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NONMARINE SEDIMENTARY ROCKS OF TERTIARY AGE
IN THE LAKE MEAD REGION, SOUTHEASTERN NEVADA AND
NORTHWESTERN ARIZONA

By ROBERT G. BOHANNON

ABSTRACT

Tertiary sedimentary rocks form a broad belt north of Lake Mead
in eastern Clark County, Nev., and western Mohave County, Ariz.,
between Las Vegas and the Grand Wash Cliffs. This belt stradles the
diffuse boundary between the Great Basin and Sonoran Desert sec-
tions of the Basin and Range structural province and is directly adja-
cent to the Colorado Plateaus province. Detailed study of surface
exposures of these rocks has provided information pertinent to their
lithology, chronology, and stratigraphy and has resulted in changes
in stratigraphic nomenclature and in concepts of the Tertiary tectonic
evolution of the Lake Mead region.

Three stratigraphic terms of formational status are endorsed in this
report: the Horse Spring, Muddy Creek, and Hualapai. Four mappable
stratigraphic units within the Horse Spring Formation are given for-
mal member status; from oldest to youngest these are the Rainbow
Gardens, Thumb, Bitter Ridge Limestone, and Lovell Wash
Members. Two stratigraphic units unconformably above the Horse
Spring at most localities and apparently older than most of the
Muddy Creek are left informally designated as the red sandstone unit
and the rocks of the Grand Wash trough. The Rainbow Gardens
Member encompasses the lower part of the Thumb Formation of
Longwell (1963), the lowest Tertiary beds of the Gale Hills Formation
of Longwell and others (1965), most of the Horse Spring Formation of
Longwell (1928), the Cottonwood Wash Formation of Moore (1972),
and the formation at Tassai Ranch of Lucchitta (1966). The Thumb
Member comprises the upper part of the Thumb Formation of
Longwell (1963), much of the lower Gale Hills Formation of Longwell
and others (1965), and the upper part of the Horse Spring Formation
of Longwell (1928). The Bitter Ridge Limestone and Lovell Wash
Members represent parts of the Gale Hills Formation of Longwell and
others (1965), and the lower and middle parts, respectively, of the
Horse Spring Formation of Longwell (1963). The red sandstone unit
consists of the uppermost beds in both the Gale Hills Formation of
Longwell and others (1965) and the Horse Spring Formation of
Longwell (1963). Rocks commonly assigned to the Muddy Creek For-
mation near Grand Wash are called the rocks of the Grand Wash
trough herein. The Muddy Creek Formation is also reevaluated to the
extent that the term is restricted to rocks demonstrably continuous
with those of the type locality. A new principal reference section is
defined for the Horse Spring Formation in White Basin and Bitter
Spring Valley. The type sections of the Rainbow Gardens, Bitter
Ridge Limestone, and Lovell Wash Members are at the localities for
which they were named, and the type locality for the Thumb is in
Rainbow Gardens.

Twenty-two fission-track age determinations on zircon extracted
from basal parts of airfall tuff beds in the Horse Spring Formation
and the two informally named rock units are concordant with
previously published K-Ar age determinations. These determinations
indicate that the Thumb Member ranges from 17.2 to possibly
13.5 m.y. old, the Bitter Ridge Limestone Member from 13.5 to about
13.0 m.y. old, and the Lovell Wash Member from 13.0 to 11.9 m.y. old.
The Rainbow Gardens Member has not been directly dated, but is
suspected to be no older than about 20 m.y., making the Horse Spring
Formation Miocene in age with a possible total age range from about
20 to 11.9 m.y. The red sandstone unit is 11.9 to 10.6 m.y. old, and the
rocks of the Grand Wash trough are as old as 11.6 m.y. by fission
track ages and as young as 10.9 to 8.44 m.y. by K-Ar determinations.
Only two age determinations are available for the Muddy Creek For-
mation: an 8-m.y. age from interbedded basalt and an age of 5.88 m.y.
for the Fortification Basalt Member near the top of the Muddy Creek.

The Rainbow Gardens Member occurs between Frenchman Moun-
tain and Grand Wash, ranges from 50 to 400 m in thickness, and in-
cludes clastic rocks ranging from conglomerate to claystone, several
types of carbonate rocks, evaporites, and chert. A basal conglomerate
occurs, and carbonate lithologies dominate the upper portions of the
member, but the middle parts are lithologically diverse. Five
lithofacies delineated above the basal conglomerate include the
clastic-carbonate, tuff-limestone, gypsiferous, gypsum-limestone, and
magnesite facies. All are thought to have been formed in lacustrine
and marginal-lacustrine environments developed above a widespread
gravel on a pediment surface.

The Thumb Member occurs from Frenchman Mountain to the
eastern Virgin Mountains, appears to be as thick as 1300 m or more,
and consists of clastic lithologies, ranging from siltstone to breccia,
and laminated gypsum. Carbonate lithologies are rare. Fine-grained
clastic constituents and gypsum are widespread, forming a lacustrine
depositional facies, and coarse-grained clastic lithologies form alluvial
lithofacies adjacent to faulted basin margins. The lake is thought to
have periodically dried, and the alluvial fans are thought to have
formed along high, steep margins.

The Bitter Ridge Limestone Member is distributed between
Frenchinan Mountain and White Basin, is about 300 to 400 m thick,
and at most locations consists of parallel-bedded limestone. Gypsifer-
ous sandstone and conglomerate in Lovell Wash and sandstone, intra-
formational breccia, and limestone near Lava Butte compose a clastic
lithofacies. The stromatolitic limestone is thought to have originated
in a lake with very shallow water, while the other facies are thought to
be alluvial and to have resulted from syntectonic sedimentation at
subaerial sites near lake margins.
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2 NONMARINE SEDIMENTARY ROCKS OF TERTIARY AGE IN LAKE MEAD REGION

The Lovell Wash Member occurs between Frenchman Mountain
and White Basin, is about 450 m thick at maximum, and consists of
limestone, dolomite, claystone, sedimentary tuff, tuffaceous sand-
stone, and arenaceous tuff. An isolated lithofacies of sandstone and
siltstone occurs near Black Mesa north of Callville Bay, and a con-
glomerate lithofacies is present in Lovell Wash. A lacustrine environ-
ment is favored for most of the member. Tuffaceous rocks either were
deposited directly into the lake by airfall or were transported in by
fluvial processes. Clastic lithofacies are thought to have originated
near active basin-margin faults as alluvial deposits.

The red sandstone unit occurs in White Basin and east of French-
man Mountain, is as thick as 500 m, and consists of sandstone, gyp-
siferous sandstone, tuff, and conglomerate. The rocks of the Grand
Wash trough occur in the Grand Wash region, are thicker than 500 m,
and consist of sandstone, gypsum, conglomerate, tuff, and limestone.
The red sandstone unit is thought to be a playa-lake deposit in which
sand accumulated by eolian activity, gypsum was deposited in the
vadose zone of existing sediment, and conglomerate was shed off ac-
tive basin-margin fault scarps. The rocks of the Grand Wash trough
probably accumulated in a closed basin also.

The Muddy Creek Formation is distributed throughout areas of low
elevation in the local part of the Basin and Range province. Its
thickness is unknown, and it consists of bedded siltstone, sandstone,
gypsum, gypsiferous siltstone, and conglomerate near basin margins.
It is thought to have formed during basin- range development in
alluvial, fluvial, and lacustrine environments associated with valleys
having internal drainage.

The Tertiary sedimentary rocks have been deformed and
fragmented by 65 km of left slip along the Lake Mead fault system,
40-60 km of right slip along the Las Vegas Valley shear zone, crustal
extension of possibly 100 percent or more in a S. 70° W. direction, and
stratal tilting associated with normal faulting. These structural
elements are thought to have become active after early stages of sedi-
mentation and to have interacted with one another during sedi-
mentation. A palinspastically restored pre-Rainbow Gardens Member
paleogeologic map indicates north-northeast trending, west-dipping
thrusts of the Sevier belt west of a topographically featureless
autochthon slightly deformed by a large north-trending arch cored by
Precambrian crystalline rocks. Between 20 and 17 m.y. ago, the Rain-
bow Gardens Member was deposited in a broad, shallow sag with low-
relief margins developed on the nose and northeastern flank of the
arch between the thrusts and the present position of the Colorado
Plateau. The Thumb Member was deposited at the same site in a deep
fault-bounded trough between 17 and 13.5 m.y. ago, possibly as a
result of synchronous initial activity on the Lake Mead fault system
and the Las Vegas Valley shear zone. The Bitter Ridge Limestone and
Lovell Wash Members occur only northwest of the Lake Mead fault
system, and they record major activity on that system and the Las
Vegas Valley shear zone about 13 m.y. ago. Crustal extension south
of Lake Mead accompanied this activity. The red sandstone unit and
the rocks of the Grand Wash trough formed in grabens and on the
downthrown sides of tilted mountain blocks, which overprinted
earlier structures and may represent early Basin and Range deforma-
tion between 12 and 10 m.y. ago. The Muddy Creek Formation filled
Basin and Range valleys and overlapped most of the basin-forming
structures.

INTRODUCTION

In the Lake Mead region, between Las Vegas, Nev.,
and the Grand Wash Cliffs in Arizona (fig. 1), are abun-
dant, widespread exposures of nonmarine and probable
nonmarine sedimentary rocks of Tertiary age. The

oldest of these rocks were deposited upon Mesozoic and
Paleozoic rocks which at that time were nearly unde-
formed except where directly affected by Cretaceous
thrust faults. These oldest Tertiary rocks are now
highly deformed. They are exposed in mountain ranges
and valleys of the Basin and Range structural province,
and apparently they predate the development of that
province in the Lake Mead region. The youngest of the
Tertiary sedimentary rocks, on the other hand, are con-
fined to the valleys of the Basin and Range province, are
relatively undeformed, and rest with angular uncon-
formity on all of the older Tertiary and pre-Tertiary
rocks. Tertiary deposition was synchronous with the
formation of Basin and Range structure, and its style
records the historical development of the province.
Sedimentation evolved from an early pattern of regional
accumulation in a broad downwarp, through a period of
deposition in response to strike-slip and associated nor-
mal faulting, into final stages of sedimentation in local-
ized Basin and Range valleys. The final stage of basin
filling is still active in many parts of the province, but in
most of the Lake Mead area, deposition has halted
subsequent to downcutting of the Colorado River sys-
tem, which has initiated a period of dissection and
erosion.

The complex Tertiary stratigraphy of the Lake Mead
region had not been previously mapped or studied in
detail, and its description and interpretation are the
chief purposes of this report. Recent detailed geologic
mapping in the Valley of Fire (Bohannon, 1977a), in Bit-
ter Spring Valley and White Basin (Bohannon, 1977b),
and in the Gale Hills (Bohannon, 1983) provides the
basis for the description and the framework for the
interpretation. Previously published stratigraphic
nomenclature provides no adequate basis for regional
mapping and correlation, and it is reevaluated and
revised accordingly herein. The early nomenclature
evolved over a period of decades, during which time
many different geographically restricted stratigraphic
names were introduced. There apparently was no under-
standing of the stratigraphic framework of the region.
Ages of the Tertiary rocks were not well understood
even in the light of limited K-Ar dating reported by
Anderson and others (1972). In the absence of good
chronologic and stratigraphic information, it was not
possible for previous workers to relate Tertiary rocks
regionally, and thus, the described Tertiary geologic
history of this part of the Great Basin and the Colorado
Plateau was equivocal. This report focuses on revisions
and refinements of stratigraphic nomenclature, strati-
graphic correlation, rock description, rock age, sedi-
mentary history, and sedimentary and tectonic deposi-
tional environments of all of the Tertiary rocks of the
Lake Mead region. The evolution of this sedimentary
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FIGURE 2—General lithology and stratigraphy, previous stratigraphic nomenclature (A column), and proposed stratigraphic nomenclature (B
column) of the Tertiary rocks of the Lake Mead region. Ages of the rocks are generalized from tables 1 and 2.

data, but do not provide a completely adequate regional | sented above are numerous. Historically, where terms
nomenclature scheme. such as Muddy Creek and Horse Spring have been used
The problems inherent with the nomenclature pre- | regionally, it has been without proper attention to
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stratigraphic details. This problem has been com-
pounded by the large-scale displacement and distortion
along the left-slip Lake Mead fault system and the
right-slip Las Vegas Valley shear zone and in large
areas of crustal extension, all of which were active dur-
ing sedimentation. These large structures have subse-
quently fragmented once-continuous rocks, leaving
them widely separated geographically (Anderson, 1971,
1973; Bohannon, 1979). Published stratigraphic nomen-
clature was proposed before this complex depositional
and structural history was known, and in the absence of
detailed stratigraphic information. Inconsistencies of
this nomenclature are discussed below in the light of
lithologic data presented in brief descriptions of four
composite stratigraphic sections, and age interpreta-
tions derived primarily from tuffaceous beds within
those sections (fig. 2).

PROPOSED STRATIGRAPHIC NOMENCLATURE

The system of stratigraphic nomenclature proposed
in this report retains some of the most widely used
geologic names, but reorganizes them slightly. Some
names are abandoned, and three new formal names are
proposed as a result of detailed geologic mapping. For-
mal nomenclature is used only where regional geologic,
stratigraphic, and structural interpretations substan-
tiate its use. Informal nomenclature is employed where
regional relations are uncertain and stratigraphic con-
tinuity cannot be demonstrated. Because a basic under-
standing of stratigraphic and lithologic character of the
units is necessary to make the new nomenclature mean-
ingful, brief descriptions, which are keyed to figure 2,
are provided below for the area east of Frenchman
Mountain, the White Basin-Bitter Spring Valley area,
Overton Ridge, and the Virgin Mountains-Grand Wash
Cliffs area. More complete presentations of lithologic
and age data follow in other sections of this report.

East of Frenchman Mountain, in Rainbow Gardens,
the type section of the Thumb Formation of Longwell
(1963) contains two distinct mappable units totaling
1,200 m in thickness, and it unconformably overlies
Mesozoic formations ranging from the Jurassic and
Triassic(?) Aztec Sandstone through the Middle(?) and
Lower Triassic Moenkopi Formation. The lower map-
pable unit includes 30 m of conglomerate overlain by
interbedded red to pink sandstone and gray limestone
under a resistant, poorly bedded, light-colored lime-
stone. The lower unit is wedge shaped and varies from
more than 300 m thick near Las Vegas Wash to less
than 30 m thick northwest of Lava Butte. The upper
mappable unit, which is almost 1,000 m thick, is
primarily red and brown sandstone, but also contains

gypsum, conglomerate, breccia, altered green sedimen-
tary tuff beds, partially altered gray tuffaceous beds,
and some lava flows. Radiometric ages suggest that the
upper unit ranges from possibly older than 17.2 m.y. to
possibly as young as 13 m.y.

Overlying Longwell’s (1963) Thumb Formation,
700 m of carbonate rock, tuff, and red sandstone that he
called Horse Spring Formation can be subdivided into
three distinct mappable units. A resistant lower unit,
nearly 200 m thick, is pale brown and buff, arenaceous,
thick-bedded limestone and intraformational limestone
breccia and conglomerate. Above that is a lithologically
complex unit of white limestone, white and gray tuff,
tuffaceous sandstone, gray and white clay beds, and
brown chert. An age from interbedded volcanic rocks in
the vicinity of the contact between the two units sug-
gests that they are about 13 m.y. old. A thin unit of red
sandstone with gray and white air-fall tuff beds is the
highest mappable unit, although the nature of its basal
contact is uncertain. Age interpretations from the red
sandstone section indicate that it ranges from 11.2 to
10.6 m.y. old.

Brown conglomerate, pink siltstone and sandstone,
and white gypsum are conformably higher than all of
the rocks described above. No dates have been deter-
mined for these rocks in the Frenchman Mountain area.
They have been mapped as the Muddy Creek Formation
(Longwell, 1963; Longwell and others, 1965).

In White Basin and Bitter Spring Valley, the Tertiary
part of the Gale Hills Formation (Horse Spring Forma-
tion of Bohannon, 1977b) is similar in lithology and age
to the combined Thumb and Horse Spring Formations
(Longwell, 1963) east of Frenchman Mountain. At most
localities in White Basin and Bitter Spring Valley, these
Tertiary rocks unconformably overlie the Baseline
Sandstone. In Echo Wash, though, they overlie the
Aztec Sandstone.

In Bitter Spring Valley, the Gale Hills, and Echo
Wash, the lower part of the Tertiary section contains
two mappable units like those of the Thumb Formation
of Longwell (1963) at Frenchman Mountain. The lowest
unit consists of a thin (10- to 50-m-thick), continuous
basal conglomerate overlain by poorly bedded white
gypsum. In Echo Wash this gypsum is, in turn, suc-
ceeded by a thick lenticular body of wavy-bedded yellow
limestone, which is also included in the lowest unit. The
upper mappable unit, which is about 1,100 m thick, con-
sists of brown parallel-bedded sandstone, conglomerate
and lenticular bodies, and beds of thinly laminated
white gypsum. Continuous altered green tuff beds are
common in both mappable units. Fission-track and
K-Ar dates suggest that these units, whose total
thickness is 1,300 to 1,400 m, range in age from 15.6 to
14.9 m.y. Bohannon (1977b) mapped these rocks as the
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lower member of the Horse Spring Formation and cor-
related them on a lithologic basis with the Thumb For-
mation east of Frenchman Mountain.

In White Basin, the upper part of the Tertiary section
consists of three different units, which are like those of
the Horse Spring Formation of Longwell (1963) east of
Frenchman Mountain. About 300 to 400 m of light-buff,
pale-yellow, and tan, wavy- and parallel-bedded lime-
stone exposed at Bitter Ridge makes up the lowest of
the three. This lowest umnit is overlain by a lithologically
complex middle unit of white limestone, white and gray
tuff and tuffaceous sandstone, gray and white clay
beds, and brown chert. The youngest unit, 400 m thick,
consists of red sandstone with abundant gray and white
sedimentary tuff beds and sparse, discontinuous gyp-
sum lenses. The three units total 1,200 m in thickness.
One date from the middle unit suggests that it is about
13 m.y. old. Further age data suggest that the youngest
unit may range from as old as 11.9 m.y. to as young as
11.0 m.y. Bohannon (1977b) abandoned the use of the
term Gale Hills Formation, mapped the lowest unit of
this sequence as the middle member of the Horse Spring
Formation, and combined the two uppermost units as
the upper member.

At Overton Ridge, the Horse Spring Formation, as
mapped by Bohannon (1976, 1977a), is in a stratigraphic
position similar to that of the lowest mappable unit in
the Thumb Formation of Longwell (1963) east of
Frenchman Mountain and the lowest Tertiary unit in
Bitter Spring Valley. Here a continuous basal con-
glomerate 50 m thick is overlain by pink dolomite and
magnesite. These rocks, which unconformably overlie
the Baseline Sandstone, are in turn overlain by 200 m of
brown bedded siltstone and poorly bedded conglomer-
ate. At one location, a thin umit of red sandstone with
gray and white tuff beds overlies the latter beds and has
an apparent age of 12.5 to 15.6 m.y. An unknown thick-
ness of pink siltstone, pink sandstone, and brown con-
glomerate unconformably overlies all of the above rocks
and constitutes the type locality of the Muddy Creek
Formation (Stock, 1921).

In the Virgin Mountains at Wechech Basin and at
Horse Spring, the type Horse Spring Formation con-
tains two mappable units, the upper of which is the
same age as the upper unit in the Thumb Formation of
Longwell (1963) in Rainbow Gardens. Bohannon (1979)
described the lithologic similarities between basal units
in the two areas. The similarities include the overall
wedge shape of the two umits and their stratigraphy,
which consists, from base to top, of a basal conglomer-
ate above Mesozoic rocks, red sandstone with calcite
filled ‘‘tubelets,” and resistant, poorly bedded,
“fragmental” limestone. The upper unit in the Virgin
Mountains, which consists of 1,200 m of brown, parallel-

bedded sandstone, white laminated gypsum, conglomer-
ate, and altered, green tuff beds, is lithologically similar
to the upper unit of the Thumb Formation at Rainbow
Gardens and much of the lower member of the Horse
Spring Formation of Bohannon (1977b) in Bitter Spring
Valley. Age data from Wechech Basin suggest that the
upper unit ranges from 16.3 to 15.9 m.y. old and that
the two units correlate with those of the Thumb in Rain-
bow Gardens and the lower member of the Horse Spring
in Bitter Spring Valley. However, no rocks known to oc-
cur in the type section of the Horse Spring Formation at
Horse Spring or in Wechech Basin have the correct
lithology, stratigraphic position, or age to correlate with
the rocks mapped as Horse Spring Formation near
Rainbow Gardens by Longwell (1963).

At Cottonwood Wash, at Grand Wash, and between
Wheeler Ridge and the Grand Wash Cliffs, a sequence
of red sandstone, gray and white tuff beds, conglom-
erate, gypsum, and limestone, which is commonly called
the Muddy Creek Formation (Longwell, 1928, 1936;
Lucchitta, 1972, 1979; Blair, 1978), unconformably
overlies beds thought to be equivalent to the lower unit
described above in Wechech Basin. At the above-named
places the red sandstone is lithologically similiar to the
stratigraphically highest unit in White Basin and to
rocks that occur unconformably beneath the Muddy
Creek Formation east of Frenchman Mountain. The in-
terpreted age range of 11.6 to 8.4 m.y. for this red sand-
stone unit suggests that it correlates temporally both
with the latter units and possibly with the lower part of
the Muddy Creek at its type locality. The umit com-
monly called the Hualapai Limestone is apparently part
of the Muddy Creek Formation in Detrital Valley and is
also gradational above the red sandstone described
above in Grand Wash, but lies on Precambrian rocks
between the two valleys.

The nomenclature of the rocks of the Lake Mead
region is redefined below.

The Horse Spring Formation as herein redefined has
its principal reference area, designated in this report, in
Bitter Spring Valley and White Basin. This area con-
tains the thickest, best exposed, and most lithologically
complete section of these rocks known. As redefined
herein, the Horse Spring Formation includes all the Ter-
tiary rocks below the Muddy Creek Formation of Stock
(1921), with the exception of the informal unit of red
sandstone with gray and white tuff beds which occurs
east of Frenchman Mountain and in White Basin. Al-
though the principal reference area is remote from
Horse Spring, the name is retained because of its time-
honored acceptance and use. A principal reference sec-
tion 2,100 m thick is defined between longitudes
114°36’ and 114°37’ W. and latitudes 36°1545” and
36°19’30” N. (Muddy Peak 15-minute quadrangle).
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This part of Bitter Spring Valley, Bitter Ridge, and
White Basin contains a complete north- to northwest-
dipping section, which includes the base and top of the
Horse Spring Formation and representative strata of
four mappable units herein designated as members. The
base of the Horse Spring Formation is defined at the
regionwide unconformity: above Mesozoic formations,
upper Paleozoic formations, and the Cretaceous and
Tertiary(?) Baseline Sandstone. The top of the Horse
Spring Formation is defined at the well-developed con-
tact between the white limestone, white and gray tuf-
faceous rocks and light-gray claystone of the uppermost
Horse Spring, and the overlying unit of red sandstone
(fig. 2).

Type sections for the four formal members of the
Horse Spring Formation have been chosen in areas
where the best exposures and most representative
lithologies of each member are present. These locations
do not necessarily correspond to the location of the
Horse Spring principal reference section defined above.

The oldest member of the Horse Spring Formation is
herein named the Rainbow Gardens Member for expo-
sures in Rainbow Gardens. The type section, which is
about 300 m thick, is designated at latitude 36°08’
30” N. and longitude 114°57/30” W. in the Henderson,
Nev., and Frenchman Mountain, Nev., 7Y:-minute
quadrangles. This member includes the oldest mappable
unit within Longwell’s (1963) Thumb Formation east of
Frenchman Mountain, the oldest Tertiary mappable
unit in the Bitter Spring Valley area, most of the Horse
Spring at Overton Ridge, and the lowest unit in the
Horse Spring Formation of Longwell (1921, 1922) in the
Virgin Mountains area. At its type section, the base of
the Rainbow Gardens Member corresponds to the base
of the Horse Spring Formation where it unconformably
rests on the Moenkopi Formation. The type section dips
to the southeast, and its top is defined at the top of the
resistant limestone that forms a well-developed hog-
back throughout Rainbow Gardens. Complete location-
by-location lithologic descriptions, detailed strati-
graphic sections of the Rainbow Gardens Member, and
more exact definitions of member boundaries can be
found below in the section ‘‘Description of Rock Units.”

The Thumb Member of the Horse Spring Formation
is redefined here as the rocks stratigraphically above
the Rainbow Gardens Member and below the carbonate
rocks of the Bitter Ridge Limestone Member. The prin-
cipal reference section of the Thumb Member, which is
as much as 1,000 m thick, is defined in the Rainbow
Gardens area at about 36°07'30” N. latitude and
114°56’45” W. longitude in the Henderson, Nev., and
Frenchman Mountain, Nev., 7%2-minute quadrangles.
Here, the Thumb rests conformably on the upper lime-
stone of the Rainbow Gardens Member. This member

includes the upper mappable unit of Longwell’s (1963)
Thumb Formation east of Frenchman Mountain.
Although the name Thumb Valley no longer appears on
local topographic maps, the name “Thumb” is retained
for the Thumb Member because of its time-honored ac-
ceptance and use. Complete location-by-location
descriptions accompanied by measured stratigraphic
sections can be found below in the section “Description
of Rock Units.”

The limestone that composes the hogback of. Bitter
Ridge between Bitter Spring Valley and White Basin is
herein defined as the Bitter Ridge Limestone Member of
the Horse Spring Formation.! The base of the Bitter
Ridge Limestone Member is defined at the top of the
stratigraphically highest sandstone bed of the Thumb
Member, and the top of the Bitter Ridge is defined at
the top of the uppermost resistant limestone bed, which
is overlain by less resistant gray and white tuffaceous
beds. The type section, which is about 300-400 m thick,
is at Bitter Ridge at latitude 36°18’30” N. and longitude
114°3500” W. in the Muddy Peak, Nev., 15-minute
quadrangle. In this area, the member dips to the north.
Complete lithologic descriptions are included in a subse-
quent section of this report.

The youngest member of the Horse Spring Formation
is herein called the Lovell Wash Member and is named
for rocks stratigraphically above the Bitter Ridge Lime-
stone Member in Lovell Wash. The type section in
Lovell Wash is defined at latitude 36°1245” N. and
longitude 114°4230” W. in the Hoover Dam, Nev.,
15-minute quadrangle, where about 300 m of the
member is exposed in a syncline.

The unit of red sandstone and siltstone that contains
gray and white tuff beds and discontinuous gypsum
lenses in White Basin and the area east of Frenchman
Mountain is not included with the Horse Spring Forma-
tion, because it possibly is unconformable with the
Horse Spring. There is also a lithologically and
chronologically similar unit in Grand Wash and
between Wheeler Ridge and the Grand Wash Cliffs.
These two units apparently have distributions and
sedimentary-tectonic histories different from those of
the Horse Spring Formation. In the Grand Wash area,
the red sandstone is commonly referred to as Muddy
Creek Formation (Longwell, 1936; Lucchitta 1966,
1979), but is confined within local basins (Lucchitta,
1966) that are not continuous with the basin in which
the principal reference section of the Muddy Creek was
deposited. Furthermore the red sandstone in the Grand
Wash area is older than the Muddy Creek Formation at
its principal reference section. For the above reasons,

“There are two ridges locally called Bitter Ridge. The other is in the Virgin Mountains and is
not composed of Bitter Ridge Limestone Member.
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these units are left informally designated as the red
sandstone unit in White Basin and east of Frenchman
Mountain, and as the rocks of the Grand Wash trough
in the Grand Wash area, throughout this report.

The Hualapai Limestone presents a special nomen-
clature problem because it is commonly called a formal
member of the Muddy Creek Formation in recent liter-
ature (Blair, 1978; Blair and Armstrong, 1979; and Luc-
chitta, 1972, 1979). Its member status is chiefly based
upon the fact that limestone is interbedded with red
sandstone at the base of the main body of Hualapai
Limestone at Grapevine Mesa, and the red sandstone
has traditionally been termed Muddy Creek. In this
report, however, the red sandstone that is interbedded
with the limestone of the Hualapai is considered to be
part of the rocks of the Grand Wash trough rather than
part of the Muddy Creek. On this basis, it is better to
refer to the Hualapai as part of the rocks of the Grand
Wash trough rather than as a member of the Muddy
Creek. However, the Hualapai extends to the west of
Grapevine Mesa beyond the western limits of the under-
lying red sandstone, where it rests directly on Precam-
brian crystalline rocks. It ultimately extends into
Detrital Valley, where it rests on rocks called Muddy
Creek Formation. Because the stratigraphic relations of
the Hualapai with the Muddy Creek in Detrital Valley
are incompletely understood owing to a paucity of pub-
lished maps and accurate descriptions there, and be-
cause the Hualapai interfingers with informally named
rocks in the Grand Wash trough, it is left unassociated
with either the rocks of the Grand Wash trough or the
Muddy Creek; it is restored here to its original forma-
tional rank (Longwell, 1936) and referred to simply as
the Hualapai Limestone.

The Muddy Creek Formation of Stock (1921) is
slightly reevaluated in this report in that the use of that
term is restricted somewhat. Only rocks that can be
demonstrated to have been stratigraphically continuous
with those of the Muddy Creek type locality are called
Muddy Creek Formation.

AGE OF THE TERTIARY ROCKS

The precise age of the Tertiary nonmarine sedimen-
tary rocks in the Lake Mead region has been poorly doc-
mented largely because fossils are rare to nonexistent,
and because some important unconformities were not
detected. Although Anderson and others (1972) report
24 K-Ar determinations from igneous rocks associated
with the nonmarine sedimentary rocks, the authors did
not agree among themselves (Anderson and others,
1972, p. 283) that the age determinations were repre-
sentative of the age of the sedimentary rocks. The

disagreement focused upon whether the ages were
determined from lava flows interbedded with the sedi-
mentary rocks or from younger shallow intrusive rocks,
and on whether or not the dates from demonstrated ex-
trusive rocks were reset by thermal effects from nearby
intrusive rocks. Several additional factors must be con-
sidered concerning the dates presented by Anderson
and others (1972). The lower part of the section was
never dated by them, even in Rainbow Gardens, and
they still considered it to be possibly Cretaceous in age.
Also, saline minerals present throughout the Horse
Spring Formation suggest that the associated ground
water was capable of altering volcanic rocks? and of
subsequently chemically adjusting the apparent K-Ar
ages. In addition, the ages reported by Anderson and
others (1972) were grouped and referred to in terms of
the confusing system of stratigraphic nomenclature in
existence at the time and they, therefore, must be
reevaluated in the light of newly documented strati-
graphic relations.

Twenty-five fission-track age determinations were
made on zircon extracted from basal tuff beds inter-
preted to be of air-fall origin interbedded with the other
Tertiary sedimentary rocks. The fission-track dating
method was chosen for several reasons: zircon is pres-
ent, is not susceptible to alteration, and has a high
resistance to track annealing upon heating. Also,
fission-track dating of zircon, which is rich in uranium,
works especially well in Tertiary rocks. The age-
determination procedure follows that of Naeser (1976),
and lab work was done in Naeser’s lab under his
guidance.

Two important assumptions must be made when eval-
uating fission-track age determinations as primary
ages. It must be assumed that the dated rock has not
endured a heating event later than its original forma-
tion, or that it has not undergone a prolonged cooling
history. Also, it must be assumed that the dated grains
are not detrital and have had the same thermal history
as the encompassing rock. The inferred air-fall origin
and the limited stratigraphic thickness of the dated
tuffs suggest that they have not undergone a slow cool-
ing history, and their mineralogy indicates that they
have not been postdepositionally heated beyond the
annealing temperature of zircon. Naeser (written com-
munication, 1978) has demonstrated that the approx-
imate annealing temperature of zircon through geologic
time is about 175°-200°C. The presence of both heu-
landite’ and analcime in the dated tuffs suggests that

2Many of the dated rocks are highly altered.

3Both clinoptilolite and heulandite are present in these tuffs. Ordinarily, when X-ray diffrac-
tion techniques are used, heulandite is ked by clinoptilolite. By means of heating experi-
ments outlined by Mumpton (1960), Harry Starkey (written communication, 1978) demon-
strated the presence of heulandite in the dated tuffs.
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they have not been subjected to temperatures above
about 150°-175°C for long time periods (Coombs, 1971;
p. 324, fig. 3). In most cases, the presence of glass or
zeolite adhering to the dated grains after grinding and
mineral separation attests to the nondetrital nature of
the grains. An individual example (sample 40 from
Overton Ridge) in which detrital contamination may
present a serious problem is discussed separately below.

The relevant K-Ar dates presented by Anderson and
others (1972) are shown in table 1, the 19 new fission-
track dates are given in table 2, and the supporting data
are summarized in table 3. The most important dated
samples are located on three regional diagrams of the
Muddy Mountains area, the Virgin Mountains-Grand
Wash Cliffs area, and the Frenchman Mountain area
(fig. 3).

East of Frenchman Mountain, six fission-track and
K-Ar samples date the Thumb Member of the Horse
Spring Formation. The Rainbow Gardens Member has
not been dated owing to a paucity of datable rocks.
Fission-track samples 20, 21, 22, and 34 date the Thumb
Member and suggest a range from 16.2 to 13.2 m.y.
Sample 34 is the youngest of the samples from the

Thumb Member at 13.2 m.y.; it is probably anoma-
lously young because its age overlaps with those of
stratigraphically higher samples. Two samples from the
Thumb Member have K-Ar ages reported by Anderson
and others (1972) that appear to fall within the above
fission-track range (samples 12 and 13; 17.2%+3 and
15.6%+3 m.y. respectively). These samples are from
unaltered core rock of a pyroxene-olivine andesite that
can be demonstrated to be a lava flow interstratified
with the sedimentary rocks (R. E. Anderson, written
commun., 1978). Algally laminated carbonate incrusta-
tions and domes deposited on the upper surface of this
andesite testify to its origin as a lava flow.

Several of the K-Ar samples reported by Anderson
and others (1972) from the Thumb are much younger
than the above age range (samples 7, 8, and 9).
Although these samples are possibly from extrusive ig-
neous rocks interstratified with the Thumb Member,
later chemical analyses indicate that the sampled rocks
are altered and contain as much as 8 percent K,0. This
excess potassium explains their anomalously young
K-Ar ages; these samples should be disregarded (R. E.
Anderson, written communication, 1978).

TABLE 1.—Selected previously published K-Ar ages for Tertiary rock samples from the Lake Mead region, Nevada and Arizona
[Ages are taken from Anderson and others {1972, table 1) except as noted. Data have not been recalculated to new constants)

Sample No.
This Orig! Rock type North West General locality Rock unit K-Ar age
rept. latitude longitude (m.y.)
1 1 Ash-flow tuff-------—- 36°38'20” 114°31'30” Northern Muddy Mts.,, Possibly Hiko, Racer Canyon 213 +0.4
near Glendale. or Harmony Hills Tuff.
2 A do----—-—-- 36°38'20” 114°31'40” do do 196 +0.38
3 3 e do~-——-~—- 236°30" 114°36’ SE. of Muddy Mts.-—----- Thumb Member —------~~—=-~~~ 15.3 0.7
4 4 Tuff? -~ 36°13' 114°48’ SW. of Muddy Mts. do 149 05
5 5 @ —mmme—— do---~-~-- 36°14’ 114°45’30” do do 151 *0.5
6 6 Basaltic lahar. 36°09 114°46’ S. of Black Mesa--------- Uncertain 13.2 +05
7 7 Mafic alkalic 36°06'20” 114°5722” Rainbow Gardens-------—- Thumb Member-------—--—-—- 109 +1.1
igneous rock.
8 8 Biotite-hornblende 36°07'50” 114°56'25" Rainbow Gardens, NE. Igneous rocks of Lava Butte -——- 134 £0.7
rhyodacite. of Red Needle.
9 9 do----—-———- 36°07'50” 114°56'25" do do 117 +2.0
10 10 Mafic alkalic 36°07'15" 114°58'35" Rainbow Gardens-------- Thumb Member--------—---—- 118 +1.0
igneous rock.
11 11 - do-—-~———~ 36°07'15" 114°58/35” do do 11.8 +0.7
12 12 Pyroxene-olivene 36°07'27” 114°5638" Rainbow Gardens, SE. do 172 +3
andesite lava. of Red Needle.
13 13 - do-------—- 36°0727” 114°56’38” do do 156 *3
14 15 Basalt lava--------- 35°56'39” 114°3925" SE. of Hoover Dam------ Fortification Basalt Member, 49 +04
Muddy Creek Formation.
15 21 e do-—--—-—-—- 35°49'40” 114°3820" Malpais Flattop Mesa --—~ do 58 +1.0
16 22 do-—~-——-—- 36°10'10” 114°41720” Callville Wash. do 11.3 +0.3
17 23 - do--—————- 36°02'45” 114°39'35" Fortification Hill do 106 *1.1
18 24 e do-----——-- 36°09'55" 114°46’ Black Mesa do 11.1 +05
19 [ I do---——-—- 36°02/48” 114°39/36" Fortification Hill do 5.88+0.18

1Sample numbers shown by Anderson and others (1972, table 1).

Probably an incorrect coordinate, as Anderson and others (1972, table 1), describe this location as “near Bitter Spring” and show it at about 36°15’ N. on their map.

3Now superseded by sample no. 19.
“Unnumbered sample from Damon and others (1978).



TABLE 2.—Zircon fission-track ages of samples from Tertiary rocks of the Lake Mead region, Nevada and Arizona
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[Analytical data are given in table 3]

11

Fission-
Sample Rock type North West Locality description Stratigraphic unit track
No. latitude longitude age
(m.y)
20 Green air-fall tuff ---- 36°11'10" 114°54'45” 5 km NE. of Lava Butte -- Thumb Member-------———---- 148+14
21 Silver-gray air-fall tuff 36°1110” 114°5500” do do 16.1+15
22 e do-------~ 36°1047” 114°54'15" do---—- do 16.2+0.8
23 Green air-fall tuff -——- 36°1727” 114°34'05” Bitter Spring Valley do 15.41+0.8
24 - do-—---——- 36°1815" 114°36'12” do do- - 156+1.0
25 White airfall tuff ~--- 36°19/34” 114°3810" White Basin-—-—--~~-~~- Red sandstone unit-~----—---—- 11.9+09
26 Silver-gray-air-fall tuff 36°19'34” 114°38'10” do do 11.7+13
21 - do-——~—--—- 36°19'55” 114°3905” do do 112411
28 Gray air-fall tuff ~--—- 36°12'37" 114°4215" Lovell Wash--—--~—~———— Lovell Wash Member------~--~ 13.0+0.8
29 Silver-gray air-fall tuff 36°2045" 114°4028" White Basin--~—-------~- Red sandstone unit-----—------ 11.0£09
30 0 e do-----—-- 36°30'55” 114°28'55” Overton Ridge do 15.6+09
31 Ash-flow tuff------—-- 36°39'10” 114°31'52" Northern Muddy Mtns. Unknown (possibly equivalent to 20.7+1.2
near Glendale. Hiko, Racer Canyon, or

Harmony Hills Tuff).

32 Silver-white air-fall 36°0825” 114°55'10” SE. of Lava Butte —------ Red sandstone unit----~—-~--—- 10.6+0.9
tuff.

33 White air-fall tuff ---- 36°09'20” 114°54'15” East of Lava Butte do 11.2+1.2
34 Green air-fall tuff ---- 36°08'20" 114°5630" 1.5 km SW. of Lava Butte. Thumb Member-------------- 13.2+0.9
35 36°29'13" 114°09'40” Wechech Basin do- 159+1.0
36 36°29'25” 114°09'14” do do 16.3+1.9
37 White air-fall tuff -——- 36°20"20” 114°07'58" Horse Spring area-------- Rainbow Gardens Member.-—--- 15.1+0.8
38 Green air-fall tuff ---- 36°1745" 114°29745" Echo Wash—---===~=--—- Thumb Member-------~----—- 15.3+20
39 Silver-gray air-fall tuff 36°30'55” 114°28'55" Overton Ridge do 15.0+0.8
40 - do-——---——- 36°30'55” 114°28'55" do do 125409
41 Gray air-fall tuff -———-- 36°07'37" 114°0135” Pierce Ferry area———---—-- Rocks of Grand Wash trough 10.8+0.8

(below level of Hualapai Ls.).
42 Gray air-fall tuff ----- 36°07'37" 114°01'35" do Rocks of Grand Wash (several 116+1.2

meters below sample 41).
43 @ do--—--——- 36°07'37” 114°01'35" do Rocks of Grand Wash trough 111413

(same level as sample 41).

Five fission-track ages and three K-Ar age deter-
minations from tuffs of an interpreted air-fall origin
from the Thumb Member south of the Muddy Moun-
tains and in the Virgin Mountains fall in the range of
ages derived from that member near Frenchman Moun-
tain. One fission-track sample* from the Rainbow
Gardens Member near Horse Spring gave an age of
15.1+0.8 m.y., but this seems young because nearby
samples from the overlying Thumb are slightly older.
These older samples (samples 35 and 36) indicate that
the Thumb Member in Wechech Basin is about 15.9 to
16.3 m.y old. A similar age range of 15.6-13.3 m.y. is
indicated for the Thumb Member by fission-track dates
of samples from Bitter Spring Valley and Echo Wash
south of the Muddy Mountains (samples 23, 24, and 38).
Anderson and others (1972) report three K-Ar ages for
samples from tuffs within the Thumb Member in the
Gale Hills and in Bitter Spring Valley. These samples
(samples 3, 4, and 5) are from rocks grouped by Ander-

*Sample 37, obtained from and located by Richard Gl
by the author.

{written 1978); dated

son and others (1972) as Horse Spring Formation, range
from 15.3 to 14.9 m.y., and have ages concordant with
other ages from the Thumb Member of that formation.

The Thumb Member exposed at Overton Ridge is
dated by samples 30, 39, and 40 and ranges in age be-
tween 15.6 and 12.5 m.y. Samples 30 and 39 are con-
cordant, whereas sample 40 is discordant. The dated
tuffs are separated by no more than a few meters strati-
graphically. There is no apparent reason for the age
discrepancy, but it is possible that detrital zircons are
present in the older samples. This explanation, however,
is not considered likely as the two older determinations
are the concordant ones.

The ages of the Bitter Ridge Limestone and Lovell
Wash Members of the Horse Spring Formation are in-
terpreted from two K-Ar dates, from one fission-track
date, and from abundant bracketing dates from strati-
graphically higher and lower units. The two K-Ar deter-
minations, 13.4+0.7 and 11.7+2.0 m.y. (samples 8 and
9; Anderson and others, 1972), are both for the .
rhyodacite of Lava Butte, which occurs stratigraph-
ically between the Thumb Member and the base of the
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TABLE 3.—Analytical data for zircon fission-track age determinations shown in table 2
[Samples analyzed using the external detector method described by Naeser (1976). Determinations made in the laboratory of C. W. Naeser. Decay constant for spontaneous fission,

17y, total decay constant for 238U, 6 y=1.551x107 10y~

; atomic ratio 235U1238U, l=7‘252><10—3; thermal neutron fission cross section for 235U, «=580%10%4

A=7.08x10" yr yr
cm”]
Correlation

Sample Field Lab Fossil-track Induced:track Neutron Number coefficient U

No. No. No. density ()\s) density1 ()\i) flux (¢} of of total content
{108 tracks/cm?) (10 tracksicm?) (101° w/em?) grains counts (r} (ppm)

20 1-121-1 2,044 1.15 (211) 4.69 (862) 1.01 8 0.811 134
21 1-121-2 2,045 1.03 (224) 3.87 (842) 1.01 8 792 110
22 1-121-3 2,046 2.87 (450) 10.7 (1,682) 1.01 6 981 305
23 1-67-270 2,047 2.73 (714) 10.7 (2,798) 1.01 10 .900 305
24 1-67-271 2,048 1.80 (253) 6.89 (968) 1.00 6 .958 198
256 1-67-272A 2,049 3.38 (370) 17.0 (1,856) 1.00 6 .802 490
26 1-67-272B 2,050 .938 (181; 4.79 (924) 1.00 8 740 138
27 1-67-273 2,051 1.04 (205 5.55 (1,094) .998 ] .808 198
28 1-96-174 2,052 2.20 (381) 10.3 (1,748) .996 8 938 298
29 2-131-73 2,053 1.80 (321) 9.70 (1,728) 994 8 175 281
30 1-28-63 2,054 1.84 (375) 6.90 (1,278) 992 6 979 203
31 174-94-1 2,055 2.69 (239) 7.68 (894) .990 6 918 223
32 1-13-2 2,056 701 (140) 3.90 (780) .988 7 .980 114
33 1-13-1 2,057 .821 (133) 4.33 (702) .986 6 .844 126
34 1-13-3 2,058 2.41 (391) 10.8 (1,746) 984 8 .834 316
35 1-23-1 2,059 1.98 (321) 7.31 {1,184) 982 6 922 214
36 1-23-2 2,060 2.83 (595) 10.2 (2,138) 980 8 118 300
37 GP- 2,061 2.50 (536) 9.64 (2,070) 978 8 947 284
38 1-69-165 2,062 .896 (121) 3.41 (460) 976 6 118 101
39 1-28-X1 3,171 3.28 (633) 13.75 (2,656) 1.05 8 961 377
40 1-28-X2 3,172 1.51 (331) 7.62 (1,666) 1.05 8 .894 209
41 2-80-1a 3,173 1.55 (248) 9.03 (1,658) 1.05 6 943 248
42 2-80-1b 3,174 91 (232) 4.96 (1,260) 1.05 8 .698 136
43  2-80-2 3,175 1.03 (215) 5.85 (1,216) 1.05 8 YN 160

!Numbers in parentheses show total number of tracks counted in each sample.

Bitter Ridge Limestone Member. The rhyodacite has
some features that indicate it is intrusive and others
that suggest it is extrusive, and many of its contacts are
fault-bounded. Nonetheless, a conglomerate composed
of clasts of rhyodacite similar to that of Lava Butte lies
stratigraphically within the Bitter Ridge Limestone
Member near Lava Butte. This conglomerate probably
indicates either the rhyodacite of Lava Butte was
subaerially exposed, eroded, and transported into the
Bitter Ridge Limestone or that it domed through and
erupted into that member. It is inferred then that the
age of the rhyodacite of Lava Butte dates either the
lower beds of the Bitter Ridge Limestone Member or
the contact between that member and the Thumb
Member. A fission-track age of 13.0%0.8 m.y. was ob-
tained from the Lovell Wash Member in Lovell Wash.
Unwelded ash-flow tuffs and overlying carbonate
rocks are exposed near Glendale, Nev. Two K-Ar
ages from the volcanic rocks have been reported by
Anderson and others (1972), one K-Ar age has been re-
ported by Shafiqullah and others (1980), and one fission-

ages of 21.3+0.4 and 19.6+0.8 m.y. reported by Ander-
son and others (1972, samples 1 and 2), the date of
20.0+0.8 m.y. reported by Shafiqullah and others (1980,
sample 91, p. 252), and the fission-track age of 20.7+
1.2 m.y. (sample 31) are concordant. These rocks have
traditionally been referred to as Horse Spring Forma-
tion (Anderson and others, 1972; Longwell, 1921, 1949;
and Longwell and others, 1965), but they are older than
the rest of the Horse Spring Formation, and no other
ash-flow tuffs are known from that formation. Thus,
their age range should not be used to define the age of
deposition of the Horse Spring. Ekren and others (1977)
describe several synchronous or nearly synchronous
ash-flow deposits from Lincoln County, Nev., including
the Hiko, Racer Canyon, and Harmony Hills Tuffs, that
may temporally correlate with the ash flows near Glen-
dale. Additional geologic mapping and stratigraphic
studies may clarify the relation between these ash flows
and the Horse Spring Formation.

Available data indicate that the Horse Spring Forma-
tion is Miocene in age and ranges from older than

track age was derived in the present study. The K-Ar

17.2 m.y. to possibly 11.9 m.y. old. Although undated at

FIGURE 3 (facing page).—Tertiary geology and important sample sites in the Muddy Mountains area (A), Virgin Mountains-Grand Wash Cliffs
area (B), and Frenchman Mountain area (C).
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HORSE SPRING FORMATION
RAINBOW GARDENS MEMBER
DISTRIBUTION AND THICKNESS

The thickness of the Rainbow Gardens Member
varies considerably, as is illustrated by figure 4, which
shows the regional distribution of 11 surface strati-
graphic sections. In Rainbow Gardens (sec. A, fig. 4),
the Rainbow Gardens Member is wedge shaped. South-
west of section A, along strike, the member is thicker
than 300 m, but northeast of section A the upper parts
of the member undergo an abrupt lithofacies change
into lithologies of the Thumb Member. Consequently,
the Rainbow Gardens Member thins to less than 50 m in
this direction. A similar northward thinning occurs in
the Virgin Mountains, where the member is also wedge
shaped. Here sections K and F (fig. 4) indicate that the
member is thicker than 300 m in their vicinity, but it
thins to less than 100 m at section D (fig. 4). The Rain-
bow Gardens Member is thinnest in the Gale Hills and
in Bitter Spring Valley, where it is only about 60 m
thick (sec. G, fig. 4). In its easternmost exposures near
the Grand Wash Cliffs (secs. £ and J), the member may
be thicker than 275 m, but because it is unconformably
overlain by younger deposits, its original thickness can-
not be measured. In general, the thickest section of the
Rainbow Gardens Member is about 400 m thick and the
thinnest about 50 m thick. The regional distribution and

palinspastic restoration of these thickness trends are

discussed below.
LITHOLOGY

The lithologically varied Rainbow Gardens Member
includes clastic sedimentary rocks ranging in grain size
from conglomerate to claystone, several types of car-
bonate rocks, evaporite beds, and chert. Conglomerate
occurs at the base of the member at every known ex-
posure, and, in general, carbonate lithologies dominate
its upper parts. The greatest diversification is in the
middle and lower middle parts of the member, where
sandstone, siltstone, claystone, limestone, dolomite,
gypsum, chert, and conglomerate are all interbedded.

CLASTIC AND SILICEOUS LITHOLOGIES

The resistant, blocky-weathering gray, gray-brown,
and red-brown basal conglomerate varies considerably
in thickness from about 50 m to as little as 1 or 2 m. It
has a well-defined, scoured basal contact where it uncon-

formably overlies Mesozoic and upper Paleozoic forma-
tions. The upper contact of this basal unit is also well
defined and is planar at most locations. However,
channel-form beds are exposed in stratigraphic sections
B (Echo Wash) and C (Overton Ridge). In these chan-
nels, which are at least 3 m deep, there is limited inter-
fingering of conglomerate with the overlying rocks.

Most clasts in the basal conglomerate are of gray
cherty limestone similar in lithology to rocks of the
Kaibab and Toroweap Formations of Permian age, and
red and red-brown sandstone that resembles sandstone
of Mesozoic age. Other clasts include gray limestone
and brown quartzite similar in lithology to other local
Paleozoic rocks. In southernmost Rainbow Gardens,
granitic and gneissic clasts occur. Limestone clasts,
which range in relative abundance from 60 to 90 per-
cent, are the dominant clast type, whereas the percent-
age of sandstone clasts ranges from 10 to 40. The
limestone clasts are commonly subangular, and the
sandstone clasts are subrounded to round. Clast sorting
is moderate. Clasts range in diameter from as little as a
few centimeters to as much as 1 m. Clast-supported tex-
ture is present. The matrix makes up about 20 percent
of the rock and is chiefly gray crystalline limestone or
arenaceous limestone, though a red-brown calcareous
sandstone occurs locally. The matrix imparts a hard,
wellindurated aspect to the rock and produces blocky,
resistant outcrops.

Bedding character varies within the basal conglom-
erate. Locally the conglomerate is unbedded; but more
commonly the bedding is poorly defined, is both even
and curved, and is discontinuous. In some outcrops, the
bedding appears parallel from a distance but is len-
ticular in detail. In many cases it is defined only by clast
trains and clast size changes. Internal low-angle trough
crossbeds occur at many locations and range in ampli-
tude from a few centimeters to 1 m.

Conglomeratic beds occur in the middle and lower
middle parts of the exposed sections at Rainbow
Gardens, the Echo Hills, Wechech Basin, and Cotton-
wood Wash (secs. A, I, D, and E, respectively, fig. 4). In
general, these beds consist of thin, discontinuous zones
of conglomerate in sandstone or of short, stubby lenses
at the base of sandstone beds. The clasts are small,
rarely exceeding a few centimeters in diameter, and
they are composed chiefly of subangular to subround
resistant limestone and cherty limestone that resembles
limestone of the Kaibab and Toroweap Formations. In
Wechech Basin, some of the clasts are well-rounded,
hard, small (less than 10 ¢cm in diameter), pieces of
quartzite that closely resemble clasts of the locally ex-
posed Upper Triassic Shinarump Member of the Chinle
Formation.
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Red, red-brown, and brown sandstone with grain-
supported texture is a major component of the middle
and lower middle parts of the stratigraphic sections at
Rainbow Gardens, Wechech Basin, Cottonwood Wash,
the northern Black Mountains, Echo Hills, and Pigeon
Wash (secs. A, D, E, H, I, and J respectively, fig. 4). The
sand grains are composed chiefly of medium-grained,
rounded quartz, but in rare cases coarse-grained sand-
stone, grit,> and siltstone are interbedded with the
medium-grained sandstone. The coarser grained types
are composed of subangular grains of carbonate rocks.
Silt- and clay-size matrix is rare to absent. Sand grains
are cemented by calcareous cement. Bedding is parallel,
wavy, and continuous overall, but some beds have
small-scale internal cross-laminations. It is apparent
that Mesozoic clastic rocks, especially the Aztec Sand-
stone, were the source for the sandstone beds because of
the similarity in sand grains, but the direction of trans-
port is uncertain.

Red-brown and brown siltstone is present within the
sandstone, and within gypsiferous sandstone (men-
tioned below), but it is minor in volume. Its color and its
association with the sandstone suggests that it too may
have been locally derived from Mesozoic clastic rocks.

White and light-gray, nonresistant, calcareous clay-
stone beds are abundant in the Lime Ridge and Cotton-
wood Wash sections and are present in the section at
Horse Spring (secs. K, E, and F repectively, fig. 4). Simi-
lar beds also occur at Rainbow Gardens (sec. A, fig. 4).
These claystone beds are in the middle and lower middle
parts of the Rainbow Gardens Member and are associ-
ated with clayey carbonate rocks and tuffaceous rocks.
The claystone beds are as thick as 1 m and are continu-
ous over lateral distances as great as 1 km, but internal
bedding, laminations, or structures were not observed
owing to insufficient exposure. X-ray data suggest that
the clay includes species with 0.7-, 1.0-, and 1.5-nm
peaks (R. K. Glanzman, written communication, 1979).
These claystone beds are inferred to have formed as the
byproduct of alteration of tuffaceous minerals. This in-
ference is based on relict texture in which clay occurs
mixed with micrite in the shape of pumice lapilli and
fine-grained pumice fragments.

Dark-green, black, and white chert is interbedded
with limestone, claystone, and tuff. This chert occurs in
thin, continuous beds that have well-defined bases and
tops; in small, irregular lenses; and in lenticular beds a
few centimeters thick. The continuous chert beds are
generally black or green and are interbedded with clay-
stone and carbonate beds, whereas the lighter-colored
chert is more lenticular and occurs in carbonate beds.

SSuper coarse grained sandstone or very fine grained conglomerate.

Chert is most common in the middle of the member in
the southern Virgin Mountains, but it also occurs in
sparse amounts in the upper carbonate unit of the
northern Virgin Mountains.

CARBONATE AND SULFATE LITHOLOGIES

White, light-buff, light-gray, and brown limestone
and dolomite, and arenaceous limestone and dolomite
are the dominant lithologies above the basal conglom-
erate in the Rainbow Gardens Member. Eight of the
eleven stratigraphic sections have a thick unit of resist-
ant carbonate rocks, commonly limestone, in their up-
per part. Most of the middle parts of the stratigraphic
sections contain many limestone and dolomite beds that
are interbedded with other rock types.

The thick, resistant upper limestone units (fig. 5) form
hogbacks and consist of 25-cm- to 1-m-thick uneven,
wavy beds that are parallel to one another and relatively
continuous. Bedding is defined primarily by erosional
differences and is obvious from a distance but is com-
monly difficult to detect on close inspection. Fine-
grained limestone with wavy internal laminations (evi-
dent in hand specimen) is common. However, many
other bedsets and beds have a tufalike appearance: they
are porous, do not appear to be internally bedded or
laminated, and have irregular and indistinct bedding
contacts. In addition to these tufa-like beds, intraforma-
tional limestone breccia occurs in the lower parts of
some resistant limestone units. Breccia clasts are about
5 c¢m in diameter and are similar in lithology both to the
matrix that surrounds them and to other nearby lime-
stone beds. All the limestone probably contains sili-
ceous detritus, and some beds contain enough sand to
be called arenaceous limestone, but sand content is
gradational. The arenaceous detritus is medium-grained
quartz sand that is moderately well rounded.

In the middle parts of the studied stratigraphic sec-
tions, many individual limestone, dolomite, and arena-
ceous limestone beds range in thickness from a few cen-
timeters to a meter. These beds are continuous, have
well-defined bedding surfaces, are a little more resistant
than the surrounding rocks, and are composed of
medium- to fine-grained crystalline carbonate, which
may represent some degree of recrystallization. In hand
specimen, many exhibit wavy internal laminations.
Dolomite is more prevalent in the fine grained beds
(R. K. Glanzman, written communication, 1979). There
is a gradation from relatively pure limestone beds into
calcareous sandstone beds, and all the beds probably
have some siliceous clastic material in them.

At Overton Ridge, the Rainbow Gardens Member
contains bright white, extremely fine grained sedimen-
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65 km or greater, with all but Ketner in agreement of
40 km or more. Evidence cited includes the offset of iso-
pach lines, facies trends, general stratigraphy, and
Sevier-age thrust plates between the Spring Mountains
and the ranges bordering Las Vegas Valley on the
north. Along the southeast projection of the Las Vegas
Valley shear zone are two faults (the Gale Hills fault and
the unnamed fault north of Frenchman Mountain
labeled 1 and 2 on pl. 1, fig. A) that I described as pos-
sible representatives of that zone (Bohannon, 1979), but
neither of these continues to the southeast beyond the
Lake Mead fault system. Thus, the maximum length of
the shear zone is only 140 km, and the possible length of
a fault buried under the fill of Las Vegas Valley is no
greater than 105 km. Diasgreement over the precise
magnitude of slip stems from the reconnaissance nature
of early studies and the lack of precisely documented
offset piercing points. All authors however, agree on the
importance of oroflexural bending in providing a large
part of the displacement, and most agree on the ap-
parent offset of thrust plates originally described by
Longwell (1960).

A palinspastically restored geologic map must ac-
count for 40 to 65 km of right-oroflexural bending and
right-slip faulting on the Las Vegas Valley shear zone
west of the Lake Mead fault system. If the map is to
restore conditions to their post-thrusting (Sevier
orogeny of Armstrong, 1968) state, it must depict the
three plates of the Sevier thrust belt shown on figure A
(pL. 1) in an approximate north-trending alinement.
With respect to the fixed reference frame of the Col-
orado Plateau, such a restoration places the eastern part
of the Spring Mountains approximately adjacent to the
southwestern part of the Muddy Mountains. This is ac-
complished by unfolding the bent rocks of the Dry Lake
Range, Sheep Range and Spring Mountains and by re-
storing displacements on surface faults in the Lake
Mead region. Assumptions involved in utilizing specific
surface faults in the Lake Mead region for such a
restoration are described below in conjunction with the
separate paleogeologic maps.

Synchronous activity on the Las Vegas Valley shear
zone and the Lake Mead fault system is suggested by
Fleck (1970), who concluded that the former zone was
active from 15 to 10.7 m.y. ago; by Anderson (1973),
who postulated activity on the Hamblin Bay and di-
rectly related faults from at least 12.7 to 11.1 m.y. ago;
and by Bohannon (1979), who concluded that the entire
Lake Mead system was active between 13 and possibly
6 my. ago. These conclusions are somewhat refined
using information presented herein.

Little evidence of syndepositional faulting or folding
is recorded by the Rainbow Gardens Member, which, al-
though undated, is not thought to be much older than

about 18 to 20 m.y. Further, this member has appar-
ently suffered maximum fragmentation by the Lake
Mead fault system, which indicates that fault activity
totally postdates it. Coarse clastic rocks within the
Thumb Member, which ranges from about 17 to
13.5 m.y., indicate possible activity on the Gold Butte
and Lime Ridge faults, which are interpreted to be
associated with the Lake Mead fault system. Similar
facies indicate synchronous activity on the Gale Hills
fault, which appears to be directly related to other faults
thought to be part of the Las Vegas Valley shear zone.
Thus, incipient and (or) related activity on the major
strike-slip fault systems possibly began as early as
17 m.y. B.P. The confinement of the Bitter Ridge Lime-
stone Member to the northwest side of the Lake Mead
fault system and the presence of conglomeratic facies
within the member near northern branches of that
system suggest major activity on those branches
around 13 m.y. ago. It is not known whether the Gold
Butte and Lime Ridge faults were still active at this
time, but there is no evidence to suggest that they were
not. The Gale Hills and related faults, on the other
hand, are overlapped by the Bitter Ridge Limestone
Member, indicating that their activity had ceased by
about 13 m.y. B.P. However, the Las Vegas Valley
shear zone may have been active at this time, because
facies of the Bitter Ridge Limestone Member are
strongly controlled by the fault zone north of French-
man Mountain (faults 1 and 2, pl. 1, fig. A), and that
fault may have been part of the shear zone. If so, activ-
ity on the Las Vegas Valley shear zone may simply have
been transferred from one fault to another. Like the Bit-
ter Ridge Limestone Member, the Lovell Wash Member
is confined to the north side of the Lake Mead fault
system and it also changes facies adjacent to northern
branches of that system. Thus, these fault branches
were probably active as late as 12 to 11.5 m.y. ago. Ap-
parently the Lovell Wash Member overlaps the fault
north of Frenchman Mountain, indicating that the fault
was inactive during deposition. The member is not only
present, but is similar in character and thickness on
both sides of that fault. The Muddy Peak and White
Basin faults, which formed the graben of White Basin
during the deposition of the red sandstone unit, show
evidence of deformation by the Bitter Spring Valley
fault of the Lake Mead fault system, and this evidence
suggests that activity continued on the latter system
between 12 and possibly 10 m.y. ago. Cessation of ac-
tivity on both the Lake Mead fault system and the Las
Vegas Valley shear zone is indicated by the overlapping
of both systems by the Muddy Creek Formation. The
age of the overlap is not certain, but could have oc-
curred as early as 10 m.y. ago.

South of the Lake Mead fault system, Anderson
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(1971) documented a widespread region of Tertiary sur-
ficial crustal extension that took place within abundant,
distinct, fault-bounded structural units that are highly
distended by closely spaced, north- to northwest-
trending listric normal faults. This surficial crustal
extension was accompanied at depth by intrusion of
igneous rocks. The stratigraphy south of Lake Mead
consists of three units: (1) 20- to 14.5-m.y.-old Patsy
Mine Volcanics (Anderson and others, 1972), which are
andesite formed in a large stratovolcano or system of
such volcanos constructed on a nearly featureless plat-
form of Precambrian crystalline rocks; (2) the tuff of
Bridge Spring, a 14.5-m.y.-old ash flow (Anderson and
others, 1972) erupted over the andesite; and (3) the 14.5-
to 11.8-m.y.-old Mount Davis Volcanics (Anderson and
others, 1972), which consist of a eastward-thickening
wedge of andesitic and rhyodacitic lavas. Anderson
(1971) offered no estimate of the magnitude of the exten-
sion, but pointed out that detailed measurements indi-
cate a consistent S. 70° W. orientation of the least prin-
cipal stress direction and that this stress orientation is
applicable over a broad region south of Lake Mead. He
concluded that the period of extension apparently
spanned the time of the volcanism and plutonism of the
Mount Davis Volcanics, from about 14.5 to 11.8 m.y.
ago.

Although the magnitude of crustal extension de-
scribed by Anderson (1971) is not known, extension in
that area is a major regional tectonic feature that must
be considered in palinspastic restorations. Within the
resolution limits of the available age data, it and the two
major fault systems described above were synchro-
nously active and are thus assumed to be genetically
related. Anderson (1973) and Bohannon (1979) sug-
gested that strike-slip displacement on the Lake Mead
fault system was absorbed successively southwestward
by the crustal extension, an idea consistent with the
ultimate termination of the Lake Mead strike-slip
system east of the McCullough Range. Thus, I think
that the Lake Mead system represents an intraconti-
nental transform fault that arises from the extension. If
so, it is logical to infer that the amount of extension
relates geometrically to the magnitude of the strike-slip.
Sixty-five km of left-slip on the S. 30° W. to S. 50° W.
trending Lake Mead fault system transposes by Euclid-
ian geometry into 55 km of crustal extension in a S.
70° W. direction. Therefore, palinspastic restorations
relative to the fixed reference frame of the Colorado
Plateau, to satisfy this inference, would place the
southern part of the McCullough Range in the approx-
imate present position of Wilson Ridge by compressing
(or more exactly, “un-extending’’) much of the area be-
tween the southern Spring Mountains and the Colorado
Plateau.

Another major structural feature that must be re-
moved from successively older paleogeologic maps is
stratal tilt generated after the time period represented
by each map. Throughout the Lake Mead region, the
Rainbow Gardens Member is steeply tilted (as much as
50°) and is subparallel to the underlying older rocks,
and significant amounts of stratal tilt must thus be
removed from pre-Rainbow Gardens maps. Younger
units are also tilted to various degrees, and where initial
dips are negligible, as in the lacustrine beds, these tilts
must also be removed. Increasing tilt with age gives a
record of tilting history.

At Frenchman Mountain, unpublished mapping by
C.R. Longwell conclusively indicates that 30° to 50°
easterly dipping bedding within the Rainbow Gardens
and Thumb Members parallels bedding in the under-
lying Mesozoic and Paleozoic beds to within a few
degrees. This tilting is best interpreted, based on
Longwell’'s mapping, to have originated as stratal ro-
tation on abundant northeast-trending, west-dipping
normal strike faults. Younger members of the Horse
Spring, such as the Lovell Wash, dip slightly less than
the older members, and the overlying red sandstone
dips significantly less. Thus, at Frenchman Mountain
the normal strike faults and the associated east tilting
are thought to have originated some time after the depo-
sition of the Thumb and to have continued activity
through the deposition of the red sandstone.

A similar situation exists throughout the southern
part of the Virgin Mountains, where easterly dips of
bedding range from 10° to 60° (Longwell and others,
1965; Morgan, 1964). Unpublished mapping by the
author indicates that bedding in the Rainbow Gardens
and Thumb Members parallels that of the Paleozoic and
Mesozoic rocks in this area also. As at Frenchman
Mountain, tilting in the Virgin Mountains is at-
tributable to stratal rotation on abundant north- to
northeast-trending normal strike faults and low-angle
listric normal faults whose dip commonly opposes that
of the strata (Morgan, 1964). Morgan’s (1964, pl. I)
detailed geologic map distinctly shows the north-
trending normal faults and listric normal faults to be
truncated by, or to join abruptly with, the northeast-
trending Gold Butte and Lime Ridge faults. These lat-
ter are interpreted to be strike-slip faults (Bohannon,
1979). Presumably a similar type of relation also occurs
at the northeast-trending Bitter Ridge fault, which is
north of the area mapped by Morgan. These interpreta-
tions lead to the inference that the normal faulting, the
listric normal faulting, the stratal tilting, and the strike-
slip faulting are all genetically related and occurred
sometime after or during the late stages of deposition of
the Thumb Member. A similar interpretation of struc-
tures of the same approximate age in the area south of



PALEOGEOLOGIC AND PALEOTECTONIC EVOLUTION 61

Lake Mead has been made by Anderson (1971) and by
Anderson and others (1972). The geology of the Virgin
Mountain region is interpreted to be dominated by
large, discrete areas in which roughly east-west-oriented
crustal extension was accommodated by normal fault-
ing, listric normal faulting, and stratal tilting. These
areas appear to have been bounded to the north and
south by the northeast-trending strike-slip faults.
Precise temporal control of these structures in the
Virgin Mountains is not yet possible because of the local
paucity of datable younger Tertiary strata and the lack
of critical detailed geologic mapping. However, the
structures are certainly post-Rainbow Gardens Member
in age, and they may have developed synchronously
with the deposition of the Thumb Member. If the con-
glomerate north of the Gold Butte fault is part of the
Thumb and also records activity on that fault, as has
been suggested, then the structures were indeed initi-
ated during the deposition of that member and must ex-
ist on subsequent paleogeologic maps.

At Overton Ridge and the Valley of Fire the 30°
northeast tilt of bedding in the Rainbow Gardens
Member parallels that of the underlying Mesozoic
rocks. Here, as in other areas, tilting is attributable to
Tertiary rotation on abundant north- to northwest-
trending normal strike faults (Bohannon, 1977a) that
apparently dip to the west and southwest. West of
there, in the North Muddy Mountains, steep dips and
stratal overturning were probably generated during the
episode of Cretaceous compressional deformation
known as the Sevier orogeny (Longwell, 1949; Arm-
strong, 1968). Only the post-Rainbow Gardens Member
rotational tilting in the Valley of Fire area is removed
from pre-Thumb age paleogeologic maps. The exact
time of development of this deformation is not known,
but I suspect its history parallels that of similar defor-
mation at Frenchman Mountain.

Stratal tilts in the Muddy Mountains, White Basin,
Bitter Spring Valley, and the Gale Hills are very com-
plex. Although many different magnitudes and direc-
tions of tilt are recorded, large fault-bounded areas have
internally consistent tilt directions and magnitudes.
The description and documentation of the overall struc-
ture of these areas is beyond the scope of this report,
and so the deformation is generalized in the paleogeo-
logic maps given here.

Figure B on plate 1 depicts the regional geology of the
Lake Mead area as it would be if all the post-Rainbow
Gardens Member stratal tilting and associated faulting
were removed. In addition, Tertiary sedimentary and
volcanic rocks are not shown. For purposes of illustra-
tion, however, the displacement on faults related to the
Lake Mead fault system and the Las Vegas Valley shear
zone and the distortion created by crustal extension

south of Lake Mead have not been removed from the
diagram. Figure B suggests the presence of a large pre-
Rainbow Gardens Member arch in the autochthonous
rocks east of the Sevier orogenic belt. Strike-slip fault-
ing and associated crustal extension have fragmented
the nose and west flank of this arch from its east flank
and caused expansion of its core.

Figure C (pl. 1) illustrates some of the evidence used in
constructing this arch. Its northeast-dipping eastern
flank is preserved on the western edge of the Colorado
Plateau and is evident on the Arizona geologic map
(Wilson and others, 1969). Young (1966, 1970), Young
and Brennan (1974), and Lucchitta (1966, 1972, 1979)
discuss the geologic significance and temporal develop-
ment of this flank of the arch and conclude that it was in
existence prior to the eruption of the Peach Springs Tuff
approximately 16.9 to 18.3 m.y. ago (Young and Bren-
nan, 1974). At that time, both low-angle stratal tilting
associated with arching and drainage direction were to
the northeast. A topographic and structural high ex-
isted in the core of the arch in the present position of the
Basin and Range province. Anderson (1969, 1971, 1973,
1977, 1978a and b) and Anderson and others (1972)
describe this high area south of Lake Mead where Paleo-
zoic and Mesozoic rocks were eroded from a large region
between the Grand Wash Cliffs and the eastern part of
the Spring Mountains prior to the eruption of volumi-
nous Tertiary volcanic rocks about 20 m.y. ago. Figure
C illustrates the eastern flank of the arch as it is pres-
ently exposed on the Colorado Plateau. Some of the con-
tact limits there are projected to positions that they
may have occupied during the early Miocene, and the
extent of Precambrian crystalline rocks that are directly
overlain by Tertiary volcanic cover is outlined.

The extension of the eastern flank of the arch into the
Basin and Range province is less obvious. On Wheeler
Ridge, a few kilometers northwest of the present Colo-
rado Plateau boundary, are the southwesternmost expo-
sures of the Permian Kaibab Limestone and Toroweap
Formation, Pennsylvanian and Permian limestone, and
Mississippian limestone. These are shown on figure C at
locations A, B, and C respectively. These limits help to
define the continuation of contacts from the Colorado
Plateau into the Basin and Range province. The Rain-
bow Gardens Member overlies successively older strata
from north to south, and the positions of important con-
tacts beneath that member are shown on figure C. With
this evidence, much of the eastern flank of the arch is
convincingly extended into the Basin and Range prov-
ince as far as the trace of the Lake Mead fault system.
Displacement on that fault system has apparently off-
set the eastern limb southwestward to the general vicin-
ity of Las Vegas and Frenchman Mountain (pl. 1, figs. B
and C). Although the nose of the arch is poorly defined,
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it apparently existed somewhere between Frenchman
Mountain and the eastern part of the Spring Moun-
tains. At Frenchman Mountain, geometric relations
show that the Mesozoic rocks beneath basal Tertiary
sedimentary rocks must have dipped gently to the
northeast in pre-Rainbow Gardens Member time (bar-
ring possible horizontal rotation of the rocks) (Bohan-
non, 1979). In the eastern Spring Mountains and
western McCullough Range, however, they apparently
dipped slightly to the northwest. Here Cambrian rocks
presently dip to the northwest and are in apparent
depositional contact with Precambrian crystalline
rocks. Tertiary volcanic rocks rest directly on Mississip-
pian rocks northwest of there (Stewart and Carlson,
1978) indicating a slight pre-volcanic northwestward
tilt (fig. C).

Though somewhat simplistic, figure B (pl. 1) shows
the arch fragmented by 65 km of left slip on the Lake
Mead fault system and distorted by about 55 km of
crustal extension south of Lake Mead. The Las Vegas
Valley shear zone appears as a broad zone of oroflexural
bending and faulting upon which approximately 50 km
of right slip has displaced the major thrust plates of
the Sevier orogenic belt. An unnamed major fault south
of the Gale Hills fault and another unnamed fault north
of Frenchman Mountain are depicted as the major
branches of the Las Vegas Valley shear zone in the Lake
Mead area. To make figure B into a true paleogeologic
map that depicts the geology prior to about 20 m.y. ago,
it is necessary to restore displacements and distortion
caused by the above structures. This restoration entails
closing the extensional area by narrowing the distance
between the east and west flanks of the arch on lines
parallel to the extension direction; restoring the fault
displacement on the Lake Mead fault system and there-
by reconnecting the offset parts of the arch; and restor-
ing the slip and folding on the Las Vegas Valley shear
zone to result in the approximate north alinement and
trend of equivalent thrust plates.

An understanding of the kinematics of the deforma-
tion is necessary to provide a usable model upon which
such restorations can be based. In addition to account-
ing for the displacement and distortion described above,
the model must explain the apparent truncation of the
Las Vegas Valley shear zone by the Lake Mead fault
system. These features are viewed as consequences of
the relative motion of three distinct, partially rigid to
rigid plates, which interacted with an irregularly shaped
area that deformed in an almost ductile manner. The
Colorado Plateau represents a rigid plate that is con-
sidered fixed in space. The area affected by crustal ex-
tension south of Lake Mead is combined with the Virgin
Mountain region, where similar deformation has oc-
curred, to form the area of ductile expansion. Two par-

tially rigid plates are defined northwest of the Lake
Mead fault system and are separated from one another
by the Las Vegas Valley shear zone.

Kinematically, the deformation between these plates
can be viewed in the following manner. Ductile expan-
sion in a S. 70° W. direction in the area south of Lake
Mead appears, from the fixed reference frame of the Col-
orado Plateau, to have resulted in incrementally in-
creased displacement with distance from the plateau to
the southwest. The Lake Mead fault system bounds the
area of crustal extension on the north. Southwestward
strike-slip displacement of the area north of the fault
system was accompanied by southwestward expansion
of the area south of the fault system, with the result
that net displacement across the fault system decreases
to the southwest, even though the total displacement
within the area of extension (relative to the Colorado
Plateau) increases in that direction. Ultimately the net
displacement across the fault system reaches zero at the
system’s termination east of the McCullough Range.

The dissipation of strike-slip into the extensional area
suggests to me the transform nature of the system.
Relative to the fixed, rigid reference frame of the Col-
orado Plateau, the partially rigid plate north of the Las
Vegas Valley shear zone and northwest of the Lake
Mead fault system probably had a strong synchronous
component of southwesterly motion parallel to the S.
30° W. trend of the Lake Mead fault system due east of
the plate. The partially rigid plate south of the Las
Vegas Valley shear zone received a similar component of
relative motion, and in addition it appears to have been
pushed relatively westward due to crustal extension
south of Lake Mead, resulting in a change in trend of
the Lake Mead fault system to S. 50° W. south of Las
Vegas Valley. This additional component of westerly
motion, imparted only to the southern plate, is thought
to have resulted in the Las Vegas Valley shear zone.

The termination of the Las Vegas Valley shear zone at
the Lake Mead fault system can be understood if re-
gional relative crustal motions are considered. Brittle
slip occurs on the shear zone between the two differen-
tially moving plates northwest of the Lake Mead fault
system, but within the area of ductile extension
southeast of that system, distortion of the crust ac-
comodates the displacement. The westward bending of
the Lake Mead fault system at the junction, some addi-
tional crustal extension south of Lake Mead and in the
Virgin Mountains, and the crustal extension and severe
distortion within the wedge-shaped region between
Frenchman Mountain and the junction of the major
fault zones are visualized as features that compensate
for the lack of brittle right-slip failure within the rocks
southeast of the Lake Mead fault system on line with
the Las Vegas Valley shear zone. The above processes
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result in changes in shape and surface area of the critical
zones adjacent to the deforming strike-slip faults. Tec-
tonic holes that normally would be created by such
deformation along an active strike-slip fault have been
filled in this case by the ductilely deforming crust.
Two distinct structural terranes are evident on the
resulting pre-Rainbow Gardens Member paleogeologic
map (pl. 1, fig. D). One terrane consists of the
allochthonous rocks in the upper plates of the Sevier
thrusts, and the other consists of the gently arched
strata in the autochthon east of that belt. The Sevier
orogeny is thought to have terminated by the early Ter-
tiary (Armstrong, 1968), but considerable topographic
relief might still have been present during the middle
Tertiary in the resistant Paleozoic rocks above the
thrusts. Strong evidence, however, indicates that the
arched terrane east of that belt was bevelled flat to form
an erosion surface prior to the deposition of the Rain-
bow Gardens Member about 20 to 18 m.y. ago. Ander-
son (1971) documents the presence of a welded ash-flow
tuff which flowed over a thin conglomerate in the core
region of the arch. Although the tuff is not well dated,
Anderson and others (1972) conclude that an age of
about 20 m.y. is likely. Its widespread distribution at-
tests to the flatness of the regional topography prior to
its deposition. Young (1966, 1970), Young and Brennan
(1974), and Lucchitta (1972, 1979) describe the Peach
Springs Tuff, which is probably no older than about
18 m.y., above a similar erosion surface on the east
flank of the arch. The thin, continuous Rainbow
Gardens Member was also deposited on a flat erosion
surface dveloped on the nose and northeastern flank. It
is not known how long prior to 20 m.y. ago arching oc-
cured. Young (1966, 1970) and Young and Brennan
(1974) describe pre-Peach Springs Tuff clastic rocks
that fill canyons cut into older rocks on what is now con-
sidered to be the eastern flank of the arch on the
western edge of the Colorado Plateau. These relations
indicate vertical uplift in the core of the arch and sug-
gest active arching. Neither the canyons nor the rocks
that fill them are dated, but both are considered to be
Cenozoic (Young 1966, 1970). If the arch formed after
the Sevier orogeny, the thrust plates of the Sevier
orogenic belt might be folded by it. This possibility is il-
lustrated by the questioned extension of the arch axis
into the upper plate rocks of the Muddy Mountains on
figure D. Another possiblity is that the arch formed dur-
ing the compressional deformation of the Sevier
orogeny. Some relations between the autochthonous
rocks of the western flank of the arch and the lowest
Sevier thrusts in the southern Spring Mountains sug-
gest that the thrusts overrode the western flank. These
relations were not studied in detail, however, so no
strong conclusion can be reached. At present, either

possibility seems plausible. If the arch is of post-Sevier
age, it could be a Laramide structure as suggested by
Rehrig and Heidrick (1976), but it does not seem possi-
ble, based on the preceeding discussion of erosion sur-
faces, that arching continued during the Miocene and
accompanied volcanism, as was also suggested by
Rehrig and Heidrick (1976, p. 216-217).

Although precise chronologic control is not available,
it is thought that the Rainbow Gardens Member was
deposited in a broad, gentle sag that developed on the
nose and northeastern flank of the arch sometime after
20 m.y. but before 17 m.y. ago. Figure E (pl. 1) is a
paleogeologic map, representing this approximate time
period, that shows the distribution of facies and pos-
sible depositional extent of the Rainbow Gardens
Member. Depositional limits and structural conditions
near basin margins are poorly understood, but the
overall character of the facies suggests limited
topographic relief near most basin margins except in
the rocks of the upper plates of the Sevier orogenic belt,
where moderate relief may have existed, as this feature
apparently formed the northwestern margin of the
basin. To the south and southwest the Patsy Mine Vol-
canics probably began to develop during Rainbow
Gardens time over the core of the arch (Anderson, 1971)
and they probably created the southern margin of the
Rainbow Gardens basin, but the nature and location of
that margin are not known. No record of the Rainbow
Gardens Member is known on the Colorado Plateau, so
the eastern limit of the basin cannot be located. The
northern extent of the member is also unknown because
it is apparently obscured by younger Tertiary cover.

Facies paleogeography within the member is defined
by stratigraphic and lithologic data gathered from sur-
face exposures described earlier in this report (areas
labeled A through K on fig. E). Facies boundaries are
not well fixed. The clastic-carbonate facies appears to
compose most of the member, and the two gypsiferous
facies seem to be limited to the interior of the basin. The
magnesite facies is possibly a basin-margin deposit and
may have been associated with spring activity. The tuff-
limestone facies is localized in the southwestern part of
the basin near a possible source in the Patsy Mine
Volcanics.

Active faulting and steep basin margins appear to
have accompanied the deposition of the Thumb Member
about 17 to 13.5 m.y. ago. Figure F (pl. 1), a paleo-
geologic map representing this time period, depicts the
Thumb Member as having steep fault-bounded northern
and southeastern margins at the Gale Hills and Gold
Butte faults. Other basin margins are poorly under-
stood because they are covered or have been eroded. The
palinspastically restored distribution of the alluvial
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facies of the Thumb is also shown relative to the distri-
bution of a fine-grained lacustrine facies. Two sources
are indicated for the alluvial facies: one that is associ-
ated with the Gale Hills fault and another with the Gold
Butte fault.

The structure of the Gale Hills, at the northern
margin of the Thumb Member, represents one of the
most perplexing problems of the Lake Mead region, and
it deserves special attention. As I originally described
it (Bohannon, 1979), the Gale Hills fault is the high-
relief contact between the coarse-grained conglomerate
of the Thumb Member and resistant Paleozoic rocks of
the Muddy Peak area (figs. 15 and 16). This contact
marks the northern margin of the member, and fault
relations (fig. 16A) and steep buttress unconformities
(tig. 16B) are found along it. However, the presence of
allochthonous rocks south of the Gale Hills fault re-
quires a major fault contact between the Gale Hills fault
and the Mesozoic rocks of the autochthon exposed in
the southern Gale Hills and in the Bowl of Fire (fig. 15).
A diagramatic cross section (fig. 44), based on unpub-
lished detailed geologic mapping by the author between
the area north of Muddy Peak and that south of the
Gale Hills, illustrates the need for this fault and its in-
ferred position. In the cross section, allochthonous
Paleozoic rocks at Muddy Peak dip to the southeast
parallel to the Muddy Mountain thrust, which is strati-
graphically controlled and occurs beneath the Cambrian
Bonanza King Formation. At the surface, southwest of
the Gale Hills fault in the Gale Hills, conglomerate of
the Thumb Member rests depositionally on Mississip-
pian rocks, which are thought to occupy a structural
position well above the Muddy Mountain thrust. Thus,
the latter thrust must occur in the subsurface south of
the Gale Hills fault, beneath the Gale Hills. In the
southern Gale Hills, however, autochthonous rocks, in-
cluding the Cretaceous Baseline Sandstone and Willow
Tank Formation, which are thought to be forethrust
deposits (Longwell, 1949), are exposed at the surface in
thrust contact with the Mississippian rocks. Involve-
ment of the Rainbow Gardens and Thumb Members
with this fault indicates its Tertiary age.

Although the Tertiary fault between the allochthon
and autochthon appears to be a minor south-facing
thrust at the surface, the geometry depicted in the cross
section (fig. 44) implies that it is best interpreted as a
right-slip fault with a significant amount of displace-
ment. Interpretations of fault motion involving only
vertical slip demand several episodes of faulting with
opposing directions of offset. For example, an early
episode, in which there is a significant amount of pre-
Rainbow Gardens Member north-side-down normal
faulting, is required to juxtapose the upper plate of the
Muddy Mountain thrust (which, prior to faulting, had

been structurally higher) to the autochthonous Baseline
Sandstone. After erosion of the Muddy Mountain
thrust from the southern block and deposition of the
Rainbow Gardens Member and at least part of the
Thumb Member, a second episode of reverse displace-
ment is necessary to thrust the allochthonous rocks of
the northern block over the lower part of the Thumb on
the southern block. This necessary reversal of displace-
ment appears inconsistent with the down-to-the-south
normal faulting associated with the Gale Hills fault and
the deposition of the Thumb. The increasing thickness
of the Thumb Member to the southwest across these
faults implies an apparent increase in the amount of
downward relative motion in that direction. These ap-
parent inconsistencies and the multiple displacement
history are easily avoided if a single episode of right-slip
faulting is considered.

On figure F (pl. 1) the episode of strike-slip faulting is
interpreted to have occurred along the right-slip Las
Vegas Valley shear zone, probably during the deposi-
tion of the Thumb Member. The juxtaposition of the
allochthon and autochthon results from the eastward
displacement of the plate south of the Las Vegas Valley
shear zone relative to both the fixed Colorado Plateau
plate and the plate north of the shear zone. Deposition
of the Thumb Member is considered to have proceeded
on both sides of this zone primarily in response to the
down-to-basin normal faulting taking place simultane-
ously on the Gale Hills fault and related faults. The
assignment of the right-slip faulting to this time period
is based on the fact that it cuts the lower Thumb
Member, while the overlying Bitter Ridge Limestone
Member appears unaffected by it.

Left-slip faulting on the Gold Butte and possibly the
Lime Ridge and Bitter Ridge faults appears to have ac-
companied vertical uplift, tilting, and erosion in the
Jumbo Peak area to form the southeastern margin of
the Thumb Member. Clasts of gneiss, amphibolite, rapa-
kivi granite, and Paleozoic carbonate rocks derived from
Jumbo Peak were deposited within the alluvial facies
and in isolated conglomerate beds at locations 5, 7, and
9 and between locations 2 and 3 (pl. 1, fig. F). This distri-
bution of clasts requires deformation of the northeast-
ern flank of the pre-Rainbow Gardens Member arch like
that shown on figure F south of the Gold Butte fault.
Although not supported by direct evidence, the strike-
slip Lime Ridge and Bitter Ridge faults are thought to
have been active during this time as well, and they are
so shown on figure F.

Geologic and chronologic evidence indicates that ma-
jor leftslip fault activity on the Lake Mead fault
system, a large part of the crustal extension south of
Lake Mead, and probably a significant amount of right-
slip faulting on the Las Vegas Valley shear zone oc-
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and the Las Vegas Valley shear zone is possible between
12 and 10 m.y. ago, but there is no direct evidence per-
taining to the precise time activity ceased on either
feature.

Las Vegas Valley, California Wash, the valleys of the
Muddy and Virgin Rivers, and Detrital Valley all repre-
sent other possible depocenters for rocks equivalent in
age to the red sandstone unit (pl. 1, fig. H). If so, the
strata are now covered by younger deposits.

Figure I (pl. 1) is a paleogeologic map that represents
a time about 6 m.y. ago after the widespread episode of
basin-range faulting, during which large, north-trending
horsts, grabens, and tilted mountain blocks overprinted
the preexisting Tertiary structural features. It is not
known exactly when this deformation began, because
the Muddy Creek Formation and other rocks of equiv-
alent age have filled the valleys to such extent that
basin-bounding faults and the rocks that record their
activity have all been covered except for those south of
Lake Mead along the Colorado River (Anderson, 1971).
If basin-range faulting occurred during the period of
deposition of the red sandstone unit, basin-range defor-
mation may be as old as 12 m.y. in the Lake Mead area.
On the other hand, basin-range deformation could be
much younger and may have evolved during early
Muddy Creek time, but it is probably not younger than
about 8 m.y. old because rocks this age appear to have
overlapped basin-bounding faults. At present the age of
onset of basinrange deformation in the Lake Mead
region is uncertain. However, it appears likely that the
active faulting associated with the development of the
basin-range structure had ceased completely by about
6 m.y. ago in the region, and the basins had filled to near
capacity.

By means of a careful analysis of the history of the
lower Colorado River, Lucchitta (1979) concluded that
the Lake Mead region was near sea level during the time
period represented by figure I (pl. 1). He also sum-
marized the depositional history of the Hualapai Lime-
stone, which was strongly influenced by activity on the
Wheeler fault, one of the only faults active in the Lake
Mead region at this time. Lucchitta (1979, p. 90-93) also
postulated that the general uplift that affected the Col-
orado Plateau, Sonoran Desert, and southeastern Great
Basin was a widespread post-Muddy Creek event prob-
ably not related to basin-range faulting or extension. I
concur.
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