ar/*Ar dating, Taylor and others, 1989) is a rhyolitic ash-
flow tuff and the oldest unit exposed in the map area. A 15.5
Ma olivine basalt flow (Novak, 1984) separates the older
calc-alkalic Hiko Tuff and four younger, more alkaline ash-
flow tuffs. The 15.6 Ma Delamar Lake Tuff and the 14.7 Ma
Sunflower Mountain Tuff are metaluminous rhyolites (Scott
and others, 1995). The two youngest tuffs in the map area
have been redefined as members of the Kane Wash Tuff
(Scott and others, 1995). The older Grapevine Spring Mem-
ber is a metaluminous rhyolite dated at 14.67 Ma (Scott and
others, 1995) and the younger Gregerson Basin Member is a
14.55 Ma peralkaline comendite (Scott and others, 1995).
Further description and discussion of these units are found in
a field trip summary by Best and others (1993) and in strati-
graphic summaries by Ekren and others (1977), Novak
(1984), Rowley and others (1995), and Scott and others
(1995). Tertiary and Quaternary sediments are summarized
by Scott and others (1990).

METHODS

Geologic mapping on stereopairs of 1:31,250-scale,
color aerial photographs was transferred to a 1:24,000-scale
topographic base map (Lower Pahranagat Lake 7.5-minute
quadrangle). At each of 27 slickenlined surfaces in the study
area, the following data were recorded: (1) strike and dip of
fault plane, (2) rake of slickenlines, (3) sense of displace-
ment on the slickenlines, (4) orientation of compaction foli-
ation in the ash-flow tuffs, and (5) location on aerial photo.

Sense of slip was determined stratigraphically where
possible. Commonly, however, faults were found in homo-
geneous rock, and the opposing surface of the exposed fault
plane was missing. Slip could not, therefore, be determined

Figure 1. Conspicuous overhanging fault scarp (N. 85° E., 52°
NW.) in splay fault zone of Maynard Lake fault zone, juxtaposing
Miocene Sunflower Mountain Tuff (Ts) in hanging wall against
younger Tertiary-Quaternary conglomerate (QTc) in footwall.

from the offset of geologic structures or stratigraphic units.
These circumstances necessitated using certain fault-plane
features (shear-sense indicators) to determine sense of dis-
placement (Angelier and others, 1985; Petit, 1987). Frequent
use was made of Riedel shears, tension fractures, and asym-
metric grooves.

Paleostress orientations were determined using the
method of Reches (1987). His computer software requires
input of (1) fault dip, (2) direction of fault dip, (3) plunge of
slickenline (slip axis), and (4) trend of slickenline (see
appendix). Rakes measured in the field were converted to
trend and plunge using two trigonometric equations:

tan B =tan rcos G (1

cos p=cosr/cosf )

where B is the angle between the strike of the fault plane and
the trend of the slickenline, r is the rake of the slickenline, ¢
is the dip of the fault plane, and p is the plunge of the slick-
enline. Calculations of trend and plunge were confirmed by
stereographic determinations.
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Maynard Lake fault zone that is the subject of this study is shown branching into the study area. Normal
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RESULTS

Middle to late Tertiary contractional deformation is
unexpected in the Basin and Range province of Nevada, for
this region is considered to have been affected by generally
east west extension at this time (Zoback and others, 1981;

Wernicke and others, 1988). In the study area, however, sev-
eral such contractional structures were mapped. The sim-
plest of these, in the eastern part of the mapped area, is a
gently east plunging upright close syncline whose axial trace
trends N. 86° E. (parallel to the east-striking splay fault
zone) (fig. 3). Rocks are even more deformed (about 40
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Figure4. West-northwest-plunging upright close anticline exposed in western map area. Dark unit
is the Gregerson Basin Member of the Kane Wash Tuff (Tkb). View toward southeast.

percent north-south shortening) in the western part of the
mapped area, where an anticline and overturned syncline are
well exposed (fig. 3). The axial trace of the gently west
plunging upright close anticline (fig. 4) is curved and
changes from trending west-northwest to trending northeast.
The anticline is transversely cut by several steeply dipping
faults. The southern limb of the western syncline is nearly
vertical. At one location the stratigraphic contact between
the middle and basal zones of the 14.55 Ma Gregerson Basin
Member of the Kane Wash Tuff strikes N. 50° E. and dips
80° SE. Here the stratigraphy is overturned; the densely
welded, partly devitrified middle zone of the Gregerson
Basin Member is overlain by its partially welded orange
base, which is overlain by the older (14.67 Ma) Grapevine
Spring Member of the Kane Wash Tuff. This overturned
limb is intensely fractured, brecciated, and weathered.

The overturned limb is cut by three subparallel, high-
angle, east-west-striking, curviplanar faults referred to as
northern, middle, and southern faults. These closely spaced
faults are separated in a north-south direction by only a few
meters and cannot be shown at map scale, but they clearly
demonstrate that the east-west splay (fig. 3) is a fault zone
approximately 10 m wide. The splay shown on the map rep-
resents the combined lengths of the traces of these three
closely spaced subparallel faults.

The attitude of the northern fault is N. 85° E., 83° SE.
Several steeply raking grooves on the footwall contain small
rock fragments at their upper end. Riedel shears intersect the
surface at acute angles and dip southward. These shear-sense
indicators indicate reverse movement.

The middle fault, just a few meters south of the northern
fault, has an attitude of N. 80° W., 84° NE, and its slicken-
lines rake from 5° to 10° to the west. Acute angles between
the strikes of tension fractures on the hanging wall and the
strike of the slickensided fault surface open eastward. Sev-
eral aligned crescentic fractures on the hanging wall are ori-
ented with their horns pointing eastward. These shear-sense
indicators indicate sinistral movement.

The southern fault forms a conspicuous overhang
approximately 100 m long by 3 m high. The fault places
Miocene Sunflower Mountain Tuff in the hanging wall
above younger but undated Tertiary-Quaternary alluvium in
the footwall (fig. 1). The average attitude of the fault is N.
85° E., 52° NW. Its surface is partly coated with cemented
fault gouge. A few polished (slickensided) surfaces are pre-
served. Rakes of slickenlines range from 24° to 84° to both
east and west. Sets of superposed oblique-slip and dip-slip
striations also were observed, but the relative age of the stri-
ations was not determined. The footwall conglomerate con-
tains clasts of Tertiary volcanic units that crop out in the
area, and several large clasts (as much as 40 cm long) are
truncated by the fault.

Fault-slip data from nearly half of the faults in the
already small data set are rejected because of large misfit
angles (Reches, 1987). Analysis of slip data from the
remaining 14 faults (fig. 5; table 1) indicates a nearly hori-
zontal minimum principal stress trending N. 85° E. and a
nearly vertical maximum principal stress.
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Figure 5. Lower hemisphere equal-area projection of A, all faults and fault striae measured; and B, selected faults yielding a paleostress
solution of a nearly vertical maximum principal stress, G1; a nearly horizontal intermediate principal stress, G,, trending 354°; and a nearly
horizontal minimum principal stress, Gs, trending 85°.

INTERPRETATION OF RESULTS

Shear-sense indicators on the three high-angle faults
that cut the overturned limb of the western syncline indicate
mixed modes of faulting. The northern fault had high-angle
reverse movement. The middle fault had left-lateral strike-
slip movement. The conspicuous overhanging southern fault
had oblique movement with both left-lateral and reverse
components of slip. Stratigraphic offset verifies the sense of
slip on the southern fault. Juxtaposition of the Sunflower
Mountain Tuff in the hanging wall against the younger Ter-
tiary-Quaternary conglomerate in the footwall indicates
reverse movement on the fault. Several clasts in the con-
glomerate are truncated by the fault, providing evidence that
the conglomerate was indeed involved in the faulting and
was not subsequently deposited against the hanging wall.
The presence of superposed striae suggests that this fault
experienced multiple episodes of movement.

Jayko (1990) reported that the prominent folds within
the Pahranagat shear system are drape folds formed in
cover rocks over deeper seated, blind normal faults. Most
are northeast trending and plunging, but a few trend north-
northwest (subparallel to the dominant strike of the normal
faults). These folds are generally broad open structures.
Folds along the splay in the study area are not of this orien-
tation or geometry.

The three east-striking faults that cut the southern over-
turned limb of the western syncline are interpreted as a splay
fault zone branching from the main northeast strand of the
Maynard Lake fault zone. In the adjacent Delamar 3 NW
7.5-minute quadrangle to the east, Scott and others (1990)
mapped the main strand of the Maynard Lake fault zone
striking N. 40°-50° E. Ekren and others (1977) and Jayko
(1990) mapped that main strand as a throughgoing fault to
the south of the study area. Strike-slip movement along this
main fault strand is constricted by the splay fault zone, and
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the fault intersection is an area of local convergence charac-
terized by local contraction. The resulting contractional
structures are not unlike those resulting from the buildup of
horizontal stresses associated with restraining bends (fig. 6)
(Crowell, 1974; Aydin and Page, 1984; Christie-Blick and
Biddle, 1985; Ramsey and Huber, 1987; Sylvester, 1988)
and compressive stepovers (Aydin and Nur, 1985; Campa-
gna and Aydin, 1991).

Additional work in this area remains. Horizontal slick-
enlines were noticed on the major east-west fault that cuts
the northern limb of the western anticline, but shear sense
was not determined. As this fault parallels the subject splay
fault, then angles to the northeast to parallel the main trace
of the Maynard Lake fault zone (fig. 3), it is quite possible
that further shear-sense investigation will reveal left-lateral
movement, thus making the splay fault zone much wider
than described in this report.

Palcostress analysis depicts a normal faulting stress
regime with nearly vertical 6, and nearly horizontal 6, and
03. The least principal stress orientation, N. 85° E., repre-
sents an approximately east-west extension direction.
Despite the small number of selected faults, the data set
shows geometric variability, and the resulting extension
direction is consistent with the modern stress field character-
izing the Basin and Range province (Zoback and others,
1981; Zoback, 1989).

CONCLUSIONS

1. Several contractional structures are present in a zone
of local convergence where an east-striking splay fault zone
diverges from a major northeast-striking strand of the left-
lateral Maynard Lake fault zone.

2. Local paleostress orientations indicate a normal
faulting stress regime with an east-west extension direction.

3. Local contraction along the splay of the Maynard
Lake fault zone is coeval with strike-slip faulting and normal
faulting.

Table 1. Results of analyses of fault-slip data from 14 selected
faults depicted in figure 6B.

[Stress ratio, ¢ = (02.03) / (61_03) = 0.24]

Principal stress Plunge/Trend  Magnitude*

o) (maximum)  82°222° 1.01

o, (intermed- 4°/354° 0.33
iate).

o3 (minimum) 5°/ 85° 0.11

*Normalized by the vertical stress.

Figure 6. Contractional structures associated with a right-hand
bend along a left-lateral strike-slip fault. (From Ramsay and
Huber, 1987, with permission of the publisher, Academic Press
Ltd., London.)
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APPENDIX. DATA USED FOR COMPUTER DETERMINATION OF PALEOSTRESS
ORIENTATION

Slip axis is slip direction of hanging block. A negative plunge indicates reverse slip. Asterisk (*) denotes the 14
selected faults yielding an extension direction of N. 85° E./S. 85° W.

Azimuth of dip Amount of dip Azimuth of Plunge of
direction of of fault plane trend of slip axis
fault plane slip axis
356 52 15 ~-50
181 76 90 5
350 55 190 -53
162 67 72 0
*325 63 279 54
5 49 311 -34
355 82 81 24
355 82 80 30
9 89 284 53
173 75 127 —69
*130 33 80 23
*195 28 278 4
*245 66 181 44
115 88 25 5
*130 74 55 43
*85 77 125 73
15 89 290 77
160 89 88 87
*80 86 12 79
*225 78 215 78
*319 71 235 17
*115 87 195 73
*260 64 251 63
*285 40 255 36
*280 52 2717 51
*330 80 248 39

356 52 281 21
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Structural Geometry Resulting From Episodic Extension in the
Northern Chief Range Area, Eastern Nevada

By Kelly J. Burke! and Gary J. Axen?

ABSTRACT

Tertiary extension repeatedly faulted and rotated Late
Proterozoic to Middle Cambrian and Oligocene to Miocene
strata in eastern Nevada. Extension was episodic and accom-
modated by regionally continuous systems of low-angle nor-
mal faults and associated steeper normal faults. These faults
dipped both east and west in the northern Chief Range area
and produced the present geometry of complexly over-
printed and rotated fault sets. The structural complexity
resulted from major prevolcanic, possible minor synvolca-
nic, and major late synvolcanic to early postvolcanic epi-
sodes of faulting, followed by faulting that produced the
present basin-and-range topography.

The earliest of the four episodes of extensional faulting
produced the Stampede detachment system, comprising bed-
ding-parallel, low-angle east-dipping faults, and upper plate
planar and listric faults. In the hanging wall of the Stampede
detachment fault, closely spaced northeast- to northwest-
striking faults cut and are cut by transversely oriented dip-
slip and strike-slip faults. Bedding dips in the hanging wall,
consistent with a faulted syncline-anticline pair in the upper
plate, may reflect a local ramp.in the basal fault of the Stam-
pede detachment system.

During the second major episode of extension, the low-
angle (7°-15°) west-dipping Highland detachment fault
formed. Fault displacement opened a syntectonic basin
where Miocene McCullough Formation, containing fault
scarp facies fanglomerate and landslide breccia and local
thin ashfall tuff, was deposited. The hanging wall of the
Highland detachment fault was extended on subparallel,
moderately to steeply west dipping planar and listric faults.
In the footwall of the Highland detachment fault, the moder-
ately east dipping Prospect fault zone offsets the Stampede
detachment fault. This same relation is inferred in the

1USGS volunteer, U.S. Geological Survey, 2255 Gemini Dr., Flag-
staff, AZ 86011.

2 USGS volunteer, University of California, Los Angeles, Box
951567, Los Angeles, CA 90095-1567.

hanging wall of the Highland detachment fault west of the
map area. The Prospect fault is thus younger than or related
to the Stampede detachment fault and older than the High-
land detachment fault.

The most recent major episode of extension is repre-
sented by the moderately to steeply east dipping Bennett
fault. We consider the Bennett fault to be part of the Arizona
fault zone, which cuts the Highland detachment fault north
of the study area. The Bennett fault also offsets the hanging
wall of the Stampede detachment fault, juxtaposing two dif-
ferent structural styles and stratigraphic levels in present
exposures. The Burnt Springs Range fault zone, near the
southern boundary of the area, obliquely crosscuts the High-
land detachment fault and is interpreted there to be a north-
west-dipping normal fault rather than a left-lateral strike-slip
fault as previously proposed.

The timing of faulting is constrained by dates on volca-
nic rocks within a transect from Railroad Valley to Pioche.
The Stampede detachment fault and probably the Prospect
fault are prevolcanic (pre-31.5 Ma) and the Highland detach-
ment fault is late synvolcanic to early postvolcanic (post
18.2—post 15.3 Ma). Early synvolcanic (27-24 Ma) uncon-
formities and minor faults, exposed immediately west of the
mapped area, may indicate the additional minor extensional
episode. The Bennett fault is probably related to range-
bounding faults on the margins of Meadow Valley. If so, it
may have been active as recently as 3.5 Ma. Timing of the
Burnt Springs Range fault is uncertain but its most recent
activity is probably postvolcanic.

The Stampede detachment fault is proposed to be part
of a set of east-directed faults of prevolcanic age extending
south from the northern Snake Range. The magnitude of this
prevolcanic faulting is interpreted to decrease southward.
This would explain the relatively small offset on the Stam-
pede detachment fault and the lack of ductile deformation or
metamorphism in the northern Chief Range area. In the Mor-
mon Mountains, about 100 kilometers south of the northern
Chief Range area, the oldest extensional faults have the same
movement sense and are close in age to the west-directed
mid-Miocene Highland detachment fault. However, the Cal-
iente caldera complex forms a barrier across which the
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Highland detachment fault cannot be directly correlated to
faults in the Mormon Mountains. In general, extension in the
northern Chief Range area is accommodated along low-angle
basal detachment faults where removal of the hanging wall
is compensated by syntectonic sedimentation, possible slight
footwall flexure, and collapse of the hanging wall through lis-
tric and planar rotational and nonrotational faulting.

INTRODUCTION

Early field observations in the Basin and Range prov-
ince revealed puzzling relations of younger rocks overlying
older rocks along shallowly dipping faults. These fault
geometries were generally attributed to Mesozoic to early
Tertiary thrust-related deformation (Westgate and Knopf,
1932; Longwell, 1945). The formation of sets of tilt-blocks,
bounded by normal faults and detached from an underlying
ductilely deformed metamorphic complex, was also
assigned to this tectonic episode (Ransome and others,
1910). Other workers explained what Langenheim and oth-
ers (1969) called “the problem of younger-over-older thrust-
ing” by invoking surficial gravity-sliding (Drewes, 1958) or
again, Sevier hinterland attenuation faulting (Hintze, 1978).
The latter interpretation reappeared as “omissional faulting”
in a paper by Jansma and Speed (1990).

Anderson (1971) and Armstrong (1972) documented
normal-sense displacement and late Tertiary movement for a
number of low-angle faults. Subsequent geologic field
research in the Basin and Range province has led to provoc-
ative and partially conflicting interpretations of modes of
regional continental extension. Gently dipping Tertiary nor-
mal faults and ductile shear zones are now widely believed
to accommodate tens of kilometers of horizontal extensional
strain (Hamilton and Meyers, 1966; Davis and others, 1980;
Davis, 1983; Miller and others, 1983; Wernicke and others,
1988). Disagreement continues over the orientation of these
faults during their movement and the amount of displace-
ment across many low-angle extensional faults (detachment
faults). In general, the kinematics of low-angle normal fault
systems and the nature of driving mechanisms that localize
and initiate extension remain controversial.

This study focuses on the geometry and timing of
regionally extensive low-angle normal fault systems
mapped in the northern Chief and southernmost Highland
Ranges (the northern Chief Range area) near Pioche in
southeastern Nevada (fig. 1). The northern Chief Range
area provides important opportunities for evaluating geo-
meltric variations in low-angle extensional faults. Interact-
ing fault networks in the area are well exposed in laterally
continuous miogeoclinal strata and well-dated Tertiary vol-
canic units. These low-angle normal fault systems tilted
and displaced strata in several ways rather than by a single
end-member process such as domino-style faulting or listric
normal faulting. Additionally, end-member models in

which (1) extension facilitates magmatism or (2) magma-
tism drives extension (Sonder and others, 1987; Wernicke
and others, 1987; Gans, 1987, 1990, among others) do not
account for the variety of geographic and temporal relations
between magmatism and extension observed in the north-
ern Chief and nearby ranges (Bartley and others, 1988;
Taylor and others, 1989; Axen and others, 1993).

The northern Chief Range area was originally mapped
at 1:62,500 scale by Westgate and Knopf (1932). Their map
was compiled on the Lincoln County geologic map by
Tschanz and Pampeyan (1970). A detailed (1:12,000) geo-
logic map of the Pioche Hills by Park, Gemmil, and Tschanz
was published in 1958. In 1977, Ekren and others subdivided
and remapped the Tertiary units at a scale of 1:250,000.
These maps identified some of the major faults in and near
the field area and provided the framework for detailed struc-
tural analysis.
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REGIONAL GEOLOGIC SETTING

Armstrong (1968) and Wernicke and Burchfiel (1982)
emphasized that a variety of structural levels are exposed in
the Basin and Range province. This variety results from
differences in the age of extension or magnitude of exten-
sion, or both, across the province. Tectonic models con-
structed in one region of the province are testable in other
regions that represent higher or lower structural levels.
Similarly, models relating magmatism to extension must be
able to explain variations in volume and age of magmatism.
The application of this approach to the northern Chief
Range area requires an understanding of temporal and geo-
graphic variations in extensional geometries and magmatic
histories in surrounding regions.

Well-studied east-west transects to the north and south
of the northern Chief Range area (fig. 2) exhibit the results
of contrasting magnitudes of extension, different magmatic
and extensional histories, and different deformational styles.
The northern transect crosses the Snake, Schell Creek, and
Egan Ranges (Miller and others, 1983). The southern
transect crosses the Mormon Mountains and is referred to as
the Lake Mead extensional belt (Wernicke and others,
1984). The study area lies at the east end of a central transect
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at lat 38° N. (fig. 2) (Bartley and others, 1988) that crosses
the Grant—Quinn Canyon, Seaman, and Highland-northern
Chief Ranges. The ranges in the three transects generally
contain uplifted, faulted, and rotated strata of the Cordille-
ran miogeocline. The sequence exposed in the eastern third
of the central transect contains a thick basal clastic section
of Late Proterozoic to Early Cambrian age, overlain by a
thick, primarily shallow-water carbonate sequence repre-
senting Cambrian to Permian sedimentation.

The Sevier orogenic belt runs obliquely northeast-
southwest through eastern Nevada (fig. 2), and from north to
south, the frontal fold-and-thrust belt is progressively more
involved in Tertiary extension (Burchfiel and Davis, 1972;
Burchfiel 1975, 1979). Sevier(?) thrusts and folds occur west
of the study area, in the Grant and Quinn Canyon Ranges and
locally in the Seaman Range and Golden Gate Range area
(fig. 2) (Bartley and others, 1988; Bartley and Gleason,
1990). East of the central transect, the structurally highest
major frontal thrust of the Sevier belt crops out in the Wah
Wah Mountains of western Utah (Hintze, 1980). The Chief
and Highland Ranges are in the upper plate of this thrust and
in the lower plate of the thrust system exposed in the Grant
and Quinn Canyon Ranges.

Metamorphic terranes of several ages crop out in the
Grant, Snake, and Egan Ranges. These ranges represent
examples of the metamorphic core complexes that form a sin-
uous belt, part of the eastern Cordilleran metamorphic belt
(see for example, Coney, 1980; Haxel and others, 1984). This
belt roughly parallels the Sevier frontal thrusts, which lie
approximately 400 km or less to the east. Tertiary ages of
uplift and latest ductile deformation have been established
for most of the core complexes in the belt (Crittenden and
others, 1980; Davis, 1977; Davis and others, 1980; Miller and
others, 1983). Several major Tertiary calderas formed in or
near the central transect (fig. 2). Thick sequences of tuffs and
flows are exposed in the central transect, but Tertiary volca-
nic rocks are less voluminous in the Snake Range (northern)
transect and sparse in the Lake Mead extensional belt.

NORTHERN TRANSECT

In the Snake Range, extension along an east-dipping,
low-angle normal fault system of Oligocene age unroofed a
metamorphic core complex. Faults related to this extensional
episode may continue southward into the study area (Taylor
and Bartley, 1992). In the northern Snake Range, extension
occurred along the northern Snake Range decollement (fig.
2) (Gans, 1982; Miller and others, 1983; Miller and others,
1988), beginning about 30 Ma (Lee, 1993). This earliest
extensional system involved top-to-the-east-southeast exten-
sion of about 250 percent (Miller and others, 1983) that
accumulated episodically but mainly in middle Miocene
time (Lee, 1995).

The upper plate of the northern Snake Range decolle-
ment was brittlely thinned by two generations of top-to-the-
east, rotational, domino-style normal faults formed in Mid-
dle Cambrian and younger Paleozoic carbonates. Lower
plate rocks, chiefly the Late Proterozoic and Lower Cam-
brian Prospect Mountain Quartzite and Lower and Middle
Cambrian Pioche Shale at present exposure levels, were duc-
tilely deformed, metamorphosed, and intruded by granitoid
magmas during Jurassic, Cretaceous, and Tertiary tectonic
events (Miller and others, 1988). Miller and others (1983)
interpreted the northern Snake Range decollement to be the
uplifted brittle-ductile transition. Alternatively, Lee (1993,
1995) interpreted thermal history data to be consistent with
domino-style faulting or with a rolling hinge detachment
fault model (Wernicke and Axen, 1988).

The southern Snake Range decollement was treated
independently from the northern Snake Range decollement
(Miller and others, 1988) despite similarities in structural
level, timing, and transport direction. An alternate interpre-
tation is that the southern Snake Range decollement repre-
sents the southward continuation of the northern Snake
Range decollement (Bartley and Wernicke, 1984; Taylor and
others, 1989; McGrew, 1993). Also, metamorphic grade
decreases southward through the southern Snake Range,
where Precambrian McCoy Creek Group rocks underlie the
Prospect Mountain Quartzite (Miller and others, 1988;
McGrew, 1993). Calderas of the Indian Peak caldera com-
plex (fig. 2) (Best, Christiansen, and Blank, 1989; Best,
Christiansen, and others, 1989), the westernmost of which is
in the Wilson Creek Range, separate the southern Snake
Range from the Chief and Highland Ranges to the south.

SOUTHERN TRANSECT

In contrast to the northern transect, the Lake Mead
extensional belt of southern Nevada (fig. 2) exhibits a top-to-
the-west episode of extension. Extension in the belt began
later, between 17-19 Ma and 8.5 Ma, and continued locally
through Quaternary time (Bohannon, 1984; Wernicke and
others, 1985, 1989). Faulting probably began in the southern
transect when top-to-the-west mid-Miocene faults were
active in the northern Chief Range area. The Cretaceous
Sevier foreland fold-and-thrust belt, well exposed in the
Lake Mead extensional belt, was dismembered there by nor-
mal faults, some of which reactivated parts of the thrusts
(Wernicke and others, 1985; Smith and others, 1987; Axen
and others, 1990; Axen, 1993). In contrast, exposures of
Sevier-related structures in the study area are lacking. Also,
Tertiary metamorphism and ductile deformation did not
affect the southern transect (Wernicke and others, 1985).

Figure 2 (facing page). Location map and geologic setting of
eastern Nevada, southwestern Utah, and northwestern Arizona.
White boxes show the three transects discussed in text.
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Wernicke and others (1988) interpreted detachment
fault systems in the southern transect to have accommodated
west-southwest extension of about 100 percent, and pre-
sented evidence for footwall uplift by isostatic rebound. The
hanging walls of the faults are internally extended along
high- and low-angle brittle faults that flatten into or are trun-
cated by the detachment faults. Alternatively, Anderson and
Barnhard (1993a,b) and Anderson and Bohannon (1993) pro-
posed that footwall blocks are uplifted and tilted below con-
cave-down faults and that the uplift was accommodated by
overlying discontinuous gently dipping attenuation zones.

Relatively small volumes of Tertiary volcanic rocks
were deposited in the area of the southern transect. The Cal-
iente caldera complex (Rowley and others, 1992) forms the
northern geologic boundary of the Lake Mead extensional
belt (fig. 2) (Wernicke and others, 1989). Eruptions from the
Caliente caldera complex, from about 26—18.2 Ma and prior
to the onset of extension to the south, deposited a thick
sequence of ash-flow tuffs across the central transect (Best,
Christiansen, and Blank, 1989; Best, Christiansen, and oth-
ers, 1989; McKee and others, 1993; Rowley and others,
1995; Scott and others, 1995).

CENTRAL TRANSECT

These differences in timing and orientation of faulting,
between the northern and southern transects, make the cen-
tral transect a key area for understanding the transition
from north to south. The central transect is characterized by
(1) extensive volcanism; (2) episodic extension that is pre-,
syn-, and postvolcanic; (3) complex overprinting of vari-
ably oriented fault sets, basal detachment faults, and
accommodation structures such as transfer faults; (4) brittle
deformation and general absence of metamorphism; and (5)
faults that generally do not reactivate preexisting structures
(Bartley and others, 1988).

A thick sequence of Tertiary volcanic units in the cen-
tral transect records the longest continuous volcanism
among the three transects. Most of the ash-flow tuffs and
lava flows are well dated by K/Ar and 4°Ar/*Ar methods.
The ash-flow tuffs are particularly useful structural markers
because of their lateral continuity and relatively instanta-
neous emplacement.

Bartley and others (1988) and Taylor and others (1989)
documented four periods of extension in the 130-km-long
central transect (fig. 2): prevolcanic (pre-32 Ma), early syn-
volcanic (30-27 Ma), late syn- to early postvolcanic (about
18.2-14 Ma), and Pliocene to Quaternary. Rowley and oth-
ers (1992), however, found no evidence for the early synvol-
canic episode. Bartley and others (1988) divided the transect
into three areas that differ in magnitude of Tertiary extension
and degree of Mesozoic disruption. From east to west these
are (1) the Dry Lake Valley area, highly extended in Ceno-
zoic time (including the Chief, Highland, Pahroc, and other

ranges), (2) the Seaman and Golden Gate Range area, con-
taining Mesozoic thrusts and folds overprinted by minor Ter-
tiary extension, and (3) the Grant and Quinn Canyon Range
area, exhibiting substantial Tertiary extension superimposed
on Mesozoic folds, thrusts, small intrusions, and local meta-
morphic rocks (figs. 1, 2).

The first period of extension affected only the Dry Lake
Valley area. The Stampede detachment fault (Bartley and
others, 1988) and the Seaman breakaway (Taylor and Bart-
ley, 1992; fig. 1) constitute a prevolcanic, top-to-the-east nor-
mal fault system. This fault system is probably Oligocene in
age (Taylor and Bartley, 1992) but could be older (see dis-
cussion of similar faults in Utah, in Nutt and Thorman, 1992).
Minor faults and unconformities within the 30-27 Ma volca-
nic rocks and possibly, the low-angle Troy Peak fault in the
Grant Range may represent extension during the second
(synvolcanic) period that, along with all younger faulting epi-
sodes, affected the entire transect (Bartley and others, 1988).

The gently west dipping Highland detachment fault
(Axen, 1986), originally mapped as a thrust fault (Westgate
and Knopf, 1932; Langenheim and others, 1969; Tschanz
and Pampeyan, 1970) (fig. 1) is a major structure active
during the third extensional period. It formed north-trend-
ing synextensional basins where fanglomerate and breccia
of the Miocene McCullough Formation were deposited
(Axen, Lewis, and others, 1988). Most of the high-angle,
generally oblique slip faults in the Chief Range and south-
ward formed during this period (Rowley and others, 1992).
Recent faults in Railroad Valley may have been active in
mid-Miocene time also, and west-dipping faults in the
Grant and Quinn Canyon Ranges are interpreted to be simi-
lar in age and orientation to the Highland detachment fault
(Bartley and others, 1988).

The youngest faults in the transect are exemplified by
the Condor fault (fig. 1) (Axen, Burke, and Fletcher, 1988).
The Miocene and Pliocene Panaca Formation is cut by the
Condor fault and overlaps it. The range-bounding faults on
both sides of Meadow Valley are interpreted to be coeval
with the Condor fault and the Arizona fault, which cuts the
Highland detachment fault near Arizona Peak (fig. 1). Qua-
ternary faults are exposed along the east edges of Dry Lake
Valley and Railroad Valley (Bartley and others, 1988).

A probable piercing point formed by an offset granitic
body in the Highland Range (Axen, Lewis, and others, 1988)
indicates west-southwest extension of the transect, at least
during Highland detachment fault activity. This orientation
agrees with extension directions documented to the south in
Rainbow Canyon (Bowman, 1985; Michel-No€l and others,
1990) and in the Lake Mead extensional belt (Wernicke and
others, 1984, 1985; Smith and others, 1987). The magnitude
of extension across the transect is not presently well con-
strained, but local areas record 30-110 percent extension
(Axen, 1986; Lewis, 1987, Sleeper, 1989; Burke, 1991).



EXTENSION IN NORTHERN CHIEF RANGE AREA, EASTERN NEVADA 273

Throughout the central transect, high- and low-angle
planar and curviplanar faults brittlely extended the upper
plates of gently dipping detachment faults above less
deformed lower plates. Current mapping in and near the Cal-
iente caldera complex (Rowley and Shroba, 1991; Rowley
and others, 1994; Swadley and Rowley, 1994) has reinter-
preted some of the extensional deformation in the transect to
be accommodated by a heterogeneous combination of high-
and low-angle faults with normal, oblique and strike-slip
motion. Younger faults in the transect have generally not
reactivated either older Tertiary extensional faults or Meso-
zoic thrusts, but tend to cut discordantly across older struc-
tures, even opposing previous orientation; for example, the
west-dipping Highland detachment fault cuts the east-dip-
ping Stampede detachment fault.

LITHOLOGIC UNITS IN THE
NORTHERN CHIEF RANGE AREA

Tertiary extensional faults in the northern Chief and
southernmost Highland Ranges disrupted miogeoclinal clas-
tic and carbonate strata, and the overlying Tertiary volcanic
and sedimentary sequence. In ascending order (fig. 3), the
Precambrian and Paleozoic stratigraphy in the study area
includes the latest Proterozoic to Lower Cambrian Prospect
Mountain Quartzite, the Lower and Middle Cambrian Pioche
Shale, Middle Cambrian Lyndon Limestone and Chisholm
Shale, and the Middle and Upper Cambrian Highland Peak
Formation (Westgate and Knopf, 1932; Wheeler, 1940; Mer-
riam, 1964; Tschanz and Pampeyan, 1970). These units have
been correlated with those in the southern Great Basin (fig.
3) (Stewart, 1974). The upper Highland Peak Formation cor-
responds to the Banded Mountain Member of the Bonanza
King Formation in southern Nevada (Tschanz and Pam-
peyan, 1970). Recognition of mappable members in the
Highland Peak Formation (fig. 3) (Westgate and Knopf,
1932; Merriam, 1964; Burke, 1991) was essential to detailed
mapping of faults and offsets in this study.

Regionally extensive outflow sheets of Tertiary ash-
flow tuffs and local Tertiary lava flows and sedimentary
rocks (figs. 3, 4) overlie the Paleozoic units with angular
unconformity. Limited exposures of volcanic rocks in the
southwest part of the mapped area project into a more con-
tinuous section mapped to the south (Rowley and others,
1994). The Tertiary section has been described by Best,
Christiansen, and Blank (1989), Best, Christiansen, and oth-
ers (1989), McKee and others (1993), Rowley and others
(1995), and Scott and others (1995). The ash-flow tuffs
include, from base to top, the Lund Formation (27.9 Ma) of
the Needles Range Group; the Isom Formation (27 Ma; Best,
Christiansen, and Blank, 1989; Best, Christiansen, and oth-
ers, 1989); the Leach Canyon Formation (24 Ma); the Swett
Tuff and Bauers Tuff Members (23 Ma) of the Condor

Canyon Formation, and the Harmony Hills Tuff (22 Ma) of
the Quichapa Group (Anderson and Rowley, 1975); the
Pahranagat Formation (23 Ma; Scott and others, 1995); and
the Hiko Tuff (18.2 Ma; Rowley and others, 1995). Andes-
itic flow rocks are interlayered with the Harmony Hills and
Hiko Tuffs. Unnamed rhyolite tuffs locally overlying the
Hiko Tuff were mapped with the Hiko. The Miocene
McCullough Formation, comprising fanglomerate, landslide
breccia sheets, tuffaceous sandstone, and thin ashfall tuff,
overlies the volcanic rocks.

STRUCTURAL ANALYSIS

Mapping during this study revealed that the strati-
graphic section was cut and rotated during at least three and
possibly four episodes of normal faulting that can be corre-
lated with the four regional extensional periods in the central
transect. Faulting occurred along five main structural fea-
tures exposed in the map area: (1) the north-northwest-strik-
ing, east-dipping Stampede detachment fault (Axen, Lewis,
and others, 1988), (2) the north-striking, east-dipping Pros-
pect fault, (3) the north-striking, west-dipping Highland
detachment fault (Westgate and Knopf, 1932; Langenheim
and others, 1969; Tschanz and Pampeyan, 1970; Axen,
1986), (4) the north-striking, east-dipping Bennett fault, and
(5) the northeast-striking Burnt Springs Range fault zone
(Tschanz and Pampeyan, 1970; Ekren and others, 1977) (fig.
4). The geometry and timing of structures related to the four
episodes of faulting are presented below. Absolute timing
constraints are derived from areas elsewhere in the central
transect, but relative age constraints from crosscutting and
overlap relationships in the study area are consistent (Bartley
and others, 1988; Taylor and others, 1989).

STAMPEDE DETACHMENT FAULT SYSTEM
AND PROSPECT FAULT—PREVOLCANIC
EXTENSION

The east-dipping Stampede detachment fault was
mapped as part of the Highland “thrust” (Tschanz and Pam-
peyan, 1970). Axen, Lewis, and others (1988) named the
fault for exposures in Stampede Gap and mapped the fault
southward along the Highland Range (fig. 4). The fault
extends through the northern Chief Range area (Burke,
1991) and south to Antelope Canyon, just north of Caliente,
Nev. (Callaghan, 1936; Rowley and others, 1994). It is also
exposed in the Bristol Range (fig. 1), north of the Highland
Range (W.R. Page, written commun., 1995).

In the Ely Springs Range (fig. 1), west of the Highland
Range, east-dipping normal faults interpreted to lie in the
hanging wall of the Stampede detachment fault are over-
lapped by a 31.5 Ma ashflow tuff (Axen, Lewis, and others,
1988; Taylor and others, 1989). Near Gray Cone, in the
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Pioche Hills just east of Pioche, transfer faults in the hanging
wall of the Stampede detachment fault are also clearly over-
lapped by the lowest Tertiary volcanic units (Axen, Lewis,
and others, 1988). Thus, the Stampede detachment fault sys-
tem is prevolcanic.

Evidence for prevolcanic extension continues west of
Dry Lake Valley, to between the Seaman and North Pahroc
ranges, where Taylor and Bartley (1992) inferred a buried
east-dipping breakaway (fig. 1) for the Stampede detach-
ment. West of this Seaman breakaway no evidence of pre-
volcanic extension exists (Bartley and others, 1988). Taylor
and Bartley (1992) projected this breakaway northward to
the Snake Range area.

In the northern Chief Range area, the Stampede detach-
ment fault system consists of bedding-parallel faults that dis-
rupted the lower part of the Highland Peak Formation,
particularly the interval between the Chisholm Shale and the
Condor Member of the Highland Peak Formation (fig. 3).
Exposed fault planes dip between 16° and 20° east (Burke,
1991), and the low-angle faults attenuated bedding dramati-
cally. South of Bennett Pass (fig. 4), domino-style faults cut-
ting the hanging wall of the Stampede detachment fault are
well exposed and terminate at the basal detachment fault.
Offset on the Stampede detachment fault is difficult to con-
strain. The moderately dipping upper plate faults typically
have offsets between 10 and 200 m. These faults are spaced
at about 150-m intervals (Burke, 1991). Fault spacing is
obscured in the Step Ridge Member of the Highland Peak
Formation (fig. 3) by massive oolitic and fine-grained lime-
stone. However, the presence of abundant breccia and dis-
continuous dolomitized zones in this member suggests that it
is also intensely faulted.

The geometry of stratigraphic units disrupted by faults
of the Stampede detachment fault system varies along the
length of the map area. The best exposures of the system are
in the south end of the Highland Range, where it is a complex
zone of moderately to steeply east and west dipping faults,
which sole into east-dipping low-angle normal faults (Burke,
1991). This area also contains high-angle transversely ori-
ented faults (some having strike-slip offset). The structural
complexity is summarized in figure 5.

Exposures of the hanging wall of the Stampede detach-
ment fault in the south end of the Highland Range are
divided into two zones (fig. 5). The Bennett fault and a

Figure 3 (facing page). Precambrian (Z), Paleozoic, and Tertiary
stratigraphy of northern Chief Range area and correlation with
southern Great Basin Paleozoic stratigraphy. Dot pattern, quartzite;
dash pattern, shale; block pattern, limestone. Contacts of mappable
members were used to constrain fault offsets in Highland Peak For-
mation. Correlations based on Tschanz and Pampeyan (1970),
Lewis (1987), Stewart (1974, 1978), and Rowley and others (1992).
Ages are from Taylor and others (1989), Rowley and others (1995),
and Scott and others (1995).

narrow, structurally complex transitional area immediately
west of the fault separate the two zones. The Bennett fault is
interpreted to be much younger than the Stampede detach-
ment fault (see section on the Bennett fault). Upper and
lower Highland Peak Formation rocks in the transitional area
are intensely brittlely deformed and dip both east and west.
The zone east of the Bennett fault consists of east-dipping
upper Highland Peak Formation rocks cut by widely spaced,
moderately to steeply east dipping faults. In the zone west of
the fault and transitional area, lower Highland Peak Forma-
tion rocks dip west and are cut by closely spaced faults of
various orientations.

The contrast in spacing of faults cutting the upper ver-
sus lower Highland Peak Formation indicates that hanging-
wall faults of the Stampede detachment fault system may
splay downward to accommodate space problems, much like
brecciation processes. This interpretation is based on the
prior one, that the eastern and western zones are respectively
higher and lower structural levels of the Stampede detach-
ment fault system juxtaposed by offset on the Bennett fault.
Downward splaying faults are mapped further south in the
northern Chief Range area and can also be observed in the
models of McClay and Ellis (their fig. 4, 1987).

In cross section A-A’ (fig. 6), the Stampede detachment
fault could not be projected to depth at a constant dip and
maintain normal offset. Projection downward of the stratig-
raphy of upper plate blocks forced the detachment fault to be
drawn steepening eastward between locations A and B in the
cross section and then flattening between locations B and C.
This maintains normal displacement on the detachment fault
rather than thrust displacement (for which no surface evi-
dence is found). The stratigraphic position of the detachment
fault in the Condor Canyon area (fig. 1), about 40 km to the
east, is above the Prospect Mountain Formation. Therefore,
the Stampede detachment fault is projected flattening east-
ward from location C into a position near the top of the Pros-
pect Mountain Formation. The resulting geometry of the
basal detachment fault is flat-ramp-flat.

Bedding dips above the Stampede detachment fault
define a syncline-anticline pair also suggestive of a ramp at
depth. On the west end of section A-A’ (fig. 6) the western
zone units dip west, the eastern zone rocks dip east, and in
the southern Highland Range immediately east of the study
area (G.J. Axen, unpub. mapping, 1988), the bedding again
dips west. This geometry is similar to that produced in the
sand model experiments of McClay and Ellis (1987),
although their models also produced reverse faults. Wer-
nicke and Burchfiel (1982) and Gibbs (1984) also suggested
that fault-bend folding would be expected above a ramp in a
low-angle normal fault, analogous to that above thrust
ramps. In the southern Highland Range, the syncline-anti-
cline pair has apparently been produced through a combina-
tion of faulting and bedding rotations. Some of the bedding
rotations are too large to be explained by applying a listric
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EXPLANATION

Qa  Quaternary alluvium

D Tertiary rocks

Tm McCullough Formation

Tv Volcanic rocks, undivided

Paleozoic rocks

€hpu (u) Highland Peak Formation (upper)
€hpl () Highland Peak Formation (lower)
€ch Chisholm Shale

€l Lyndon Limestone
€pi Pioche Shale
€Zpm Prospect Mountain Quartzite

—— Contact
o . High-angle normal fault—Dashed where
approximately located; dotted where concealed;
queried where uncertain; bar and ball on down-
thrown side
4—u Highland detachment fault—Dashed where
approximately located; dotted where concealed
4—L Stampede detachment fault—Dashed where
approximately located
----- Marker bed—Thin ashfall tuff or distinctive thin
debris flow (?) deposit containing Tertiary
volcanic clasts
44 « Landslide breccia
\' Strike and dip
\%6 Volcanic foliation attitude
—=> Tie line—Indicates same lithology on both sides

of fault

geometry to small offset faults, so these rotations more likely
are the result of folding or distortion of blocks by shearing
and bedding-parallel slip. The proximity of the syncline-
anticline pair to the ramp suggests relatively small magni-
tude transport (about 1 km or less) along the Stampede
detachment fault.

The Stampede detachment fault and bedding in its foot-
wall, as projected in the west end of section A—A" at D, form
a very open fold. This geometry may reflect slight uplift of
the footwall of the Highland detachment fault in response to

the removal of the hanging wall. Furthermore, when the
folding is removed, the beds in the hanging wall of the
Stampede detachment fault restore to a steeper west dip and
the faults restore to a shallower east dip. The dip of these
faults is then more consistent with the dip of the domino-
style faults in the hanging wall of the Stampede detachment
fault south of Bennett Pass (fig. 4).

In the northern Chief Range, north of Klondike Gap, the
Prospect fault offsets the prevolcanic Stampede detachment
fault and is truncated by the Highland detachment fault (figs.
4,7A). The Prospect fault places Prospect Mountain Quartz-
ite against lower Highland Peak Formation. It dips steeply
east and at the south end of the map has a stratigraphic sepa-
ration of about 500 m. In cross section B-B' (fig. 7A) the
Prospect fault is inferred to lie in the hanging wall of the
Highland detachment fault and to offset the Stampede
detachment fault and Paleozoic rocks underlying the Ter-
tiary volcanics. This part of the cross section corresponds to
an area between the Burnt Springs Range (fig. 1) and the
northern Chief Range.

The crosscutting relations indicate that the Prospect
fault formed in the interval between major movement on the
Highland and the Stampede detachment faults. The Prospect
fault splays northward into several faults with smaller offsets
(fig. 4), apparently losing displacement northward. Near
Bennett Pass (fig. 4), steeply to moderately east dipping
faults may be splays of the Prospect fault or hanging-wall
structures related to the Stampede detachment fault. The
similarity in structural style and orientation of the Prospect
fault zone and faults of the Stampede detachment system
suggests that the Prospect fault may be related to and may
have begun activity late in Stampede detachment fault time.

MINOR FAULTS AND
UNCONFORMITIES—EARLY
SYNVOLCANIC EXTENSION(?)

Air photo and field reconnaissance of the volcanic out-
crops just beyond the western boundary of the study area
indicates that units underlying the Leach Canyon Formation
are discontinuous due either to small fault displacements or
to unconformities within the section. Rowley and others
(1994) attributed these discontinuities to syntectonic sedi-
mentation and small volcanic dome building. However, sim-
ilar faults and unconformities are observed in this
stratigraphic interval elsewhere in the central transect, par-
ticularly near Condor Canyon (Bartley and others, 1988;
Axen, Burke, and Fletcher, 1988). We interpret these fea-
tures to be part of a regional expression of tectonic activity
during the time of deposition of these volcanic rocks. In the
mapped areas around Dry Lake Valley where only Paleozoic
units are exposed, faults representing this proposed synvol-
canic extensional episode would not be distinguishable from
prevolcanic and late synvolcanic to postvolcanic faults.
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HIGHLAND DETACHMENT FAULT—
LATE SYNVOLCANIC TO
EARLY POSTVOLCANIC EXTENSION

The Highland detachment fault cuts through the Bris-
tol Range (fig. 1) (Page and Ekren, 1995) and bounds the
western margin of the Highland and northern Chief Ranges
(G.J. Axen, unpub. mapping, 1988; Burke, 1991). It juxta-
poses a footwall of complexly faulted Cambrian units
against a hanging wall of gently east dipping Tertiary vol-
canic units cut by widely spaced moderately to steeply
west dipping normal faults (fig. 4). Some of these faults
exhibit a listric geometry and are interpreted to sole into
the Highland detachment fault. The trace of the Highland
detachment fault is sinuous and well located on the map
despite the absence of exposures (fig. 8). Three point cal-
culations where the fault trace crosses topography yield
westerly dips of 7°-15° (Burke, 1991) similar to dips of
5°-30° calculated to the north (Sleeper, 1989; Axen,
Lewis, and others, 1988).

The Highland detachment fault formed an east-tilted
synorogenic basin filled with the McCullough Formation,
which includes fault-scarp facies breccia and fanglomerate
and thin interbedded ashfall tuffs (fig. 4). The McCullough
Formation was defined to the north between the Highland
and the Ely Springs Ranges (fig. 1) (Axen, Lewis, and oth-
ers, 1988), where included clasts record a progressive
unroofing of rock units in the footwall of the Highland
detachment fault. Exposures in the study area suggest a sim-
ilar history. Landslide breccia composed of lower Highland
Peak Formation units dominates the east side of the basin,
adjacent to the detachment fault. On the western margin
clasts are primarily volcanic. In the middle of the basin,
deposits contain a mix of volcanic and carbonate clasts.

Small horizontal-axis rotations of McCullough Forma-
tion strata resulted from movement on the detachment fault.
The east dip of tuffaceous fluvial layers within the
McCullough Formation gradually shallows from west to
east, from about 25°-30° to 5°-7° (near the trace of the
Highland detachment fault) reflecting a growth fault geome-
try (fig. 4) (Burke, 1991). In summary, as the hanging wall
of the Highland detachment fault moved westward, the void
created was filled by deposition of Miocene McCullough
tuffs and sediments and by collapse of the hanging wall
along the listric and planar west-dipping faults.

In the map area, the McCullough Formation overlies
dacitic to andesitic lava flows that in turn overlie thin
unnamed rhyolite tuffs mapped with the Hiko Tuff. A thin,
local ashfall tuff intercalated with McCullough Formation
strata east of the Ely Springs Range yielded a “Ar/*Ar age
of 15.3 Ma (Taylor and others, 1989). The age of the Hiko
Tuff at the top of the Caliente caldera sequence is 18.2 Ma
(Rowley and others, 1995), so the Highland detachment fault
is post-18.2 Ma and probably active at and after 15.3 Ma.
Movement of the Highland detachment fault began after the
major volcanic activity in the Caliente caldera complex.
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EXPLANATION
Qa Quaternary alluvium
€hpu  Highland Peak Formation

(u) (upper) (Cambrian)

€hpl  Highland Peak Formation (lower)
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Figure 5. Detailed geology of southernmost Highland Range.
Location, figure 4. Shaded area bounded by line of small circles
and Bennett fault is transitional area between zones of hanging-wall
exposures along Stampede detachment fault.

Axen, Lewis, and others (1988) calculated a slip vector
of about 10 km west-southwest for the Highland detachment
fault, by restoring the displacement between granitic intru-
sions in the hanging wall (Blind Mountain) and footwall
(Black Rock Knoll) (fig. 1). Although slickenside data are
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lacking from the volcanic units, the orientations of hanging-
wall faults and rotated beds agree with west-southwest slip
indicated by the proposed piercing point. Restoration of
cross section B-B' (fig. 7), drawn parallel to the inferred
extension direction, indicates about 3.7 km or 80 percent
extension across the Highland detachment fault. This com-
pares with 5.1 km and as much as 110 percent extension cal-
culated by Sleeper (1989) and Lewis (1987) respectively.

BENNETT FAULT AND BURNT SPRINGS
RANGE FAULT—PLIOCENE(?) TO
QUATERNARY(?) EXTENSION

The youngest generation of faulting in the map area dis-
rupts the Highland detachment fault system. The Bennett
fault (fig. 4) is interpreted to be part of the Arizona fault zone
which, north of the map area (fig. 1), offsets the Highland
Peak detachment fault down-to-the-east (G.J. Axen, unpub.
mapping, 1988; Axen, Lewis, and others, 1988). Like the
Arizona fault zone, the Bennett fault is long, straight, contin-
uous, and east dipping (stratigraphic separation about 200
m). The Arizona fault zone can be projected along strike into
a range-bounding position along the eastern front of the
northern Chief Range. The location of the Bennett fault
south of the Bennett Pass area is uncertain. It most likely
bends eastward to separate the east-dipping toe of the ridge
containing Bennett 2 (the peak) from the west-dipping out-
lier of upper Highland Peak rocks at Hill 5871 (fig. 4). The
Bennett fault is probably coeval with the Condor fault (fig.
1) and other faults along the east edge of Meadow Valley
which have a similar orientation and also control topogra-
phy. The Condor fault moved during Pliocene time (Axen,
Burke, and Fletcher, 1988).

The small-displacement down-to-the-east faults in the
hanging wall of the Bennett fault may either accommodate
extension in its hanging wall or be older and related to the
Stampede detachment fault. In cross section A-A’ they are
inferred to be part of the Stampede detachment fault sys-
tem. The Bennett fault is inferred to cut the Highland
detachment fault above the surface and the Stampede
detachment fault at depth.

Another major fault cutting the Highland detachment
fault is the northeast-striking Burnt Springs Range fault
(Ekren and others, 1977), which truncates the Highland
detachment fault at Klondike Gap (fig. 4). The Pioche Shale
is offset across the Burnt Springs Range fault about 1,200 m
in an apparently sinistral sense. However, the trace of the
Highland detachment fault exposed directly west of the
Pioche Shale, northwest of the Burnt Springs Range fault,
does not reappear in that position southeast of the fault. This
observation counters the interpretation of strike-slip move-
ment along the Burnt Springs Range fault as proposed by
Ekren and others (1977).

Mapping by Rowley and others (1994) instead sug-
gests that the Highland detachment fault crops out on the
high point of the Chief Range just south of the northern
Chief Range area and is therefore downfaulted to the north.
Thus, the Burnt Springs Range fault can be confidently
interpreted as younger than the Highland detachment fault.
Rowley and others (1994) indicated that the Burnt Springs
Range fault is a steeply northwest dipping fault with mostly
normal slip and minor left-lateral slip. The McCullough
Formation does not reappear southeast of the Burnt Springs
Range fault (Rowley and others, 1994), although it may be
present in the subsurface.

The Burnt Springs Range fault branches northeastward
through Klondike Gap into a zone of several moderately to
steeply northwest dipping normal faults (not shown on sim-
plified map of fig. 4) and like the Bennett fault, may be
coeval with range-bounding faults in Meadow Valley. The
southwestward continuation of the Burnt Springs Range
fault abruptly cuts off the western volcanic strike ridge near
George Roger Well (fig. 4). The fault was interpreted by
Tschanz and Pampeyan (1970) and Ekren and others (1977)
to extend southwest to Dry Lake Valley at the south end of
the Burnt Springs Range (fig. 2). Rowley and others (1992)
however, confined the fault to the northwest and west side of
the Chief Range.

CROSS SECTION B-B'

Fault geometries in the northern Chief Range area are
summarized in cross section B-B' (fig. 7). Data from outside
the study area arc from Tschanz and Pampeyan (1970) and
Lewis (1987). The section is balanced by the line-length
method (Woodward and others, 1985) in separate segments,
because only Tertiary rocks are present at the surface in the
hanging wall of the Highland detachment fault whereas
mainly Cambrian rocks are exposed in the footwall block.

When offset along the Highland detachment fault is
restored and Tertiary ashflow tuffs are rotated back to hori-
zontal on the cross section, the inferred pre-Highland
detachment fault configuration is shown (fig. 7B). Rotation
of the footwall of the Highland detachment fault is some-
what uncertain. First, the contact between upper Highland
Peak Formation and Tertiary volcanic units on the east side
of the northern Chief Range is not exposed (Burke, 1991).
However, it is inferred to be unconformable based on map-
ping immediately south of the map area (Rowley and oth-
ers, 1994). Second, the Condor Canyon Formation in the
outlier at the east end of B~B' dips about 15° steeper than
the same tuffs in the hanging wall of the Highland detach-
ment fault (fig. 4) (Burke, 1991). This suggests that the
hanging wall has rotated less than the footwall. The High-
land detachment may be concave down, but the fanned dips
in the McCullough Formation in the hanging wall suggest
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EXPLANATION

Qa  Quaternary alluvium
Ts  Tertiary sediment

Cambrian rocks
€hpu (u) Highland Peak Formation (upper)
€hpl (1) Highland Peak Formation (lower)
o Burnt Canyon Member (marker bed)
€ch Chisholm Shale
<l Lyndon Limestone
€pi Pioche Shale

Cambrian and Precambrian rocks
€Zpm Prospect Mountain Quartzite
—— Contact
—= High-angle normal fault—Dashed where

approximately located or projected above

present ground surface; barbs show direction

of relative movement

ua=—u Hijghland detachment fault—Dashed where
approximately located or projected above
present ground surface; queried where
inferred; barbs show direction of relative
movement

==L Stampede detachment fault—Dashed where

approximately located; barbs show direction

of relative movement
@ Location discussed in text
m Zone of complex faulting

Figure 6 (above and facing page). Geologic cross section
A-A', southernmost Highland Range. See text for explanation
atlocations A-D. Cross section is drawn from the detailed geo-
logic map (1:24,000 scale) of Burke (1991, pl. I): location
shownin figures 4 and 5. Scale is greatly enlarged from figures
4 and 5. Highland Peak Formation is subdivided into upper
and lower members and includes the Burnt Canyon Member,

which is used as a marker bed to show relative offsets.

that the Highland detachment fault is listric. Instead. the
extra rotation of the footwall tuffs may be due to later fault-
ing associated with the range-front faults. In B-B’, a small
east-dipping fault at A is inferred to be a splay from a
range-front fault that is younger than the Highland detach-
ment fault. The Tertiary tuffs are then rotated in a small
fault-bounded sliver. Rocks within the sliver may have
been faulted, brecciated, or thinned to accommodate the
rotation.  After restoring this small fault, the Highland
detachment fault can be restored to an initial 35°-40° west
dip based on an average east dip of 25° for the Tertiary vol-
canic units on both sides of the range.

In the restored B—B'section (fig. 7B), some of the faults
in the hanging wall of the Highland detachment fault are
actually hanging-wall faults to the older Stampede detach-
ment fault that have been offset, whereas others are related
to the Highland detachment fault itself. The faults were
restored based on the generalization that faults of the Stam-
pede detachment fault system dip east and faults of the High-
land detachment fault system dip west, even though these
relations are not always observed in the field.

The Stampede detachment fault, after restoration of the
Highland detachment fault, dips about 5°-10° west, which
contradicts the evidence for top-to-the-east movement.
However, if in B—B' the Prospect fault is restored and the
Highland Peak Formation rotated back to horizontal, the
Stampede detachment fault rotates to a gentle east dip. The
initial orientation of the Highland Peak Formation before the
formation of the Prospect fault is not known.

CONCLUSIONS

The northern Chief Range area exhibits prevolcanic,
synvolcanic, and postvolcanic extensional deformation (fig.
9). Prevolcanic (Stampede detachment fault), late synvolca-
nic to postvolcanic (Highland detachment fault), and
Pliocene(?) to Quaternary(?) faults mapped previously in the
Highland Range (Axen, Lewis, and others, 1988) continue
through the northern Chief Range area into the Chief Range.
Rowley and others (1994) recently mapped faults of these
three episodes south from the Chief Range to the boundary
of the Caliente caldera complex. In addition, possible early
synvolcanic deformation is represented by minor faults and
low-angle unconformities in Tertiary volcanic and sedimen-
tary rocks (fig. 9) exposed immediately west of the northern
Chief Range area. Faults of this episode could be present but
not distinguishable within the study area.

Prevolcanic extension represented by the Stampede
detachment fault is proposed to correlate with extension in
the Snake Range area in terms of timing, transport direction,
and stratigraphic level (fig. 9). However, in contrast to the
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EXPLANATION
Qa  Quaternary alluvium
Tertiary rocks
Tm McCullough Formation

Tph Pahranagat Formation to Hiko Tuff

Tec Condor Canyon Formation
Tlc Leach Canyon Formation
Tpfs  Pahroc sequence and Tertiary flows and sediments
Cambrian rocks
u Highland Peak Formation (upper)
1 Highland Peak Formation (lower)
be Burnt Canyon Member (marker bed)
<€l Lyndon Limestone
-Cpi Pioche Shale

Cambrian and Precambrian rocks
£Zpm Prospect Mountain Quartzite
Contact

== High-angle normal fault—Dashed where
approximately located or projected
above present ground surface; arrows show
direction of relative movement

Highland detachment fault—Dashed where
approximately located or projected
above present ground surface; arrows show
direction of relative movement

=L Stampede detachment fault—Dashed where

approximately located

@ Location discussed in text

Figure 7 (facing page and above). Present and restored geo-
logic cross section B-B', northern Chief Range. See text for dis-
cussion. Cross section is drawn from the detailed geologic map
(1:24,000 scale) of Burke (1991, pl. 1); location is shown in fig-
ure 4. Scale is greatly enlarged from figure 4. Highland Peak For-
mation is subdivided into upper and lower members and includes
the Burnt Canyon Member, which is used as a marker bed to
show relative offsets.

Snake Range, the footwall of the Stampede detachment fault
in the northern Chief Range area is not ductilely deformed or
metamorphosed. Displacement on the prevolcanic east-
dipping fault system may be decreasing southward from the
Snake Range area. Evidence of the prevolcanic extension
has not been found south of the Caliente caldera complex
(Wernicke and others, 1985; Axen and others, 1990; Axen,
1993; P.D. Rowley, mapping in progress) and is absent from
the Lake Mead extensional belt of southern Nevada.

The Stampede detachment fault is interpreted to have a
ramp that cuts downsection eastward in its footwall in the
south end of the Highland Range, which produced a com-
plexly faulted syncline-anticline pair in the upper plate. This
type of geometry has been previously proposed as analogous
to thrust fault ramps (Gibbs, 1984; McClay and Ellis, 1987)
and recognized elsewhere in the Basin and Range province
(such as in Death Valley; Wernicke and others, 1989). This
geometry may roughly constrain offset on the Stampede
detachment fault to be about 1 km.

The west-dipping Highland detachment fault (fig. 9) of
mid-Miocene age represents late synvolcanic to postvolca-
nic extension of similar orientation and age as the earliest
extension in the Mormon Mountains area. Fanning of dips
within the mid-Miocene McCullough Formation records
progressive rotation along the Highland detachment fault.
This structural evidence, along with inverted stratigraphy in
clast contents, supports the interpretation of the formation as
syntectonic (Axen, Lewis, and others, 1988). Structures cor-
relative with the Highland detachment fault system have not
been documented in the northern Snake Range. Instead, a
younger top-to-the-east fault system overprints the northern
Snake Range decollement.

The Bennett fault and the Burnt Springs Range fault
represent the youngest extensional episode in the northern
Chief Range area. The northeast-striking Burnt Springs
Range fault (fig. 9) transversely cuts the Highland detach-
ment fault and was previously mapped as a left-lateral
strike-slip fault. We reinterpret it here to be a young,
steeply northwest dipping dominantly normal fault (com-
pare Rowley and others, 1994). The fault juxtaposes two
blocks representing different structural levels of the High-
land detachment and Stampede detachment faults (Burke,
1991; Rowley and others, 1994). The Burnt Springs Range
fault partly defines the northwest side of the Chief Range.
It may have had an extended history, but the most recent
movement could be as young as the Pliocene(?)-
Quaternary(?7) range-bounding faults in Meadow Valley.
The Bennett fault is also interpreted to be related to these
faults and to the Arizona fault zone.
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Figure 8. Southern Highland Range with northern Chief Range in the nearground. Note sinuous
trace of Highland detachment fault (double-hachured line) bounding west edge of resistant outcrops

of Paleozoic rocks in both ranges.

In summary, mapping in the northern Chief Range area
supports the interpretation of episodic extension along low-
angle detachment faults across the central transect. This
study expands the known area in which these detachment
fault systems dominate, an area on the scale of several
hundred square kilometers (Taylor and others, 1989). The
lack of metamorphic rocks in the footwalls of these major
detachment faults indicates they are not the uplifted brittle-
ductile transition. At the structural levels exposed in the
northern Chief Range, the master detachment faults are sin-
gle fault surfaces or narrow fault zones. Also, as seen in cross
section, the older detachment fault is nearly bedding parallel
and the younger detachment fault cuts bedding at a moderate
angle. Metamorphic core complexes apparently result from
larger fault displacements and possibly more Tertiary plu-
tonism, inputting heat and facilitating ductile deformation,
than affected the northern Chief Range area.

No evidence exists in the northern Chief Range area for
extensional faults having reactivated older structures, and
large-volume volcanic deposition has occurred without con-
temporaneous extensional faulting (fig. 9). The ideas of

synextensional volcanism and fault reactivation have often
contributed to the construction of models for continental
extension (compare Gans, 1987, and discussion in Wernicke
and others, 1985), but this study indicates that they do not
apply universally in the Basin and Range province (see Tay-
lor, 1990, and Axen and others, 1993).

Models for extension in the Basin and Range province
in general are often necessarily simplistic, in the sense of
limiting the number of variables involved. The northern
Chief Range area provides an example of the complexity of
overprinted geometries produced during low- to high-angle,
listric and planar, rotational and nonrotational faulting of
multiple episodes. Penetrative deformation including bed-
ding-parallel slip, brecciation and dolomitization, and possi-
ble downward splaying of faults accommodated the shape
changes that developed during faulting and rotation. The
removal of the hanging wall of a major detachment fault also
resulted in possible slight footwall flexure, fault-bend fold-
ing, and syntectonic sedimentation.
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