


- e . S - e - o R .
4 =
||“ -
,; —
,\u
I
o [ B o S o o D S o S
. o o R = . o E
=
. - S S . S . N .




216 TERTIARY STRATIGRAPHY OF HIGHLY EXTENDED TERRANES, CALIFORNIA, ARIZONA, AND NEVADA

REFERENCES CITED

Crowe, B.M,, 1973, Cenozoic volcanic geology of the south-
eastern Chocolate Mountains, California: Santa Barbara,
University of California, Ph.D. dissertation, 117 p.

1978, Cenozoic volcanic geology and probable age of
inception of basin-range faulting in the southeasternmost
Chocolate Mountains, California: Geological Society of
America Bulletin, v. 89, no. 2, p. 251-264.

Dalrymple, G.B., 1979, Critical tables for conversion of K-Ar
ages from old to new constants: Geology, v. 7, no. 11,
p. 558-560.

Dillon, J.T., 1975, Geology of the Chocolate and Cargo Much-
acho Mountains, southeasternmost California: Santa Bar-
bara, University of California, Ph.D. dissertation, 405 p.

Eberly. L.D., and Stanley, T.B., Jr., 1978, Cenozoic stratigraphy
and geologic history of southwestern Arizona: Geological
Society of America Bulletin, v. 89, no. 6, p. 921-940.

Garner, W.E., Frost, E.G., Tanges, S.E., and Germinario, M.P,,
1982, Mid-Tertiary detachment faulting and mineralization

in the Trigo Mountains, Yuma County, Arizona, in Frost,
E.G., and Martin, D.L., eds., Mesozoic-Cenozoic tectonic
evolution of the Colorado River region, California, Arizo-
na, and Nevada (Anderson-Hamilton Volume): San Diego,
Calif., Cordilleran Publishers, p. 158-171.

Hughes, K.M., 1990, The Bear Canyon conglomerate as a
record of tectonics and sedimentation during initiation of
the Salton Trough: San Diego, Calif., San Diego State
University, M.S. thesis, 104 p.

Olmsted, F.H., Loeltz, O.J., and Irelan, Burdge, 1973, Geohy-
drology of the Yuma area, Arizona and California: U.S.
Geological Survey Professional Paper 486-H, 227 p.

Smith, D.B., Tosdal, R.M., Pitkin, J.A., Kleinkopf, M.D., and
Wood, R.H., II, 1989, Mineral resources of the Muggins
Mountains Wilderness Study Area, Yuma County, Arizona:
U.S. Geological Survey Bulletin 1702-D, 16 p.

Zoback, M.L., and Thompson, G.A., 1978, Basin and Range
rifting in northern Nevada: clues from a mid-Miocene
rift and its subsequent offsets: Geology. v. 6, no. 2, p. 111-
116.

--ERRATA SHEET--

To be included with
U.S. GEOLOGICAL SURVEY BULLETIN 2053
Tertiary Stratigraphy of Highly Extended Terranes, California, Arizona, and

Nevada

(GPO Program 1970-S
Jacket 583-048
Print Order 80005)







Tertiary Stratigraphy of
Highly Extended Terranes,
California, Arizona, and Nevada

David R. Sherrod and Jane E. Nielson, Editors

U.S. GEOLOGICAL SURVEY BULLETIN 2053

Proceedings of a workshop held at the Desert Research Center,
Soda Springs (Zzyzx), California, February 9-12, 1990

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1993



U.S. DEPARTMENT OF THE INTERIOR
BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY
Robert M. Hirsch, Acting Director

For sale by the Books and Open-File Report Sales
U.S. Geological Survey
Federal Center, Box 25286
Denver, CO 80225

Any use of trade, product, or firm names in this publication is for descriptive purposes only and does
not imply endorsement by the U.S. Government

Manuscript approved for publication December 4, 1992

Library of Congress Cataloging in Publication Data

Tertiary stratigraphy of highly extended terranes, California, Arizona, and Nevada : proceedings of a workshop held at the Desert
Research Center, Soda Springs (Zzyzx) California, February 9-12, 1990 / edited by David R. Sherrod and Jane E. Nielson.

p- cm. — (U.S. Geological Survey bulletin ; 2053)

Includes bibliographical references.
Supt. of Docs. no.: I 19.3:2053
1. Geology, Stratigraphic—Tertiary—Congresses. 2. Geology—California—Congresses. 3. Geology—Nevada—Congresses.
4. Geology—Arizona—Congresses. 1. Sherrod, David R. 1L Nielson-Pike, Jane E. IIL Series.
QE75.B9 no, 2053

[QE691]

557.3 s—dc20
[551.8°8°0979

93-20080
CIp



FOREWORD

By Ivo Lucchitta'

THE ORIGIN

This volume is a collection of stratigraphic data and interpretation that was presented at a workshop
held in February 1990 called “Tertiary Stratigraphy of Highly Extended Terranes, Southern Basin and
Range,” at the Desert Research Center of the California State University System, Soda Springs, near
Baker, California (this site is also called Zzyzx). The workshop was convened by a consortium of orga-
nizers chaired by Richard W. Hazlett (Pomona College). Besides myself, the consortium included Kathi
K. Beratan (now at the University of Pittsburgh), Neil H. Suneson (Oklahoma Geological Survey), Gerald
F. Brem (California State University, Fullerton), and Jane E. Nielson (U.S. Geological Survey).

The collaboration of all contributors has made this volume possible. Additional burdens were shared
by authors of the introductory articles, and special thanks are owed to numerous technical reviewers;
every one of the authors and reviewers contributed significantly to the quality and internal consistency of
the volume. Most papers were reviewed in groups that form the volume chapters: Chapter 1, K.K. Bera-
tan and J.P. Calzia; Chapter 2, E.-T. Wallin and L.S. Beard; Chapter 3, N.H. Suneson and R.J. Miller;
Chapter 4, J.C. Yarnold and M.E. Tennyson. Reviews of individual papers were done by A.F. Glazner,
G.B. Haxel, W. Hildreth, K.A. Howard, N.K. Huber, Jill McCarthy, D.M. Miller, A.M. Sarna-Wojcicki,
and H.G. Wilshire.

THE MOTIVATION

Insights that followed the development of plate-tectonic theory have enabled earth scientists to im-
prove greatly their understanding of tectonic processes that operate within ocean basins and at the inter-
face between oceans and continents. In contrast, a satisfactory understanding of the processes that operate
within continents has lagged, not because of inadequate effort but because of the character of continents
themselves. Continents are a kind of palimpsest in which the record of each new geologic event is super-
posed on records of earlier events. The superposition modifies and even erases parts of the record. More-
over, this record is not a passive inventory of geologic features that have accumulated over time but an
active ingredient that can influence successive events. To coin an aphorism, the present reflects the past
and influences the future.

Continental extensional processes have been the focus of studies in terranes of the U.S. Cordillera
over the past decade. Most studies have focused on the structural and tectonic aspects of the extended
terranes, building on and expanding such earlier work as that by Davis (1925) and Nolan (1943). These
studies have led to the formulation of inquiries into how the crust extends and to many useful insights;
for example, that the causes and effects of extension probably involve the deep crust and upper mantle.

Studies in zones of extension show that such terranes characteristically feature one or more low-angle
normal faults, known as detachment faults, that separate horizontally stacked crustal plates. Normal fault-
ing and basin formation occurred as a result of detachment fault displacement and dismemberment of the
upper plate on high-angle normal faults, which terminate at or merge with the underlying detachment
faults. Displacement on the detachment faults locally juxtaposed upper-crustal rocks, including syntecton-
ic surface deposits, against plutonic and metamorphic middle-crustal rocks. Thus, middle Tertiary sedi-
mentary and volcanic rocks commonly are preserved above the higher-level detachment faults, in blocks
bounded by high-angle normal faults.

lus. Geological Survey, 2255 N. Gemini Drive, Flagstaff, AZ 86001
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Most research has focused on structure; these studies described the plates and detachments and ap-
plied field observations to the wider question of how the continental lithosphere behaves during exten-
sion. Until recently, local and regional stratigraphy of the syntectonic deposits has been relatively
neglected. Yet it is precisely these deposits that contain perhaps the most complete record of structural
events that define the extension. Consequently, the information contained in the syntectonic deposits is a
powerful tool for understanding the process of extension and should be valued accordingly.

The great value of stratigraphic data that had been accumulated over the last decade of work in
metamorphic core complexes led us to organize the Zzyzx workshop and caused the organizers to inten-
tionally focus it narrowly on the stratigraphy of highly extended terranes. We chose to start with the
general area of the lower Colorado River extensional corridor in the southern Basin and Range province
of the Western U.S., which is currently of great interest and increasingly well studied. Information from
surrounding, geologically related regions was also included. The workshop was attended by many of the
researchers active in the region, so that pooling of the information resulted in new and, in some cases,
surprising insights.

The aim of the workshop was to synthesize information on the following topics, as applied to the
Tertiary rocks in the area of interest:

*Preextension paleogeography

*Location, size, and depth of basins

*Age of basin formation

*Diachroneity of basin formation

*Source areas for basin sediments, and changes in source areas through time

*Age, diachroneity, and location of volcanism

*Environment of deposition and paleoclimate

In preparation for the workshop, participants assembled and presented stratigraphic columns of their
study areas. These columns formed the data base for numerous discussions at the workshop and prelimi-
nary syntheses that were drawn from them.

Knowing that the information is of interest to researchers involved directly in studies of the particular
region, besides those who were able to attend the workshop, we have compiled the columns and summa-
ries in this volume. We expect that the data will be useful to many other researchers with a general
interest in highly extended terranes beyond the borders of the southern Basin and Range.

REFERENCES CITED
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sional Paper 197-D, p. 141-196.



PREFACE

By David R. Sherrod! and Jane E. Nielson®

INTRODUCTION

This volume presents stratigraphic information for Tertiary rocks exposed in highly extended terrane
of the southern Basin and Range province, southwestern United States (fig. 1). The information is ar-
ranged as a series of stratigraphic columns (pls. 1-3). The lithologic details for each column, and interpre-
tations of them, are found in papers that form the volume text (chapters 1-4). To aid presentation, the
columns and chapters have been grouped by geographic areas; arbitrary boundaries of the areas generally
correspond to routes of the U.S. Interstate Highway system (fig. 1). From north to south these areas are
the (1) northern area, north of Interstate Highway 40, (2) central area, part of the region between Inter-

us. Geological Survey, 5400 MacArthur Bivd., Vancouver, WA 98661
2y.s. Geological Survey, Mail Stop 975, 345 Middlefield Road, Menlo Park, CA 94025
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Figure 1. Map showing location of Tertiary stratigraphic sequences discussed in this volume.
Shaded area is currently known extent of outcrops of the Peach Springs Tuff of Young and Bren-
nan (1974; see Buesch, this volume). Broken line is San Andreas fault zone.
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state Highways 40 and 10, (3) southern area, part of the region between Interstate Highway 10 and the
Mexican border (this third grouping includes two columns north of I-10 near Wickenburg), and (4) far
western area, columns from two areas along the San Andreas fault zone in southern California.

Time, not thickness, is represented on the vertical axis of the stratigraphic columns. This technique
emphasizes the timing of events; it is perhaps most widely used on charts showing the Correlation of
Stratigraphic Units of North America (COSUNA), which were published by the American Association of
Petroleum Geologists. Any horizontal line drawn to connect columns becomes a temporal datum. For
example, the Peach Springs Tuff of Young and Brennan (1974), which is a widespread 18.5-Ma pyroclas-
tic flow deposited in many of the areas studied, will appear at the same vertical position on columns that
depict it. So, too, will widespread erosional hiatuses and region-wide tectonic events.

Lost by this presentational style is the visual impact of depositional thickness. For example, a graben
that formed and filled rapidly will be represented by a relatively thin band of rocks on the stratigraphic
column regardless of how thick the infilling deposits may be; a thick caldera-fill unit that forms an entire
mountain range but that was deposited by caldera eruptions over a few decades would appear vanishingly
thin. The time extent of such units may require exaggeration to be shown on a time-based column.

HOW THE COLUMNS WERE ASSEMBLED

Individual stratigraphic columns were drafted by authors at a vertical scale of 1 inch = 1 million
years for presentation at the Zzyzx conference held in February 1990 (see “Foreword”). The columns
were later reduced by 50 percent and edited to establish consistent use of lithologic terms, drafting pat-
terns, and line conventions. At that time the individual authors prepared manuscripts in order to minimize
the amount of descriptive text accompanying the columns and to fully reference the sources of informa-
tion used. All isotopic and paleontologic ages are presented with the columns to indicate the number of
dated horizons, and the sources of age information are included with the articles. The columns are pre-
sented on plates 1, 2, and 3 (in pocket) and are keyed to their corresponding articles.

INTERPRETING THE COLUMNS: SOME EXAMPLES
LITHOLOGIC PATTERNS, BRIEF DESCRIPTIVE NAMES, AND AGES

An explanation for the lithologic patterns is included on each plate. Rocks are grouped according to
conventional field criteria, such as grain size or roundness in clastic rocks (sandstone versus siltstone;
conglomerate versus breccia), or composition in volcanic rocks (mafic, intermediate, silicic). Areally or
stratigraphically significant pyroclastic flows have their own pattern (ash-flow or welded tuff). Shown
merely as tuff (undivided) are ash-rich stratigraphic sequences that include air-fall deposits, epiclastic
volcanic rocks, and individual pyroclastic-flow deposits of limited usefulness as stratigraphic markers.

Numerous other distinctions are shown in brief title lines on the right side of each column. Whether a
sandstone is volcaniclastic or arkosic may be highlighted there. Formal and informal stratigraphic names
also are listed on the right side where applicable. Age criteria are shown on the left side of the column.
Numerical ages (for example, “13.2+0.5”) indicate the results of isotopic methods, chiefly potassium-
argon dating. Ages determined by other techniques are indicated in text. Land mammal ages (for exam-
ple, “Clarendonian”) indicate paleontologic age assignments based on fossils. See the articles for discus-
sions of age criteria.

CONFORMITIES, DISCONFORMITIES, AND
UNCONFORMITIES

Patterned areas on the stratigraphic columns indicate rock units, and where separated by horizontal
lines, the units represented are concordantly layered and presumably deposited without significant time or
structural breaks. Any diagonal line represents a time-transgressive contact or event. Rock units that were



deposited instantaneously, such as ash-flow tuff or basalt flows, are shown with exaggerated thickness
because of the uncertainties in isotopic ages.

Unpatterned areas indicate the passage of time without deposition. If the bounding lines are straight,
the gap is a disconformity or what some workers call an erosional or parallel unconformity. The amount
of time that elapsed between deposition of units is indicated by the vertical extent of the unpatterned area.
Wavy lines indicate angular unconformities, which in the extended terranes of the southern Basin and
Range commonly are seen in the field as tilted stratigraphic units overlain by gently dipping or flat-lying
units.

An interesting example that illustrates these relations comes from the Lake Mead area. The informal-
ly named red sandstone unit of Bohannon (1984) is locally bounded by angular unconformities with the
underlying Horse Spring Formation and the overlying Muddy Creek Formation (Wallin and others, this
volume). The red sandstone unit is interbedded with variably tilted components of the basaltic andesite of
Callville Mesa, which was erupted sporadically in late Miocene time (fig. 2). Potassium-argon ages and
field relations indicate that tilting of the red sandstone unit and extrusion of the basaltic andesite of
Callville Mesa occurred synchronously over 2 million years (Duebendorfer and Wallin, 1991; Feuerback
and others, 1991), creating internal disconformities.

8.5+0.2

IR

Basaltic andesite of

9.1x0.3 ] ] 7 Callville Mesa

10.420.2 A 10

10.6+0.9 A Airfall wff

Conglomerate, sandstone
11.2+1.1

2 Air-fall wff
I 12

11.9+0.9

EXPLANATION

Conglomerate

Sandstone

Basalt and basaltic andesite
. Tuff
Angular unconformity

|

Figure 2. Stratigraphic column showing Miocene basaltic andesite of
Callville Mesa and its relation to adjacent units (from Wallin and oth-
ers, this vol.). A disconformity within the unit of basaltic andesite and
sedimentary rocks is indicated by the unpatterned area (nondeposition)
and its bounding horizontal lines; unconformities are shown by wavy
lines that bound the upper and lower parts of the basaltic andesite unit.
Isotopic age determinations (in Ma) on left side of column; linear time
scale on right.
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Many unconformities developed during very short time intervals. For example, figure 3 shows uncon-
formities bounding both the top and bottom of the Peach Springs Tuff deposit in the Chemehuevi Moun-
tains (Miller and John, this volume), yet the represented interim may be as short as 0.5 million years. In
this example, previously deposited rocks probably were undergoing tilting at the time the Peach Springs
Tuff was erupted, and tilting continued after the tuff was emplaced. Queries on unconformities and dis-
conformities indicate uncertain age of development. Some unconformities are of uncertain interpretation
because of poor exposures, and these problems are discussed in the articles.

Faults are shown as bold horizontal or inclined lines on a few columns in order to indicate that some
contacts have no depositional significance. Many large and small blocks in the southern Basin and Range
are fault bounded, and intricate fault patterns can be mapped at nearly any scale of field study; however,
the columns emphasize stratigraphic relations. The evidence for depositional relations between Tertiary
stratigraphic sequences and their underlying pre-Tertiary rocks can be determined for most areas studied.

Ma

Interbedded conglomerate,

— 16 breccia, sandstone, tuff,

and basalt of uncertain age
1000-2000

— 18

18.1+0.6 —— Peach Springs Tuff

160

Intermediate and basaltic
flows and breccia interbedded
with tuffaceous and arkosic
conglomerate

500

EXPLANATION

Conglomerate and sandstone

Breccia

Basalt and basaltic andesite
+* Tuff

Ash-flow tuff

Conglomerate

>
>
>

+
+

Intermediate lava
500 Unit thickness, in meters

Figure 3. Stratigraphic colamn showing Peach Springs Tuff and its uncon-
formable relation to adjacent units in the Chemehuevi Mountains, as indicat-
ed by the wavy lines (from Miller and John, this vol.). Thickness of units (in
meters) shown after each unit description. Isotopic age determination from
Chemehuevi Mountains shown on left side of column; linear time scale on
right.
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Introduction to the Area North of 1-40:
Between Lake Mead, Nev., and Needles, Calif.

By Ernest M. Duebendorferl, Eugene 1. Smithz, and James E. Faulds?

The region between Lake Mead, Nevada, and Needles,
California, contains parts of the Mojave, Great Basin, and
southern Basin and Range physiographic provinces. The
area, which lies north of U.S. Interstate Highway 40, in-
cludes parts of the Death Valley pull-apart system (Wer-
nicke and others, 1988), the eastern Mojave extensional belt
(Dokka, 1989) and the northern Colorado River extensional
corridor (Howard and John, 1987; Faulds and others, 1990).

STRUCTURAL SETTING

The principal Tertiary structures between Lake Mead
and Needles include an east-dipping detachment fault sys-
tem in the south (Davis and others, 1980; Spencer, 1985;
Howard and John, 1987; John, 1987), a west-dipping de-
tachment fault system in the north (Wernicke, 1985; Weber
and Smith, 1987; Wernicke and others, 1988), the Black
Mountains accommodation zone between them (Faulds and
others, 1990), and the Lake Mead, Las Vegas Valley, and
Garlock strike-slip fault systems (Anderson, 1973; Bohan-
non, 1979; 1984; Longwell, 1960; 1974; Burchfiel, 1965;
Burchfiel and others, 1974; Smith, 1962) (fig. 1).

The east-northeast-dipping detachment system in the
southern part of the region is exposed on Homer Mountain
and in the neighboring Newberry, Sacramento, and Dead
Mountains (Spencer, 1985). Initiation of extension in this
area is poorly constrained, but had ended by about 14.6
Ma (Spencer, 1985). The west-dipping detachment system
in the north may be composed of several low-angle nor-
mal faults that were active at different times. Faults of this
system are exposed in the South Virgin Mountains (Wer-
nicke and Axen, 1988; Fryxell and others, 1992), in the
western Lake Mead area at Saddle Island (Smith, 1982;
Choukroune and Smith, 1985; Duebendorfer and others,
1990), and in the Death Valley region (Burchfiel and oth-
ers, 1987; Wernicke and others, 1988). Detachment fault-
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ing in this system is loosely constrained between about 16
and 9 Ma in the Lake Mead region and occurred from late
Miocene to present in the Death Valley region.

The most likely join between the east- and west-
dipping detachment fault systems is the 40-km-long Black
Mountains accommodation zone, which separates an area
(15,000 kmz) of east-tilted fault blocks to the north from
one (25,000 kmz) of dominantly west-tilted blocks to the
south (Faulds and others, 1990). This east-striking zone is
exposed as a 10-km-wide belt of intermeshing conjugate
normal faults. The lack of strike-slip displacement along
transverse segments of the zone indicates little relative
movement between the upper-plate rocks of opposing de-
tachment terranes. In areas close to the accommodation
zone, tilting in both the west- and east-tilted domains oc-
curred primarily between 16.4 and 13.1 Ma (Faulds and
others, 1990).

The Lake Mead fault system is a complex zone of
northeast-striking left-slip faults that accumulated 65 km
of slip between 17 and 10 Ma (Anderson, 1973; Bohan-
non, 1979). The northwest-striking Las Vegas Valley shear
zone accommodated an estimated 50-65 km of right slip
movement between 15 and 10.7 Ma (Longwell, 1960,
1974; Burchfiel, 1965; Fleck, 1970; Burchfiel and others,
1974; Deibert, 1989). The east-striking Garlock fault ex-
hibits evidence of about 65 km of left slip during Tertiary
time (Smith, 1962). Strike-slip faulting in the Lake Mead
and Death Valley regions appears to be kinematically cou-
pled to the west-dipping detachment system (for example,
Wernicke and others, 1984; Burchfiel and others, 1987,
Weber and Smith, 1987; Duebendorfer and Wallin, 1991).

TERTIARY STRATIGRAPHY

The Tertiary sedimentary and volcanic sections de-
scribed in this chapter were mostly deposited in physically
separate basins that ranged in size from tens to thousands of
square kilometers. Despite significant differences between
individual basins in terms of lithologic sequence, time of
deposition, and deformational history, several general fea-
tures are common to many of the stratigraphic sections de-
scribed in the following chapters. These similarities include
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Figure 1. Map showing geologic and geographic features and study areas discussed in chapter 1. Distribution of Peach Springs Tuff shown in topical paper by Buesch (this vol.).
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(1) a nearly ubiquitous, but not necessarily time-correlative,
upper Oligocene to lower Miocene basal conglomerate or
arkosic sandstone; (2) a systematic decrease in stratal tilt
upsection in several basins; (3) coarse sedimentary (land-
slide?) breccia deposits, and (4) pronounced along-strike
variations in lithofacies and (or) abrupt changes in strati-
graphic thickness, especially near faults.

SEDIMENTARY ROCKS

In the Death Valley-eastern Mojave area, Tertiary sedi-
mentary and volcanic rocks overlie a variable association of
Precambrian and Mesozoic crystalline and volcanic rocks.
Upper Oligocene to upper Pliocene rocks in the northern
Cottonwood Mountains, northern Death Valley, compose
five unconformity-bounded sequences (Snow, this volume).
These sequences are dominated by coarse clastic sedimen-
tary deposits but also contain lacustrine limestone and in-
tercalated tuffaceous rocks. The lower to middle Miocene
section in the Avawatz Mountains is dominated by coarse
clastic sedimentary rocks (Spencer, this volume). The Hal-
loran Hills preserve a remarkably complete section of fine-
grained clastic sedimentary rocks that range in age from 19
Ma to at least as young as 12 Ma (Reynolds, this volume).
An upper Miocene to lower Pliocene clastic and evaporite
succession occurs within a small basin between the south-
ern Owlshead and Avawatz Mountains (Brady, this vol-
ume). Intermediate and mafic volcanic rocks and tuff are
volumetrically subordinate constituents of the eastern Mo-
jave Tertiary sections described in this volume.

In the northern Colorado River extensional corridor
there is a marked northeast-trending discontinuity in the
distribution of pre-Tertiary rocks and character of Tertiary
sections. This discontinuity extends from the northern Mc-
Cullough Range to the South Virgin Mountains (Anderson
and others, 1972). Tertiary sections north of the discontinu-
ity comprise three unconformity-bounded sequences that
consist primarily of nonmarine clastic, nonclastic, and tuff-
aceous rocks of early Miocene to Pliocene(?) age (Bohan-
non, 1984; Beard, this volume; Wallin and others, this
volume), which rest on thick sections of Paleozoic and
Mesozoic strata. To the south, Tertiary sections of the same
age are dominated by volcanic rocks, intercalated with less
abundant nonmarine clastic and reworked tuffaceous rocks
(Faulds, this volume; Nielson and Nakata, this volume;
Nielson and others, this volume). The sections directly
overlie Proterozoic and Mesozoic plutonic and metamor-
phic complexes.

VOLCANIC ROCKS

North of Interstate 40 lower and middle Miocene vol-
canic rocks, which are broadly contemporaneous with ex-

tension, are calc-alkalic or alkali-calcic, with basaltic
andesite, andesite, and dacite compositions predominating.
Voluminous basalt and lesser amounts of rhyolite erupted
principally after the main period of extension (post-9 Ma),
but these rock types also occur locally in older volcanic
sequences (for example, the Peach Springs Tuff of Young
and Brennan, 1974; see Buesch, this volume). This pattern
of extension-related intermediate volcanism followed by
postextension basaltic volcanism is recognized in many
areas of the Great Basin (Anderson, 1973; Elston and
Bornhorst, 1979; Eaton, 1982; Otton, 1982; Smith, 1982;
Glazner and Ussler, 1989; Glazner, 1990).

PLUTONIC ROCKS

Early to middie Miocene diorite to quartz monzonite
plutons, which are in part cogenetic with the volcanic
rocks, are well exposed in the northern Colorado River
trough. Plutons include the Newberry (Volborth, 1964;
Mathis, 1982), Nelson (Anderson and others, 1972),
Mount Perkins (Faulds and others, 1990), Searchlight (P.E.
Proctor, unpublished mapping, 1950 to present), Boulder
City (Anderson, 1969), and Wilson Ridge (Anderson and
others, 1972; Larsen and Smith, 1990; Smith and others,
1990).

RELATIONSHIP OF
SEDIMENTARY AND VOLCANIC ROCKS
TO TERTIARY EXTENSION

The Tertiary sedimentary and volcanic rocks record
subsidence associated with the onset of extensional tecton-
ism. In the Colorado River extensional corridor, the major
pulse of extension occurred during early to middle Mio-
cene time, which is indicated by lower Miocene strata that
are very highly tilted and by middle Miocene sedimentary
and volcanic sequences with tilts that change upsection
from steep to shallow. Tilt variations of the middle Mio-
cene strata indicate deposition in active growth-fault
basins (for example, Faulds, this volume; Wallin and oth-
ers, this volume). However, the original configuration of
the early basins has been obscured by severe structural
disruption during the main pulse of extension.

Upper Miocene rocks are, in general, much less de-
formed than the older rocks, and they appear to refiect the
waning stages of detachment faulting. These relations doc-
ument a marked decrease in the magnitude of extensional
strain in the region after middle Miocene time throughout
the Colorado River extensional corridor.

Extension in the eastern Mojave-Death Valley region
is at least in part younger than that in the Colorado River
extensional corridor, as shown by the appreciable tilting of
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upper Miocene conglomerates in the North Bristol Moun-
tains (Brady, this volume) and syntectonic upper Miocene
to upper Pliocene deposits of northern Death Valley
(Snow, this volume). Active extension in the Death Valley
region may provide a modern analog for many of the
structurally fragmented middle to late Tertiary basins else-
where in the southern Basin and Range.
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Tertiary Strata of the Ubehebe Basin and
Northern Cottonwood Mountains, Death Valley Region, Calif.

By J. Kent Snow!

INTRODUCTION

The Cottonwood Mountains are located within the
highly extended Death Valley region of southeastern Cali-
fornia (fig. 1; Wernicke and others, 1988a). Tertiary strata
are discontinuously exposed throughout the range and
were in part deposited while the Cottonwood Mountains
crustal block separated from structurally lower blocks dur-
ing extension (Snow, 1990; Snow and White, 1990). This
report summarizes the Tertiary stratigraphy of the northern
Cottonwood Mountains (col. 1-A, pl. 1) from detailed
mapping (Snow, 1990), lithostratigraphic correlations be-
tween measured sections (Snow and White, 1990), and
40Ar/ 39Ar ages of interstratified volcanic rocks (table 1).
Data are primarily from the Ubehebe basin in the north-
ernmost part of the range, where the most complete expo-
sures are preserved. The original proximity of the now
widely separated Ubehebe, Titus Canyon, and Furnace
Creek basins (fig. 1) suggests additional age constraints
based on regional correlations of strata between these
basins (Snow, 1990).

REGIONAL GEOLOGIC FRAMEWORK

The Tertiary structure of the northermn Cottonwood
Mountains is dominated by an east-facing monoclinal flex-
ure, or rollover (Snow, 1990; Snow and White, 1990).
Syntectonic strata in the Ubehebe basin record progressive
tilting during formation of the rollover by movement on
the listric detachment fault that separates the Cottonwood
Mountains from ranges to the east (Snow and White,
1990). Tertiary strata older than about 9 Ma in the Ube-
hebe basin apparently were deposited prior to most large-
magnitude extension in the northern Death Valley area, as
discussed below, and represent a displaced fragment of an
earlier basin.

Several lines of evidence suggest that Paleozoic mio-
geoclinal strata subjacent to the Ubehebe, Titus Canyon,
and Furnace Creek basins were in proximity prior to large-

'Division of Geology and Planetary Sciences 170-25, California In-
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magnitude extension. Offset stratigraphic trends of mioge-
oclinal rocks suggest that the Cottonwood and Panamint
Mountains restore to the area immediately south of the Fu-
neral Mountains and structurally above the Black Moun-
tains (fig. 1; Stewart, 1983). Offset remnants of a fossil
alluvial fan also suggest that Tucki Mountain (fig. 1) re-
stores immediately south of the eastern Funeral Mountains
(Wernicke and others, 1988b, Snow and others, 1989). Re-
constructions based on correlations of offset Cordilleran
contractile structures suggest similar pre-Tertiary positions
for the Funeral, Panamint, and Cottonwood Mountains and
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Figure 1. Map showing location of major Tertiary faults, sedi-
mentary basins, and some geographic features named in text. Ar-
rows show sense of strike-slip displacement; hachures on upper
plate of normal faults; dashed where approximately located.
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Table 1. “°Ar/3%Ar plateau ages for Tertiary volcanic strata in the
northern Cottonwood Mountains.

[See Snow (1990) for isotopic data, sample descriptions, and locations]

Unit Sample Mineral Age (Ma)
Sequence 4
Tuff of Mesquite Spring 587-1AK4  Sanidine 3.28 + 0.07
988-11K3  Sanidine 323+ 0.05
Basalt 687-5P1 Plagioclase 3.65 £ 0.27
Sequence 2
Tuff 1287-3K2  Sanidine 16.03 = 0.27
Sequence 1
Tuff of Bighorn 487-2B1 Biotite 22.73 £ 0.31
Gorge 1087-1K1  Sanidine 23.02 £ 0.27
1087-1B1  Biotite 2293 + 0.41
Tuff 687-4K2 Sanidine 22.78 £ 0.22
687-4B2 Biotite 23.09 = 0.62
Tuff 487-1K2 Sanidine 2371+ 0.22
487-1B1 Biotite 23.60 + 0.51
1287-2K2  Sanidine 23.87 = 0.23

also suggest that the Grapevine Mountains restore structur-
ally above the western Funeral Mountains and north of the
Panamint Mountains (Snow and Wernicke, 1989).

The uplift history of crystalline rocks in the Black
Mountains supports the previously discussed reconstruc-
tions and constrains the age of large-magnitude extension.
Within the core of the range, the 12-Ma Willow Spring
Diorite of Asmerom and others (1990) was intruded at
greater than 9 km depth (Holm and Wernicke, 1990) and an
adjacent 8.7-Ma quartz monzonite was intruded at greater
than 8 km depth (Holm and others, 1992). Critical outcrops
show these crystalline rocks in contact with moderately to
steeply tilted, 8- to 9-Ma strata of the Shoshone volcanics
of Wright and Troxel (1984) across a dipping, subplanar
fault (Holm and Wernicke, 1990; D.K. Holm, unpublished
mapping; compare with Drewes, 1963). 40Ar/39Ar cooling
ages suggest that some uplift of the range occurred at
around 9 Ma and rapid unroofing began at about 6 Ma
(Holm and others, 1989; D.K. Holm, written commun.,
1989). Uplift was completed prior to deposition of diorite
cobbles in the Copper Canyon Formation at about 5 Ma
(Holm and Lux, 1990). Eastward tilting of the Panamint
Mountains block, and its movement from a pre-Tertiary
position overlying the Black Mountains, was probably un-
derway by about 8 Ma (see Snow and others, 1989), rough-
ly coeval with initial uplift of the Black Mountains.
Sedimentation rates within the Furnace Creek basin in-
creased by at least an order of magnitude at about 6 Ma
(Cemen and others, 1985), synchronously with rapid un-
roofing of the Black Mountains.

Large-magnitude extension between other range-sized
blocks in the northern Death Valley area is also younger
than about 9 Ma. Westward transport of the Grapevine
Mountains from above the Funeral Mountains is thought
to have occurred between about 9 and 5 Ma (Reynolds
and others, 1986) during uplift of the Black Mountains.
Separation of the Panamint and Cottonwood Mountains is
recorded by syntectonic deposits of the Nova basin (fig. 1;
Hodges and others, 1989), most of which are younger than
3.3 Ma (Snow, 1990).

TERTIARY STRATIGRAPHY

Cenozoic deposits in the northern Cottonwood Moun-
tains form five unconformity-bounded sequences that can
be further divided into pretectonic, syntectonic, and post-
tectonic phases of sedimentation by two major angular un-
conformities (col. 1-A, pl. 1; Snow, 1990).

SEQUENCE 1

Stratigraphic sections measured within the Ubehebe
basin (fig. 1) of the northern Cottonwood Mountains (in-
cluding units Tcy, Tuj, Tup, and Tu3z of Snow and White,
1990) form a composite section for the Ubehebe unit of
Snow (1990) and its two subunits. The lower subunit is a
conglomerate composed of poorly sorted, subangular cob-
bles that appear to be locally derived, predominantly from
Paleozoic carbonate units that underlie it beneath an un-
conformity with less than 5° discordance. The conglomer-
ate is resistant, weathers pale grayish red (SR 5/2) to light
brown (5YR 5/6), and includes interbedded pebble con-
glomerate and pebbly sandstone toward its top.

The upper subunit, a sequence of lithic wacke and
volcanic rocks, is predominantly composed of poorly sort-
ed, subangular, medium sand with subordinate silty mud-
stone, pebbly sandstone, and cobble conglomerate.
Interbedded coarse sandy or pebbly layers are common.
The upper subunit contains two white tuff beds that are
approximately 24 and 23 Ma (table 1). A third interstrati-
fied volcanic unit, the 23-Ma tuff of Bighom Gorge
(Snow, 1990), forms a prominent, grayish orange pink
(5YR 7/2) marker bed throughout the Cottonwood Moun-
tains. The upper subunit appears to interfinger with silty
mudstone toward the east within the Ubehebe basin and
with conglomerate toward the west in the central Cotton-
wood Mountains.

Correlatives of the Ubehebe unit can be recognized
over at least 4,000 km? within the northern Death Valley
area by the occurrence of similar strata and coeval tuff
beds (Snow, 1990). Exposures of pre-24- to 20-Ma strata
in the Funeral Mountains (Cemen and others, 1985) and
22- to 20-Ma strata in the Grapevine Mountains, which
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unconformably overlie the Titus Canyon Formation (Rey-
nolds, 1969, 1974), are probably correlative with the Ube-
hebe unit. The lower part of the Ubehebe unit may be
time-correlative with the upper part of the Titus Canyon
Formation (Snow, 1990), although these strata appear to
be lithologically distinct (M.W. Reynolds, oral commun.,
1986). The original proximity of these Tertiary basinal de-
posits, inferred from their reconstructed positions prior to
large-magnitude extension, suggests that the Ubehebe unit
and its correlatives are parts of a single depositional basin.

Given the reconstructed proximity of the Ubehebe,
Titus Canyon, and Furnace Creek basins prior to Tertiary
extension and the lateral persistence of exposed tuff beds,
the absence of a particular tuff bed in any area is probably
due to Tertiary erosion rather than nondeposition. A 27-Ma
tuff is exposed in the Titus Canyon Formation (Reynolds,
1974), but no tuff this old is exposed in the Cottonwood
Mountains, even in the most complete sections. This tuff
was probably eroded from the Cottonwood Mountains pri-
or to deposition of units that now overlie the basal uncon-
formity. Its presence in an originally nearby section
suggests a maximum age of 27 Ma for strata in the Ube-
hebe basin. Similarly, a 20-Ma tuff in the Funeral Moun-
tains is not found in the Cottonwood Mountains. It was
probably removed by erosion that formed the disconformi-
ty above the Ubehebe unit and thus suggests a minimum
age of 20 Ma for the Ubehebe unit.

SEQUENCE 2

Strata of sequence 2 are lithologically identical to the
lithic wackes in the Ubehebe unit except for clasts of
mudstone and tuff that are especially abundant in the basal
conglomerate and were apparently derived from discon-
formably underlying strata (Snow and White, 1990, unit
Tug). A 16-Ma white tuff (table 1), distinguished by the
presence of hornblende phenocrysts, is present about 30 m
above the basal disconformity.

Sequence 2 within the Cottonwood Mountains is prob-
ably correlative (Snow, 1990) with part of the Artist Drive
Formation of McAllister (1970). A conformable sequence
of 16- to 11-Ma strata in the Titus Canyon basin (Rey-
nolds, 1969, 1974) contains tuff beds equivalent to ones in
the lower part of the Artist Drive Formation, which have
ages between 14 and 11 Ma within the Furnace Creek
basin (Cemen and others, 1985). The original proximity of
rocks within these coeval sequences supports their correla-
tion and suggests that the base of the Artist Drive Forma-
tion is time-transgressive and locally includes strata as old
as 16 Ma (Snow, 1990). Because only the 16-Ma tuff bed
is exposed in the Cottonwood Mountains and a 14-Ma tuff
unit exposed in the now-distant Furnace Creek basin is
missing, strata of sequence 2 are probably older than
14 Ma.

SEQUENCE 3

Moderately east-dipping conglomeratic strata of se-
quence 3 unconformably overlie steeply east-dipping older
Tertiary strata and underlying Paleozoic units, typically
with 15° to 20° discordance. Deposition of sequence 3 is
thus inferred to be synchronous with development of the
Cottonwood Mountains rollover during large-magnitude
extension in the northern Death Valley area (Snow and
White, 1990).

Sequence 3 contains two subunits that are differentiat-
ed by average clast size and color (Snow, 1990; Snow and
White, 1990). The lower subunit is a moderate reddish or-
ange (10R 6/6) to reddish brown (10R 4/4), poorly bedded
cobble conglomerate with a matrix of moderately sorted
coarse sand and granules. Distinctive spherical cobbles,
which are diagnostic of basal strata in the lower unit, were
derived from upper Proterozoic to lower Cambrian clastic
rocks, mudstones of unknown origin, and granitoids unlike
any locally exposed intrusions. These exotic clasts resem-
ble cobbles in conglomerate of the Titus Canyon Forma-
tion, and they were probably derived from it when the
Ubehebe and Titus Canyon basins were much closer (Snow
and White, 1990). Moderately rounded clasts that are repre-
sentative of locally exposed Paleozoic units greatly in-
crease in proportion upsection to become the dominant
clast type in the conglomerate. Also increasing upsection is
the proportion of moderately to well sorted sandstone beds
with coarse, subrounded clasts interbedded with the con-
glomerate. The upper subunit is interstratified dusky yellow
(5Y 6/4), medium-bedded, poorly sorted cobble conglomer-
ate with subrounded clasts and similar, poorly sorted, peb-
bly sandstone with coarse, subangular clasts.

The age of sequence 3 is constrained between 16 and
3.7 Ma (table 1) by volcanic units in the Ubehebe basin.
Regional considerations suggest that the conglomerates are
probably younger than about 9 or 8 Ma and possibly
younger than 6 Ma. The angular unconformity below se-
quence 3 records significant rotation of strata along the
eastern flank of the Cottonwood Mountains that is kine-
matically linked to motion of the range away from the
Furnace Creek basin area and uplift of the underlying
Black Mountains at this time.

SEQUENCE 4

Strata of sequence 4 unconformably overlie strata of
sequence 3 with 15° to 20° discordance and overlie older
Tertiary or underlying Paleozoic strata with discordance of
more than 35°. Although strata of sequence 4 are mildly
tilted and cut by some faults in the Ubehebe basin, deposi-
tion of these strata largely postdates major extensional tec-

.tonism in the northern Cottonwood Mountains (Snow and

White, 1990).
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Strata of sequence 4 are dominantly grayish-brown
(5YR 4/2), medium to thickly bedded, well-lithified con-
glomerate composed of poorly sorted, subangular to well-
rounded cobbles in a poorly sorted matrix of coarse sand.
They are distinguished by the presence of basalt boulders
and breccia, spherical cobbles derived from the basal part
of sequence 3, and rare cobbles of conglomerate apparent-
ly locally derived from older Tertiary strata.

The conglomerate interfingers toward the east with
marl that is light gray, irregularly thin to medium bedded,
typically porous, and locally contains plant fossils. The
marl is associated with beds of fine grained muddy or tuff-
aceous limestone, coarse grained sandy limestone, and cal-
careous tuffaceous wacke. Discontinuous caliche horizons
lithologically similar to the marl are interstratified within
the conglomerate. The complex stratigraphic relationships
between conglomerate and marl suggest a paleogeography
characterized by the progradation of alluvial fans into a
playa lake.

Flows of a 3.65-Ma olivine basalt are present near the
base of sequence 4 (table 1). The basalt is only locally
exposed in the northern Cottonwood Mountains area and
appears to have a source immediately to the west in the
Saline Range area (B.C. Burchfiel, oral commun., 1989;
Snow, 1990). The 3.2-Ma tuff of Mesquite Spring (Snow,
1990) (table 1) overlies the basalt and forms an important
marker bed throughout the northern Death Valley area.
This distinctive, white, pumice-lapilli tuff varies from fri-
able to moderately indurated and blocky. It consistently
contains biotite and sanidine phenocrysts. Where it is best
exposed, the tuff appears zoned; sedimentary lithic clasts
dominate at the base but are absent in the upper part. In
the northern Cottonwood Mountains the tuff grades con-
tinuously from tuffaceous marl to slightly altered tuff,
probably indicating eruption into a shallow playa lake
(Snow and White, 1990).

The basalt overlies sequence 3 above an angular un-
conformity in western parts of the Ubehebe basin but
overlies as much as 10 m of conglomerate to the east.
Thus, deposition above the unconformity may be slightly
time transgressive. Strata overlying the tuff of Mesquite
Spring are presumably late Pliocene in age, but an upper
age limit is not available.

SEQUENCE 5

Quaternary(?) strata of sequence 5 are undifferentiated
alluvium and poorly indurated conglomerate. They locally
overlie strata of sequence 4 with slight angular uncon-
formity, although the contact is typically disconformable
where it can be identified.
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Neogene Sedimentary Rocks in the Southern
Owlshead Mountains: Constraint on Displacement of the
Eastern Garlock Fault Zone

By Roland H. Brady, !

INTRODUCTION

The active Garlock fault zone of southeastern Califor-
nia is a major left-lateral system that appears to form a
structural boundary between two highly extended terranes
in the southern Basin and Range physiographic province.
The fault zone may accommodate different times and
styles of extension between these terranes (Davis and
Burchfiel, 1973). Sedimentation in depositional basins
along the Garlock fault is no doubt related to the exten-
sional processes on either side.

The part of the Basin and Range that lies north of the
Garlock fault zone represents shallow crustal levels; there
Paleozoic and Mesozoic rocks are widespread and steeply
dipping normal faults are characteristic. South of the fault
zone in the Mojave Desert, crystalline rocks that represent
deeper crustal levels crop out widely. The presumably
low-angle normal faults, which accommodated extension
in the Mojave Desert region, are largely eroded away and
northwest-striking, right-lateral faults are the most promi-
nent structures (Hewett, 1954; Burchfiel and Davis, 1981;
Dokka and others, 1988). Constraining the extent and dis-
placement on the Garlock fault is important to a clear un-
derstanding of the structural evolution of the adjacent
extensional terranes.

Although 64 to 67 km of Neogene and Quaternary
displacement has been recognized on the central Garlock
fault (Smith, 1962; Carter, 1980; Davis and Burchfiel,
1973), the displacement and easternmost termination are
uncertain. Davis and Burchfiel (1973) and Plescia and
Henyey (1982) suggested that the fault extends some 60
km east of the Owlshead Mountains and has a minimum
offset of 56 km; however, this report presents stratigraph-
ic evidence that the post-late Miocene offset on the east-
ern Garlock fault is less than 5 km and that the fault
probably does not extend significantly east of the Owls-
head Mountains.

'Department of Geology, California State University, Fresno, CA
93726

A sequence of Neogene sedimentary rocks is discon-
tinuously exposed over an area of about 50 km? along the
eastern Garlock fault zone between the Avawatz and
Owlshead Mountains near southern Death Valley, Califor-
nia. The most complete section is exposed at Owl Hole
Spring, on the southern flank of the Owlshead Mountains
(fig. 1). Although the top of the section is eroded and the
rocks are faulted and folded, the unit is stratigraphically
coherent and tectonically in place.

The section at Owl Hole Spring is 700 m thick. Overall
it coarsens upward from fine-grained, evaporite-rich playa
and lacustrine beds in the lower two-thirds, to boulder con-
glomerate (col. 1-B, pl. 1) representing mid- to upper-fan
deposits. The deposits accumulated in a tectonically con-
trolled depocenter along the Garlock fault; they consist of
sediment eroded from sources on opposite sides of the Gar-
lock fault: the Owlshead Mountains on the north and the
Avawatz Mountains on the south. The strata are still physi-
cally contiguous with these source areas.

The age, provenance, and structural position of strata
in the Owlshead Mountains constrain the maximum slip
on the part of Garlock fault between the Avawatz and
Owlshead Mountains to less than 5 km during the last 8.5
million years. This relationship indicates that Neogene slip
on the Garlock fault zone east of the Owlshead Mountains
is not tectonically significant.

LITHOLOGY

The sedimentary rocks at Owl Hole Spring are divided
into a lower member containing primarily fine-grained
clastic rocks, evaporite deposits, and limestone and an up-
per member of cobble to boulder conglomerate. Due to
erosion and faulting, neither the complete thickness nor
the geometry of the Owl Hole Spring unit is known.

The basal contact of the section is exposed in only a
few small outcrops. It is an angular unconformity on red
conglomerate of the Military Canyon Formation of Brady
(1990), which contains an 11.3+0.6-Ma andesite agglomer-
ate (Brady, 1984). The Military Canyon Formation crops
out at several locations in the Avawatz Mountains and
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overall is a coarse clastic unit derived from granite and
gneiss sources not presently exposed in the range. It is
petrographically identical to strata of similar age in the
Halloran Hills, 28 km southeast of the Avawatz Mountains
(Reynolds, this vol.).

LOWER MEMBER

The lower member of the sedimentary rocks at Owl
Hole Spring is approximately 250 m thick and consists of
silty and pure halite overlain by several varieties of gyp-
sum and anhydrite, limestone, celestite (SrSO4), bedded
manganese oxides, pebble to cobble conglomerate, and
monolithologic breccia. Evaporite is abundant mainly in
the lower part of the sequence. Throughout the section are
interbeds of bentonitic claystone, siltstone, tuff, and medi-
um- to fine-grained sandstone, which vary in structure
from massive to laminated.

Halite forms irregularly shaped bodies several tens of
meters long and 1 to 2 m thick within the claystone and
siltstone. Locally, the halite has migrated upward, obliter-
ating the bedding in the host rock. Solution in halite-rich
zones caused small-scale collapse above interconnected,
subterranean channels, forming “pseudo-microkarst”
topography.

116°45'
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Gypsum occurs in massive and laminated beds and
also forms nodules and veins indicating both primary and
secondary deposition. Throughout most of the evaporite-
clastic part of the section, bedded gypsum overlies halite-
rich zones, although halitic and gypsiferous layers are in-
terbedded near the top of the evaporite-rich lowest part.
Gypsum is commonly altered to anhydrite, where it is as-
sociated with varicolored, nodular chert and manganese
oxides. )

The gypsiferous zone grades up into calcareous beds
that consist of limy sandstone and various forms of pri-
mary and secondary limestone, including porous-sparry,
dense-micritic, and nodular varieties. The micritic beds
commonly are laminated and contain abundant bundles of
hollow or crystal-lined tubes ranging from 2 to 5 mm in
diameter and from 1 to 35 cm in length, which probably
are root casts. The upper, carbonate-rich part of the lower
member is thickest—approximately 100 m thick—in the
northwestern part of the area.

Beds of medium- to fine-grained, equigranular and
pebbly arkosic sandstone increase in abundance upward.
They range from several millimeters to 0.5 m thick and
are generally parallel bedded. Low-angle cross stratifica-
tion and graded beds are common.

Beds of water-laid vitric tuff are found in several plac-
es in the upper part of the lower member. The most promi-
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Figure 1. Map showing location of some geologic and geographic features discussed in text.
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Table 1. Potassium-argon ages from vitric tuff beds in the sedimentary
rocks at Owl Hole Spring in the Avawatz Mountains.

Sample Material K,0 4OArm, Percent  Caiculated age
number! dated (wt p(:l)2 (10'l ! mo]/g)2 mArmdz (Ma)3
OHS-87-10 Biotite (8.044) (7.309) (35.1) 6.3120.21
8.046 7.268 349
8.008 7.077 338
8.078 7.504 35.6
7.409 35.2
7.289 359
OHS-1 Whole rock  (3.157) (3.495) (52.4) 7.68+0.18
(vitric tuff) 3.168 3.511 53.0
3.139 3.506 53.1
3.164 3.453 513
3.510 52.1
OHS-2 Biotite (8.392) (10.27) 41.4) 8.49+0.24
8.437 10.57 42.5
8.422 10.42 42.1
8.412 10.09 40.6
8.295 10.00 40.2

'Dating was done by M. Shafiqullah, University of Arizona Geochronology
Lab, Tucson, Ariz. Location of samples: 35°38'17" N. lat, 116°41'37" W. long.

2Value in parentheses is arithmetic mean used in age calculation.

3K-Ar ages were calculated using the constants for the radioactive decay and
abundance of “°K recommended by the International Union of Geological Sciences
Subcommission on Geochronology (Steiger and Jiger, 1977). These constants are:
A=0.580x10""0yr"!, Ag=4.962x10"%r"", and “OK/K gy,=1.167x10~* mol/mol.

nent tuff bed is only 13 cm thick, but several form
distinctive marker horizons that can be traced along strike
for hundreds of meters. Glass is mostly fresh but is altered
to clay or zeolite where tuff is in contact with halite or
gypsum. From lower to upper, tuff beds yielded isotopic
ages of 8.49+0.24, 7.68+0.18, and 6.31+0.21 Ma, respec-
tively (table 1; col. 1-B, pl. 1).

Throughout the lower member, thin, discontinuous
beds of conglomerate and monolithologic breccia fill shal-
low channels. Some conglomerate beds contain subround-
ed clasts of Tertiary volcanic rocks, Paleozoic limestone,
and granite; others contain mainly dark- to pale-green,
massive metavolcanic rocks. The monolithologic breccia is
formed of very angular clasts of these same metavolcanic
rocks. The clast content of the breccia differs from that of
overlying and underlying sandstone, which are mainly gra-
nitic, indicating that the breccia was derived from a sepa-
rate source terrane.

The lower member is pervasively mineralized by
strontium and manganese in the Celestite Hills, 6 km
southeast of Owl Hole Spring (Durrell, 1953), and at Owl
Hole Spring. Spectrographic and petrographic analyses
show the manganese deposits to be an impure mixture of
pyrolusite, psilomelane, and miscellaneous metallic trace
elements. The manganese oxides are sooty and spongy on
the surface but inside are dense and compact with a sub-

metallic luster. In areas of partial replacement, sooty, black
manganese oxides fill irregular, interconnected cavities in
the massive gypsum bed. The intervening gypsum is fresh,
white, and unaltered.

Field and chemical evidence indicates that the celestite
and manganese oxides result from low-temperature, sec-
ondary replacement reactions. The stratiform geometry of
the deposit indicates that mineralizing fluids likely migrat-
ed upward along vertical faults, and then along bedding
surfaces in the strata—probably confined in part by
boundary units of low porosity. These deposits were
mined from the late 1800s to the end of World War IL

In several parts of the manganese oxide deposit, celes-
tite replaced limestone and gypsum. The celestite various-
ly forms massive white beds, dense masses of prismatic
tan crystals as long as 3 mm with wisps and small string-
ers of psilomelane, and white rounded nodules within a
matrix of loose, limy siltstone and free celestite crystals.
Spectroscopic analyses of nodular and crystalline celestite
show them to be 99.95 percent SrSOy4.

UPPER MEMBER

Overlying the lower member is an interval more than
440 m thick of interbedded breccia, massive to bedded
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boulder and cobble conglomerate, and subordinate, pebbly
to cobbly sandstone. The contact between the lower and
upper members is gradational and is due to an increase in
clastic detritus over a stratigraphic distance of about 10 m.
The top of the upper member is erosionally truncated, and
its age is undetermined.

Bedding in the lower part of the upper member is gen-
erally thick and planar at outcrop scale. Most commonly,
the framework is clast supported. In the upper part of the
member, bedding is massive, and matrix-supported frame-
work dominates. Paleocurrent directions based on channel
orientation indicate transport from sources on both north
and south sides of the depocenter.

The proportions of different clast lithologies in the
lower part of the upper member are separated into distinct
beds—those containing green, massive, metavolcanic
rocks and those containing mostly Tertiary volcanic rocks
with lesser granite and trace amounts of red chalcedony,
large smoky quartz, and clear quartz crystals. Clasts in the
upper part of the upper member are almost entirely meta-
volcanic rocks.

INTERPRETATION

The sedimentary rocks at Owl Hole Spring were de-
posited in a late Miocene to Pliocene basin located along
the left-lateral Garlock fault zone. The basin had an east-

116°45'

trending, linear shape with approximate dimensions of 3
km by 17 km (fig. 2). Rocks of the lower member (clastic
rocks, evaporite deposits, and limestone) are interpreted to
represent deposition in a saline playa, synchronous with
deformation and tilting. These strata later were overlapped
by fluvial, lacustrine-margin deposits.

The sequence of halite beds overlain successively by
gypsum and carbonate rocks is the inverse of the solubility
sequence that would be expected from progressive desic-
cation of a saline lake. However, the entire sequence could
be produced by progressive, syndepositional southward
tilting of a flooded basin. In this way the saline, basin-
center deposits would be progressively overlapped by (1)
less-soluble, gypsiferous playa deposits, (2) carbonate
rocks, lacustrine-margin deposits, and (3) alluvial fan de-
posits. Similar relationships have been documented in
Death Valley (Hunt and Mabey, 1966).

The upper member (cobble to boulder conglomerate)
represents alluvial fans that prograded from the Avawatz
and Owlshead Mountains, ultimately filling the basin. This
pulse of coarse clastic deposition was probably caused by
tectonic uplift of the basin margins, owing to oblique slip
along the Garlock fault zone.

Conglomerate clast compositions at Owl Hole Spring
indicate that sediment was derived from both the Avawatz
and Owlshead Mountains. Detritus in the upper part of the
upper member was derived solely from the Avawatz
Mountains, where the western 10 km is composed of met-
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Figure 2. Schematic diagram showing depositional setting of the sedimentary rocks
at Owl Hole Spring. Transport of sediment from both sides of the basin is shown by
large arrows. Dotted line shows the present extent of Tertiary deposits. Query indi-
cates uncertain extent of Garlock fault zone in late Miocene and Pliocene time.
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avolcanic rocks and minor granite, and the eastern part is
mainly dioritic rocks; younger dikes indicate that Tertiary
volcanic rocks may have been present at one time. An ar-
cuate belt in the southern Owlshead Mountains is the like-
ly source terrane for associated vesicular basalt, red
chalcedony, and large crystals of both clear and smoky
quartz in the lower member and the lower part of the
upper member of sedimentary rocks at Owl Hole Spring.
The belt is approximately 5 km across, mainly composed
of granitic and carbonate bedrock on the east and wide-
spread outcrops of Tertiary volcanic rocks on the west
(Jennings and others, 1962).

The sedimentary rocks at Owl Hole Spring place im-
portant constraints on Neogene slip along the eastern Gar-
lock fault zone. Because beds of coarse clastic detritus
derived from the Owlshead and Avawatz Mountains are
interlayered as discrete beds, the sources of that sediment
must have been on opposite sides of the basin during dep-
osition. Specifically, the granitic clasts likely were derived
mainly from the 5-km-wide belt of older rocks in the east-
ern Owlshead Mountains. That source must have been sit-
uated north of the belt of metavolcanic rocks in the
Avawatz Mountains, which is approximately 10 km across
(fig. 2). Because these two source terranes are still oppo-
site one another (fig. 1), the amount of left slip that has
occurred since deposition of lower parts of the Owl Hole
Spring unit about 8.5 Ma is constrained to be less than 5
km—the width of the granitic belt in the Owlshead Moun-
tains. This constraint indicates that large amounts of Neo-
gene slip (about 64 km) proposed to have occurred along
the western Garlock fault zone cannot be documented for
the time since about 8.5 Ma, in the vicinity of the southern
Owlshead Mountains.
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Stratigraphy of the Avawatz Formation,
Southern Death Valley Region, Southeastern Calif.

By Jon E. Spencer1

The Avawatz Mountains are located in San Bernardi-
no County in the northeastern Mojave Desert region of
southeastern California (fig. 1). Quaternary uplift due to
reverse faulting along the north and east flanks of the
range is largely responsible for the rugged morphology
and excellent rock exposures in the Avawatz Mountains.
Pre-Tertiary bedrock in the range consists primarily of
roof pendants of Proterozoic and Paleozoic metasedimen-

1 Arizona Geological Survey, 845 N. Park Avenue, Tucson, AZ
85719
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tary rocks and Mesozoic metavolcanic rocks intruded by
Mesozoic granitic rocks (Spencer, 1990a). The Miocene to
Pliocene(?) Avawatz Formation of Henshaw (1939) is
well exposed in the southern Avawatz Mountains along
the northwest-striking Arrastre Spring fault. The Arrastre
Spring fault bifurcates southward into east and west
branches, and clastic rocks at the base of the Avawatz
Formation rest depositionally on pre-Tertiary bedrock on
both sides of both branches of the fault. The Avawatz
Formation is tentatively regarded as Miocene in age over
most of its exposure area; however, it might also possibly
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Figure 1. Map showing location of some geographic and geologic features discussed in text.
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include some Pliocene rocks in its southwesternmost
outcrops.

The thickest part of the Avawatz Formation is south-
west of the southwestern branch of the Arrastre Spring
fault and is shown schematically in the accompanying
stratigraphic column (col. 1-C, pl. 1). Fine-grained clastic
rocks that make up the lower 750 m of the section record
initial basin formation adjacent to the Arrastre Spring fault
(Spencer, 1990b). These clastic rocks consist primarily of
poorly sorted sandstone and local conglomeratic sandstone
with less abundant silty sandstone, siltstone, and mudstone
near the base of the section. An interbedded tuff near the
base has a K-Ar age of 20.9+0.2 Ma (biotite; Spencer,
1990b). Eastward lateral increase in grain size toward the
Arrastre Spring fault is apparent in the upper part of this
750-m-thick sequence.

Fine-grained basal strata grade upward into approxi-
mately 3,000 m of coarse conglomerate and sedimentary
breccia that were derived from bedrock northeast of the
Arrastre Spring fault. Individual breccia sheets typically
range from 2 to 20 m thick but are locally much thicker
(perhaps more than 100 m). Clast size and clast-size rang-
es are highly variable. In some breccia sheets all clasts are
less than about 20 cm in diameter, whereas in others the
maximum clast diameter approaches 5 m. The sedimentary
breccia sheets represent catastrophic debris avalanches of
the type described by Shreve (1968). The conglomerate
grades laterally westward away from the Arrastre Spring
fault into sandstone and is interpreted as representing allu-
vial fan deposits shed from the uplifted northeast side of
the Arrastre Spring fault (Brady, 1984; Spencer, 1990b).
Coarse clastic strata eventually transgressed eastward
across both branches of the Arrastre Spring fault and bur-
ied it. The conglomerate and breccia fine upward into
sandstone with locally interbedded conglomerate, sedi-
mentary breccia, and white air-fall tuff. This stratigraphi-
cally highest part of the section is complicated by folding
and unconformities but appears to be more than 1,000 m
thick. A tuff from this upper part of the section, well
above the conglomerate, yielded K-Ar ages of 11.0 and
11.3 Ma (sandine) (Evernden and others, 1964). (Their
samples were originally reported as 10.7 and 11.0 Ma but
are slightly older when recalculated using method of Dal-
rymple (1979); no error range was reported for these
ages.)

The Avawatz Formation is interpreted to have been
deposited in a basin formed by southwest-side-down nor-

mal movement on the Arrastre Spring fault in middle Mi-
ocene time. The basin was apparently a half-graben and
sediments within it probably thinned gradually to the
southwest. Movement on the fault had begun by 21 Ma
and was over by approximately 12 Ma (Spencer, 1990b).
Most faulting and conglomerate deposition in the basin
probably occurred between approximately 21 and 15 Ma,
within a Cenozoic extensional tectonic environment that
affected the Mojave region and southern Basin and Range
province. The upper, finer grained strata in the sequence
were probably deposited in a broad, shallow basin inherit-
ed from the earlier period of extension, but also underwent
deformation associated with movement on the Garlock and
Death Valley faults (Spencer, 1990b) or with regional
north-south shortening (Bartley and others, 1990).
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Erosion, Deposition, and Detachment:
The Halloran Hills Area, Calif.

By Robert E. Reynolds1

SETTING

The Halloran Hills are in the eastern Mojave Desert,
southeast of the Avawatz Mountains and east of the Death
Valley fault zone, north of the Cima volcanic field, and
west of Clark Mountain (fig. 1). The Cenozoic strata ex-
posed there record depositional and structural history that
spans approximately 25 million years from middle Tertiary
to late Pleistocene time.

Prior to Cenozoic time, middle Mesozoic thrusting em-
placed Paleozoic carbonate rocks over Triassic and Jurassic
clastic rocks and Jurassic volcanic rocks between 172 and
167 Ma (Busby-Spera, 1988). The Teutonia batholith was
then emplaced between Late Jurassic and Early Cretaceous
time, from 137 to 92 Ma (Beckerman and others, 1982).
During early Tertiary time, the thrust sheets of Paleozoic
rocks were stripped from over much of the Teutonia batho-
lith, and an extensive erosional surface on granitic rocks,
known as the Ivanpah upland of Hewett (1956), was
formed in the area that is presently the Halloran Hills.

The Shadow Valley basin (Hewett, 1956) in the
Ivanpah upland is a Tertiary structural depression that was
filled by lacustrine sediment, landslide debris, and gravity-
slide blocks. The basin was subsequently extended by west-
ward movement of the upper plate of a detachment fault,
The sediment of Shadow Valley basin and the erosional
surface upon which it was deposited are exposed over
700 km?,

BASIN FORMATION

The deeply weathered, hematite-stained erosional sur-
face that developed about 20 Ma produced rounded granitic
blocks, including some large spheroidal granitic boulders.
The swales and areas of low relief in this surface were

'Division of Earth Sciences, San Bernardino County Museum, 2024
Orange Tree Lane, Redlands, CA 92374

2“Halloran Hills” is an informal geographic name applied to hills
north of Interstate Highway 15 near Halloran Springs, Calif. The area
includes Turquoise Mountain, Squaw Peak, and other lower summits
[eds.]

covered with a conglomerate containing rounded clasts of
quartzite derived from the Cambrian Wood Canyon Forma-
tion and the Cambrian Zabriskie Quartzite (col. 1-D, pl. 1).
Such lag deposits may be time transgressive. The deeply
weathered erosional surface and overlying conglomerate
represent a period of structural stability that presumably
spanned a significant amount of time.

Subsidence and sedimentation into Shadow Valley
basin are recorded by fine-grained lacustrine sedimentary
rocks north of the Francis Spring-Squaw Mountain area.
Coarse-grained arkosic fanglomerate grades from Halloran
Spring northward into the uppermost part of these lacustrine
sedimentary rocks. Near the base of the lacustrine sequence
is a sphene-bearing tuff that resembles and has the paleo-
magnetic polarity of the Peach Springs Tuff of Young and
Brennan (1974) (paleomagnetic data of J.W. Hillhouse, U.S.
Geological Survey, oral commun., 1991). A sample of this
tuff collected 3 km west of Francis Spring has a K-Ar age of
19.05£0.11 Ma (sanidine) (Carl Swisher, U.C. Berkeley,
oral commun., 1989). This is within the range of conven-
tional K-Ar ages for the Peach Springs Tuff, which has an
accepted age of 18.5+0.2 Ma, determined by two 4OAr3Ar
methods (Nielson and others, 1990).

A unit of pyroxene andesite breccia and lava flows is
interbedded with the lower basin sedimentary deposits. At
Halloran Spring, the pyroxene andesite breccia overlies a
brecciated mass of crystalline rock derived from Mountain
Pass and underlies a 1.6-km-thick sequence of arkosic
sandstone and conglomerate. A K-Ar age of 12.8+0.5 Ma
(whole rock) was obtained from a pyroxene andesite flow
collected southwest of Halloran Summit (H.G. Wilshire,
U.S. Geological Survey, oral commun., 1988). At Squaw
Mountain, breccia of the pyroxene andesite unit is located
in the middie part of the unit of the lacustrine sedimentary
rocks. Siltstone that overlies the pyroxene andesite breccia
contains a fossil rodent assemblage (Reynolds, 1988) with
taxa in common with the early Clarendonian land-mammal
age (Reynolds and Whistler, 1990) of the Avawatz Forma-
tion (Spencer, 1990). The Avawatz Formation contains a
tuff that yielded K-Ar ages of 11.0 and 11.3 Ma (sanidine)
(Evernden and others, 1964, their samples KA 1275 and
KA 1365 herein recalculated using method of Dalrymple,
1979; no error ranges were reported for these ages).
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SYNTECTONIC DEPOSITION

Faulting and folding deformed the fine-grained lacus-
trine rocks that are between 18.5 and 11 Ma. An erosional
surface formed across the sedimentary rocks and, in plac-
es, exposed the older erosional surface of the Ivanpah up-
land. The development of the erosional surface on the
lacustrine rocks exposed in Shadow Valley may have been
contemporaneous with a structural event that later led to
the deposition of landslide blocks, landslide breccias, and
fanglomerate in the Shadow Valley basin. The basin was
filled with coarse debris from the southeast, northeast, and
south.

Some landslide blocks have sources to the southeast.
In contrast, some fanglomerate beds contain distinctive
clasts of syenite, garnet gneiss, and Jurassic clastic and
volcanic rocks associated with Paleozoic limestone. This
association indicates a source to the east near Mountain
Pass. Fanglomerate beds in the northern part of the basin
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were derived from the northeast and contain clasts of pre-
dominantly metamorphic rocks, no Mountain Pass rocks,
and only one percent Paleozoic carbonate rocks. These
granitic fanglomerate deposits may indicate relative uplift
of the terrain south of the inferred east-striking Halloran
fault (Jennings, 1961).

DETACHMENT FAULTING

Normal-fault-bounded blocks in the Shadow Valley
basin were tilted southeastward, probably above a detach-
ment surface with upper-plate displacement to the north-
west. Mapped relations indicate that the Shadow Valley
detachment surface is not exposed in the area but probably
lies below the Tertiary sedimentary rocks and within the
Mesozoic granitic and metamorphic rocks. An alternative
interpretation of Parke and Davis (1990) postulates that a
“Halloran Hills detachment fault” is exposed in the area.
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Figure 1. Map showing location of geographic features named in text. “Halloran Hills” is an informal geographic name. Broken
line shows approximate limit of Tertiary Shadow Valley basin. Vents for Cima volcanic field (late Tertiary and Quaternary) from

Jennings (1975).
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Whatever the structural level of the fault, it probably was
active in middle or late Miocene time.

A third, probably time-transgressive, erosional surface
developed across the east-tilted strata that had been depos-
ited in the Shadow Valley basin. Upper Miocene and Plio-
cene basalt lava overlies this surface. The flow directions
of the lava on the erosional surface indicate that a topo-
graphic divide had formed in the Shadow Valley basin
area by this time. Basalt was erupted near or along the
divide and flowed into basins that had already formed to
the east and west of the divide: the Valley Wells basin to
the east, and the Soda Lake basin to the west (fig. 1). In
the southern Cima volcanic field, one of these lavas has a
K-Ar age of 6.47+0.18 Ma (whole rock; Turrin and others,
1985); in the Halloran Hills a flow has an age of
5.12+0.16 Ma (whole rock, Turrin and others, 1985).
West-flowing basalt flows at Halloran Spring range in age
from 5.12+0.16 Ma to 4.24+0.17 Ma (whole rock, Turrin
and others, 1985). Northeast-flowing basalt lava in the
eastern Halloran Hills has a K-Ar age of 4.48+0.15 Ma
(whole rock; Turrin and others, 1985).

LATE TERTIARY AND QUATERNARY
TECTONIC ACTIVITY

North-striking normal faults east of Turquoise Moun-
tain and in the Valley Wells basin have east-side-up relative
displacement. West of topographic location VABM 4438
(Halloran Spring 15-minute quadrangle; fig. 1), this move-
ment predated the 5.12-Ma basalt flow. In the Valley Wells
basin, the sense of movement appears to be reversed (west-
side-up) since the emplacement of basalt from about 4.5 and
3.3 Ma (ages previously cited from Turrin and others,
1985).

The Pliocene and Quaternary lacustrine sedimentary se-
quence in Valley Wells basin contains vertebrate fossils near
its base that represent the late Blancan land-mammal age of
late Pleistocene time (approximately 2.4 Ma) (Reynolds and
others, 1991). Different species of mammoth indicate that
deposition spans the 0.4-Ma Irvingtonian-Rancholabrean
land-mammal stage boundary (Woodburne, 1987; Savage
and Russell, 1983). Thus, lacustrine deposition started prior
to 2 Ma and continued until after 0.4 Ma. Stratigraphic
relations indicate east-side-up movement early in the Pleis-
tocene depositional history. If sedimentary sections can be
correlated, the western part of the basin was uplifted 55
meters after late Pleistocene time (approximately 0.4 Ma).
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Cenozoic Stratigraphy and Structure of the
Northern Bristol Mountains, Calif.

By Roland H. Brady, I

INTRODUCTION

The northern Bristol Mountains lie at the southeastern
edge of Soda Lake, approximately 30 km southeast of
Baker, Calif. (fig. 1). The range is composed mainly of
Mesozoic granitic rocks, but older gneiss is exposed on
the west margin (Kupfer and Bassett, 1962). On the west,
thick fanglomerate and Quaternary sand dunes partly
cover exposures of older units.

This paper describes and interprets three fault-bound-
ed sections of syntectonic Tertiary sedimentary strata with-
in the northern Bristol Mountains area. The sections
exposed are small (each less than 0.5 km2) but are geolog-
ically important because they record the evolution of a
system of subparallel northwest-striking lateral faults,
called the Bristol Mountains fault zone (fig. 1; Brady and
others, 1989).

The Bristol Mountains fault zone lies within a belt of
lateral faults that extends from Death Valley to southeast-
ernmost California (Hamilton and Meyers, 1966; Brady
1988) and are probably part of the Eastern California
shear zone. At the latitude of the Bristol Mountains, this
major zone is believed to separate structural terranes hav-
ing differing tectonic styles: the Mojave Desert block on
the west, and the Basin and Range extensional terrane on
the east (Brady and Dokka, 1989; Dokka and Travis,
1990). The Mojave Desert block is characterized by early
Miocene (22-17 Ma) northwest-directed extension fol-
lowed by dextral faulting and related rotation of fault-
bounded blocks after 13 Ma (Dokka and Travis, 1990). In
the Basin and Range terrane, intense northeast-directed ex-
tension and detachment faulting occurred between 20 to
18 Ma and has continued to Holocene time (Davis and
Lister, 1988). Strata in the northern Bristol Mountains that
are coeval with these episodes of faulting bear directly on
the evolution of the boundary between these two terranes.

The northern Bristol Mountains are rarely visited, and
geographic place names are sparse. Access to the area is
chiefly by four-wheel-drive vehicle across rough roads and
dry washes, the largest of which drains northward from
the core of the mountains toward Soda Lake, crossing the

!Department of Geology, California State University, Fresno, CA
93740

Union Pacific Railroad tracks at Balch siding (fig. 1). Ex-
posed in the upper part of that wash is a sequence of Terti-
ary sedimentary and volcanic rocks, which represents the
most extensive of the three sections of Cenozoic deposits
that crop out in the northernmost Bristol Mountains.

The sequence of sedimentary and volcanic rocks lies
in a wedge-shaped basin surrounded by Mesozoic plutonic
rocks and consists of two units totaling more than 225 m
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Figure 1. Map showing location of some features discussed in
text. T, outcrops of Tertiary volcanic and sedimentary
sequences.
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in thickness. The lower unit of volcanogenic and clastic
strata is overlain on an angular unconformity by an upper
unit composed of fanglomerate. The top of the fanglomer-
ate is eroded and covered by unconsolidated gravel and
eolian sand that contains Stage II-III pedogenic carbonate
and a moderately developed cambic B (Bw) horizon with
thin clay films. These features are similar to upper Pleisto-
cene (36,600-15,500 yr B.P.) soils in the eastern Soda
Mountains area, 40 km to the north (Wells and others,
1984; S.G. Wells, oral commun., 1988). The soil and un-
derlying bedrock are cut by faults of the Bristol Mountains
fault zone.

LITHOLOGY

LOWER UNIT

The lower unit of the sedimentary and volcanic se-
quence is composed of arkosic conglomerate, metavolcan-
ic-clast conglomerate, arkosic sandstone, sandy siltstone,
and basalt and lapilli tuff, in decreasing order of abun-
dance (col. 1-E, pl. 1). The unit totals 20 m in exposed
thickness and probably unconformably overlies Mesozoic
plutonic rocks, although the contact is concealed. The
unit is everywhere faulted and tilted from 15° to nearly
vertical.

The lowest exposed strata are pale-colored pebbly
sandstone and pebble conglomerate. Bedding is distinct
and planar. The conglomerate contains mainly subrounded
clasts of Tertiary volcanic rocks in a matrix of well-sorted
arkosic sand. The sandstone and conglomerate are overlain
by black basaltic lapillistone and breccia (agglomerate?),
which includes clasts as much as 30 cm in diameter. Plagi-
oclase from clasts in the breccia yielded a K-Ar age of
26.7+0.6 Ma (table 1). Pink, coarse-grained arkose with
scattered basalt cobbles fills channels up to 50 cm deep
that are cut into the basaltic rocks.

Thinly bedded sandy tuff and tuffaceous sandstone
overlie the arkose on a sharp contact. Sand grains in both
the tuff and sandstone are mainly of granitic derivation.
Channels as deep as 4 m in the tuff and tuffaceous sand-
stone are infilied by a tan, monolithologic mudflow brec-
cia, which includes volcanic clasts of Tertiary purple and
red andesite porphyry, gray felsite, and tan tuff. Upsection
the breccia becomes tuffaceous and forms crude, massive
beds 20 to 30 cm thick. Abruptly overlying the breccia,
and occupying channels eroded into it, is a white, biotite-
hornblende vitric tuff, which yielded a K-Ar age of
26.0+0.6 Ma (hornblende) (table 1). This deposit is rarely
exposed and probably was eroded from most areas.

The filling of channels that are cut into the underlying
volcanic units is a pink to lavender, massive, pebble-to-
cobble breccia at least 8 m thick. This upper breccia also is
monolithologic, with a matrix of fine-grained ashy mud and

Table 1. Potassium-argon ages from the sedimentary and volcan-
ic rocks of the northeastern Bristol Mountains.

Sample Material K,0 40A’rad Percent Calculated age
number’ dated (wt pcl)2 ( 10~ mo]/g)2 40Armd2 (Ma)3
BSW-1 Biotite  (8.097) (10.50) (73.6) 8.99x0.21
8.098 10.32 72.7
8.012 10.49 73.0
8.182 10.52 73.6
10.68 74.9
BM-88-6B Hornblende (0.513) (1.931) (80.8)  26.0:0.6
0.509 1.938 83.7
0.517 1.930 79.7
0.512 1.938 80.1
1919 79.7
BM-88-13  Feldspar (1.836) (7.096) (71.1)  26.7+0.6
1.818 7.134 71.1
1.829 7.097 71.1
1.845 7.060 71.2
1.851 7.091 71.1

'Dating by M. Shafiqullah, University of Arizona Geochronology
Lab, Tucson, Ariz. Sample locations and lithology:

BSW-1, 35°00'34" N. lat, 115°59'30" W. long, rhyolite clast in fan-
glomerate;

BM-88-6B, 35°00'60" N. lat, 116°00'32" W. long, rhyolite tuff;

BM-88-13, 35°00'20" N. lat, 116°00'62" W. long, basalt clast in py-
roclastic(?) breccia.

2Value in parentheses is arithmetic mean used in age calculation.

3K-Ar ages were calculated using the constants for the radioac-
tive decay and abundance of “°K recommended by the International

Union of Geological Sciences Subcommission on Geochronology

(Steiger and Jiger, 1977). These constants are: A.=0.580x10""%yr~!,

Ag=4.962x10""%r"", and “OK/K qy=1.167x10"* mol/mol.

clasts similar to those in the breccia beneath the 26-Ma tuff.
The upper breccia is deeply channeled, and it is overlain by
tan, poorly sorted conglomerate and sandy conglomerate of
mainly granitic clasts. The breccia deposit fines upward
across 30 cm to beds of pebbly sandstone, silty sandstone,
and laminated, bentonitic claystone and sandy claystone;
many of these beds contain granitic pebbles.

The uppermost part of the lower unit is marked by
approximately 1 m of massive to thickly bedded conglom-
eratic granule sandstone of mainly granitic detritus. The
bases of the beds are graded and channeled, and the beds
have an open framework.

UPPER UNIT

Fanglomerate forms the upper unit of the Tertiary se-
quence. It is more than 200 m thick and overlies the lower
unit on an angular unconformity of 10° to 20°. Beds dip
35° to 40° at the base of the unit and decrease in dip to
less than 10° upsection.
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Most of the fanglomerate consists of massive to thick-
ly bedded, pebble to cobble conglomerate and breccia,
containing sparse boulders as much as 75 cm in diameter.
Matrix support is dominant and, in some places, beds are
reversely graded. Laterally discontinuous beds of open-
framework conglomerate are common. Overall, the fan-
glomerate fines and thins upward; shallow channels (15-75
cm) filled with normally graded beds and lenses of well-
sorted, coarse-grained sand appear throughout but are
most abundant in the upper part.

Clasts are generally angular to subrounded and consist
almost entirely of medium- and coarse-grained granitic
rocks, Tertiary volcanic rocks, and minor amounts of fine-
grained mafic rocks probably derived from Mesozoic
dikes. Biotite from a rhyolite clast near the base of the
fanglomerate provides a maximum age for the unit of
8.99+0.21 Ma (table 1).

STRUCTURAL RELATIONS

The Bristol Mountains fault zone is a system of sub-
parallel, vertical faults that extend the entire length of the
range (Brady and others, 1989). This zone forms the
prominent structural grain of the mountain range. Several
of the faults bound sections of Tertiary continental depos-
its. The most pronounced fault in the zone bounds the
sequence of sedimentary and volcanic rocks on its east
side, placing it against highly sheared, pink granitic
rocks. The fault varies from several discrete well-defined
branches to a diffuse mass of sheared and mineralized
rocks nearly 45 m across. Statistical analyses of slicken-
line orientations and minor fractures suggest that the
dominant shear sense is left lateral; the minimum estimat-
ed strike separation on this fault is 8 km. Where the se-
quence crops out within 50 m of the fault, it is broadly to
tightly folded and cut by a complex of minor high- and
low-angle faults. In several places, fault-bounded slabs of
granitic bedrock are tectonically intersheaved with the
sedimentary rocks. Other minor faults separate beds by
only a few tens of meters.

INTERPRETATION

The lower unit of the Tertiary sequence near Balch
siding is interpreted to represent braid plain deposits. Ages
of the tuff and basalt breccia in the lower unit indicate that
a pulse of bimodal volcanism occurred in late QOligocene
time, approximately 26 Ma. Clasts of Tertiary volcanic
rocks in conglomerate of the lower unit probably were
shed from local, now-eroded, sources. The presence of
such sources is indicated by dikes of Tertiary age that cut
pre-Tertiary rocks and by the presence in the lower unit of
the proximal Oligocene breccia and tuff deposits.

The fanglomeratic upper unit probably represents a
regressive alluvial fan deposit that grades vertically from
upper- to mid- or outer-fan fringe deposits. Debris-flow
deposits, deep channeling, and coarser sized sediment
decrease in abundance upsection. Both lower and upper
units contain detritus that most likely was derived from
the suite of Mesozoic granite and mafic dikes in the
Bristol Mountains.

The sedimentary and volcanic rocks were deposited in
a syntectonic basin that underwent faulting throughout a
long period of time. Deformation and possibly uplift and
erosion of the lower unit occurred after about 26 Ma (the
age of the basalt and tuff) but before about 9 Ma (the age
of a rhyolite clast in the upper unit). Thus, the onset of
fanglomerate deposition, which followed a hiatus of per-
haps 18 m.y.,, may have resulted from renewed tectonic
activity. The upward-decreasing dip of the fanglomerate
beds indicates that growth faulting occurred synchronously
with deposition, and erosional truncation of the fanglomer-
ate may also have been due to fault-related uplift. Finally,
following formation of the Pleistocene soil, the sequence
was faulted again.

Tertiary deposits of probably similar age are found in
four places across the Bristol Mountains fault zone at ap-
proximately the same elevation (fig. 1). Both elevations,
and the nearly horizontal slickenlines on fault surfaces, in-
dicate that strike-slip rather than dip-slip motion on the
Bristol Mountains fault zone has predominated. The close
correspondence between sediment provenance and bedrock
types in the range indicates that lateral displacement is
distributed across the fault zone and that offset on any one
fault in the Bristol Mountains fault zone is not greater than
the length of the range (about 15 km).

The upward-decreasing deformation in the sequence
of sedimentary and volcanic rocks suggests that tectonism
along the Bristol Mountains fault zone was most intense
during the time between deposition of the lower unit (ap-
proximately 26 Ma) and deposition of the fanglomeratic
upper unit (after 9 Ma, but pre-Pleistocene), although
faulting continued into Pleistocene and, perhaps, Holocene
time.
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Tertiary Stratigraphy of the South Virgin Mountains,
Southeast Nev., and the Grand Wash Trough, Northwest Ariz.

By L. Sue Beard!

INTRODUCTION

The South Virgin Mountains? and Grand Wash trough
area of the Basin and Range province is an extended ter-
rane west of the Colorado Plateau margin, in northwest
Arizona and southeast Nevada (fig. 1). The South Virgin
Mountains contain Precambrian, Paleozoic, and Mesozoic
rocks exposed in structural blocks that are mostly east-tilt-
ed, as well as Tertiary sedimentary rocks that both predate
and postdate the tilting. The structural blocks are bounded
by northeast-striking, left-separation faults of the Lake
Mead fault system and north-striking normal faults with
low- to high-angle dips. The Grand Wash trough is a Ter-
tiary basin that lies east of the South Virgin Mountains
and is separated from the Colorado Plateau by the north-
striking Grand Wash fault. Exposed in the trough are
mostly flat-lying Tertiary sedimentary strata that were de-
posited against both east-tilted blocks on the west and
south sides of the trough and nearly horizontal Paleozoic
rocks of the Colorado Plateau on the east.

Tertiary sedimentary rocks in the Grand Wash trough
have been studied by Lucchitta (1966, 1972, 1979) and in
the Grand Wash trough and South Virgin Mountains by
Bohannon (1979, 1984). The rocks are divided into two
packages (col. 1-F, pl. 1). The Horse Spring Formation
crops out in the South Virgin Mountains and in the north-
west comner of the trough and is exposed generally in
north-striking, east-tilted ridges offset by strike-slip faults
(also see Wallin and others, this volume). Unconformably
overlapping the Horse Spring Formation are the mostly
flat-lying rocks of the Grand Wash trough (Bohannon,
1984), also called the Muddy Creek Formation by Luc-
chitta (1966, 1972, 1979).

'U.S. Geological Survey—MS 9540, 2255 N. Gemini Drive, Flag-
staff, AZ 86001-1698

2«South Virgin Mountains” is an informal geographic name applied
to the mountains east of the Overton arm of Lake Mead, west of Grand
Wash trough, north of the Colorado River arm of Lake Mead, and south
of Whitney Pocket (Longwell and others, 1965). The area discussed in
this chapter also includes the Wechech basin [eds.]

SOUTH VIRGIN MOUNTAINS

Only the lower two members of the Horse Spring For-
mation, the Rainbow Gardens and Thumb Members as de-
fined by Bohannon (1984), were deposited in the South
Virgin Mountains, and only the lowermost, the Rainbow
Gardens Member, is exposed in the trough, although the
Thumb Member may occur in the subsurface. The Horse
Spring Formation is late Oligocene to middle Miocene in
age in this area: a tuff in the middle part of the Rainbow
Gardens Member has a K-Ar age of 24.3 Ma (biotite, Car-
penter and others, 1989), and tuffs in the Thumb Member
yield fission track ages of 16.3+x1.9 and 15.9+1.0 Ma (Bo-
hannon, 1984).

The Rainbow Gardens Member is a widespread unit in
southeastern Nevada. The scattered outcrops are inferred
to represent deposits of a single shallow sag that became
dismembered by strike-slip and low-angle normal faults
(Bohannon, 1984). In the area of the South Virgin Moun-
tains the Rainbow Gardens Member typically contains a
ubiquitous, lower unit of resistant conglomerate, a middle
unit of diverse clastic rocks, and an upper unit of resistant
carbonate rocks (Bohannon, 1984; Beard, unpub. mapping,
1989). The basal conglomerate is a very distinctive dark-
weathering unit composed mostly of subangular carbonate
and sandstone clasts derived from Paleozoic rocks that are
set in a sandy, carbonate-cemented matrix. The basal con-
glomerate overlies a gentle regional unconformity of low
relief that truncates the upper Paleozoic and Mesozoic sec-
tions southward so that the conglomerate is deposited on
Cretaceous rocks at the northernmost exposures and on
Permian Kaibab Limestone at the southernmost exposures
(Bohannon, 1979, 1984). This low-relief surface may cor-
relate with the Paleocene erosion surface exposed to the
southeast on the Colorado Plateau (Young, 1985). Bohan-
non (1984) interpreted the conglomerate as a braided
stream and pediment-veneer deposit.

At the north end of the South Virgin Mountains, just
south of Whitney Pocket (fig. 1), the basal conglomerate
consists of a stack of monolithologic layers of angular Pa-
leozoic clasts interbedded with channel-filling lenses of
dark-red, hematitic pebbly sandstone; these pebbles include
rounded chert, quartzite, and distinctive silicified litharenite
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and radiolarian-bearing argillite. Litharenite and agillite
clasts, which were derived originally from the Mississippi-
an Eleana Formation in southern Nevada (P.M. Goldstrand,
oral commun., 1990), also occur in the immediately under-
lying Cretaceous rocks. At this location the conglomerate
grades directly upward into the upper (carbonate rocks)
unit. To the south the transition from conglomerate to car-
bonate rocks is represented by the middle unit, a slope-
forming assemblage of claystone, sandstone, rhyolitic tuff,
tuffaceous sandstone, rounded pebble conglomerate, and
thin platy limestone. At the southernmost exposures, con-
glomerate is absent in the middle unit, and fine-grained tuff
and carbonate rocks dominate the section. The middle
slope-forming unit probably represents a transition from
fluvial to lacustrine settings, culminating in the lacustrine
deposits of the upper (carbonate rocks) unit. The maximum
thickness of the Rainbow Gardens Member is about 400 m,
indicating deposition without great subsidence into a broad
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shallow basin. Facies relations suggest that the northern-
most exposures in the South Virgin Mountains were proba-
bly near the northern end of the basin.

The Thumb Member is present throughout the South
Virgin Mountains but is well exposed only in the northern
part. The Wechech basin section (fig. 1) (Bohannon, 1984)
consists of 1.2 km of lacustrine deposits of parallel-bedded
siltstone and sandstone, gypsiferous siltstone, claystone,
and massive bedded gypsum, overlain by conglomerate.
Tuff units interbedded in the lacustrine section are dated at
16.3 and 15.9 Ma. The basal 3-10 m of the conglomerate at
the north end of the Wechech basin is composed almost
entirely of material derived from Precambrian crystalline
rocks similar to those exposed on Whitney Ridge to the
east. Upward and southward the conglomerate is dominat-
ed by clasts of Paleozoic car-bonate rocks and sandstone.
To the north and east the lacustrine deposits undergo a
change into sandstone, conglomeratic sandstone, and con-

114°00* 113°45'

Hidden
Canyon

Figure 1. Map showing location of some geographic and geologic features named in text. Faults modi-
fied from Longwell and others (1965), Bohannon (1984), Beard and Campagna (1991), Beard (1992),
and L. Sue Beard (unpub. data, 1991-92). Ball and bar on downthrown blocks; half arrows show

relative direction of movement.
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glomerate of probable marginal lake and alluvial fan ori-
gin. Southward, toward the Lime Ridge fault (fig. 1), the
Thumb Member is poorly exposed and faulted and folded;
it is lithologically similar but thinner than in the north. It is
unclear whether this lateral variation is due to depositional
thinning, erosional truncation, structural attenuation, or a
complex interaction of all three processes.

In the southernmost exposures in the South Virgin
Mountains the interval above the Rainbow Gardens
Member is a thick unbedded sedimentary breccia com-
posed mostly of clasts of Precambrian rocks. The clasts
are derived from bedrock exposures just to the south
across the Gold Butte fault, one of the northeast-striking
left-separation faults. Bohannon (1984) inferred that the
breccia is equivalent to the Thumb Member, although the
outcrops cannot be traced directly into dated Thumb ex-
posures. This breccia, and the Precambrian-clast con-
glomerate at the Wechech Basin, indicate that terranes of
older rocks were exposed at both the northern and south-
ern ends of the basin during or late in the deposition of
Thumb strata.

GRAND WASH TROUGH

Middle and upper Miocene interior-basin deposits fill-
ing the Grand Wash trough have been studied and de-
scribed by Lucchitta (1966, 1972, 1979). The deposits
were correlated to the type locality of the Muddy Creek
Formation to the west by Longwell (1936) and Lucchitta
(1966, 1972, 1979). Bohannon (1984), however, argued
that these deposits are not physically connected to those
that contain the type locality of the Muddy Creek Forma-
tion, are of somewhat different age, and are lithologically
dissimilar; he preferred to informally name them rocks of
the Grand Wash trough.

The Grand Wash trough is an asymmetric basin, re-
sembling a half-graben, that formed by motion on the
Grand Wash fault. The Grand Wash fault is a vertical to
steeply dipping normal fault that may be listric at depth; it
separates tilted crustal blocks on the west from untilted
Paleozoic rocks of the Colorado Plateau. The trough con-
tains fine-grained strata deposited in playas and lakes in
the axis of the basin, which was on the east side near the
fault. The fine-grained rocks interfinger to the east with
conglomerates derived from Paleozoic rocks exposed in
the Grand Wash Cliffs and to the west with Precambrian
clast-bearing conglomerates derived from the Gold Butte
area in the South Virgin Mountains (Lucchitta, 1966,
1972). These units also unconformably overlap east-tilted
strata of the Rainbow Gardens Member in the southern
part of the Grand Wash trough, a few kilometers north of
the Colorado River.

Deep-basin deposition in the Grand Wash trough cul-
minated in the Hualapai Limestone, a widespread unit of

variable thickness. This unit has variously been defined
as a member of the Muddy Creek Formation (Lucchitta,
1972) and also designated a separate formation (Bohan-
non, 1984). A K-Ar age of 8.66+2.2 Ma was obtained
from basaltic glass shards in an air-fall tuff from the low-
er part of the Hualapai Limestone (Blair and Armstrong,
1979). Air-fall tuff beds below the Hualapai Limestone
yielded fission track ages of 10.8+0.8, 11.1x1.3, and
11.6+1.2 Ma (Bohannon, 1984). In addition, a basalt flow
is interbedded at Nevershine Mesa with the upper part of
the easterly derived conglomerate. This flow can be
traced by remnant outcrops to a basalt on the Grand
Wash Cliffs at Snap Point, which has a K-Ar age of
9.1+0.8 Ma (J.F. Haman, oral commun., 1983). In the
northwest end of the trough, east-tilted Rainbow Gardens
strata are unconformably overlain by flat-lying red clastic
rocks and flows of the informally named Grand Wash ba-
salt of Best and Brimhall (1970).

Basalt lava flows blanket much of the surface and-fill
drainages that are cut into the rocks of the Grand Wash
trough. The drainages are graded to the Colorado River,
which issues from the Grand Canyon through the Grand
Wash Cliffs at the southern end of the trough. The flows
of the Cottonwood Wash sequence in the northern trough
have ages ranging from 6.87+0.20 Ma (lowest flow)
(Best and others, 1980) to 4.73+0.18 (uppermost flow)
(PE. Damon, in Reynolds and others, 1986); at Hidden
Canyon the uppermost flow has an age of 3.8+0.2 Ma
(R.J. Miller, written commun., 1989). In addition, a
3.80+0.11-Ma basalt at Grand Wash Bay (Shafiqullah and
others, 1980), which is exposed on the shore of Lake
Mead, rests on eroded basin-fill deposits and on fluvial
gravel deposited by the Colorado River. These relations
indicate that interior basin deposition ended and through-
going drainage began perhaps by 6.9 Ma and certainly by
3.8 Ma.

AGE CONSTRAINTS ON
CRUSTAL TILTING

Crustal tilting and faulting, both normal and strike-
slip, in the South Virgin Mountains and Grand Wash
trough began after deposition of the Rainbow Gardens
Member of the Horse Spring Formation. Extensional
faulting may have begun as early as Rainbow Gardens
time, but little subsidence and no crustal tilting is record-
ed. The lower part of Thumb Member also is conform-
able with the Rainbow Gardens Member; angular
discordance is observed only in areas where the con-
glomeratic facies dominates the stratigraphy of the
Thumb Member. Dips of Tertiary rocks range from less
than 10° to as much as 50°; average dips are about 35°.
In the Grand Wash trough, the interior-basin deposits
(post-11.6 Ma) are mostly flat lying. Therefore, crustal
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tilting is not reflected in the stratigraphic record until
sometime after 15.9 Ma and is ended by 11.6 Ma. Mo-
tion along some of the strike-slip faults, however, contin-
ued at least into Muddy Creek time (D.J. Campagna,
written commun., 1990).
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Tertiary Stratigraphy of the Lake Mead Region

By E. Timothy Wallinl, Ernest M. Duebendorferz, and Eugene 1. Smith!

INTRODUCTION

The Lake Mead region falls within a highly extended
terrane along the Nevada-Arizona border (fig. 1). This ter-
rane is bounded to the east by the Colorado Plateau, to the
west by the unextended Spring Mountains block, to the
south by the Colorado River extensional corridor, and to
the north by a complex structural zone that coincides ap-
proximately with the Las Vegas Valley shear zone and
Lake Mead fault system (Duebendorfer and others, this

’Department of Geoscience, University of Nevada, Las Vegas, NV

volume). Miocene sedimentary rocks crop out widely
north of Lake Mead and south of the Muddy Mountains
(Bohannon, 1984). Smaller, less well studied remnants of
these Miocene strata also crop out south and east of Lake
Mead (Beard, this volume).

Miocene strata in the Lake Mead region are in ex-
cess of 2 km thick and comprise three nonmarine, un-
conformity-bounded sequences, namely the Horse Spring
Formation, the informally named red sandstone unit of
Bohannon (1984), and the Muddy Creek Formation (col.
1-G, pl. 1). The Horse Spring Formation unconformably
overlies Paleozoic and Mesozoic sedimentary rocks and
consists of the Rainbow Gardens, Thumb, Bitter Ridge

8915‘; . . Limestone, and Lovell Wash Members (Bohannon,
Department of Geology, Northern Arizona University, Flagstaff, 1984
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Figure 1. Map showing location of some geologic and geographic features named in text. Faults generalized from Anderson (1973).
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In the Lake Mead area, the Horse Spring Formation
ranges in age from early(?) to middle Miocene (Anderson
and others, 1972; Bohannon, 1984), although locally it
may be Oligocene in age. Carpenter and others (1989) re-
ported a K-Ar age of 24.3+1.0 Ma for a tuff interbedded
with the Tertiary Cottonwood Wash Formation in the Vir-
gin Mountains. Thus, the Rainbow Gardens member may
be as old as late Oligocene, if it is lithostratigraphically
equivalent to the Cottonwood Wash Formation as suggest-
ed by Bohannon and others (1983).

According to Bohannon (1984), deposition of the
Rainbow Gardens Member began in a broad sag basin pri-
or to the onset of Miocene extension in the area. Both the
configuration of the Horse Spring basin and stratigraphy
of the later basin-fill units were strongly influenced by the
surface expressions of major Miocene structures, including
the Gold Butte fault, Lake Mead fault system, and Las
Vegas Valley shear zone. Strata of the Horse Spring For-
mation were disrupted both during and after deposition by
sinistral displacement on the Lake Mead fault system, dex-
tral displacement on the Las Vegas Valley shear zone, and
by both high- and low-angle normal faults (Anderson,
1973; Bohannon, 1984; Duebendorfer and Wallin, 1991).

UNIT DESCRIPTIONS

The Rainbow Gardens Member becomes finer upward
overall and consists of a basal conglomerate that is over-
lain by complexly interfingering terrigenous clastic and
carbonate rocks, and minor chert; the upper part is domi-
nated by carbonate rocks. The Rainbow Gardens Member
was deposited principally in alluvial and lacustrine depo-
sitional environments (Bohannon, 1984). The timing of
the onset of sedimentation of the Rainbow Gardens Mem-
ber is poorly constrained due to a lack of datable rocks.
Although Bohannon (1984) estimated an age of about 20
to 18 Ma for the Rainbow Gardens Member, it may be as
old as Oligocene.

The Thumb Member conformably overlies the Rain-
bow Gardens Member and comprises gypsiferous sand-
stone- and siltstone with subordinate conglomerate, breccia
and megabreccia, and volumetrically minor carbonate
rocks, tuff, and basaltic andesite flows deposited in lacus-
trine and alluvial depositional environments (Bohannon,
1984). Anderson and others (1972) reported a K-Ar age of
17.7+3.0 Ma (whole rock) for basaltic andesite in the low-
er part of the Thumb Member (originally reported as
17.2+3.0 Ma but recalculated using modern decay con-
stants). Bohannon (1984) reported fission-track ages that
range from 16.2+0.8 to 13.2+0.9 Ma (zircon) for air-fall
tuff within the Thumb Member. However, he interpreted
the 13.2-Ma age to be anomalously young and inferred an
age range of 17.2 (17.7) to 13.5 Ma for the member.
Clast- and matrix-supported megabreccia deposits presum-

ably represent episodic and catastrophic rock avalanches
or debris flows. Some breccia units within the Thumb
Member contain large blocks of distinctive Precambrian
crystalline rocks that have been used by many authors to
constrain displacement on either or both the Las Vegas
Valley shear zone and Lake Mead fault system (Longwell,
1960, 1974; Anderson, 1973; Bohannon, 1984; Rowland
and others, 1990). Several of these workers proposed that
boulders of rapakivi granite and aluminous high-grade
metamorphic rocks were derived from the Gold Butte area
south of the Gold Butte fault (fig. 1).

The Bitter Ridge Limestone Member of the Horse
Spring Formation is confined largely to an area northwest
of the Las Vegas Valley shear zone and Lake Mead fault
system and consists principally of porous limestone with
volumetrically minor sandstone in its uppermost part near
Bitter Ridge. In an isolated exposure near Lava Butte, the
Bitter Ridge Limestone Member also contains intraforma-
tional limestone breccia and clasts of the dacite of Lava
Butte. The age of the Bitter Ridge Limestone Member is
constrained by a K-Ar age of 13.7+0.7 Ma (whole rock)
(Anderson and others, 1972) for the dacite of Lava Butte
(originally reported as 13.4+0.7 but recalculated using
modern decay constants). A minimum age for the unit is
provided by a fission-track age of 13.0+0.8 Ma (zircon)
from an air-fall tuff in the conformably overlying Lovell
Wash Member (Bohannon, 1984).

The Lovell Wash Member of the Horse Spring Forma-
tion is confined to the area northwest of the Lake Mead
fault system but occurs both north and south of the Las
Vegas Valley shear zone. The Lovell Wash Member con-
sists principally of limestone, dolomite, claystone, tuff, ar-
enaceous tuff, and tuffaceous sandstone. The age of the
Lovell Wash Member is constrained by the 13.0+0.8-Ma
age of the interstratified air-fall tuff mentioned above.
Both the Bitter Ridge Limestone and Lovell Wash Mem-
bers were deposited in lacustrine depositional environ-
ments (Bohannon, 1984).

The red sandstone unit of Bohannon (1984) uncon-
formably overlies the Horse Spring Formation. Document-
ed surface exposures of the red sandstone unit are restricted
to White Basin and the area immediately northwest of Lake
Mead (Bohannon, 1984; Duebendorfer and Wallin, 1991).
It consists principally of sandstone and conglomerate with
subordinate siltstone, claystone, and both air-fall and re-
worked tuff. All of these units were deposited in alluvial
fan and playa-lake paleoenvironments (Bohannon, 1984).

Locally, the red sandstone unit is overlain by and in-
terbedded with basaltic andesite flows near Callville Mesa
(fig. 1). These flows contain phenocrysts of iddingsitized
olivine (1-5 percent), plagioclase (10-30 percent), augite
(2-9 percent), and minor orthopyroxene. Quartz and alkali
feldspar form xenocrysts that are rimmed by glass and ac-
icular clinopyroxene. Rare pyroxenite xenoliths are found
locally. The flows range in age from 10.4+0.2 to 8.5x0.2
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Ma (K-Ar, plagioclase) (Feuerbach and Smith, 1988;
Feuerbach and others, 1991). Lavas in the Callville Mesa
area erupted from a complex cinder cone located there and
from scattered additional vents. The 500-m-diameter cone
is located on the footwall of an east-striking, down-to-the-
south normal fault.

The red sandstone unit is lithologically similar to both
the underlying Horse Spring Formation and the overlying
Muddy Creek Formation. Similar units in the area are con-
sidered equivalent in age to the red sandstone unit if they
are overlain unconformably by the Muddy Creek Forma-
tion or the basaltic andesite of Callville Mesa and (1)
overlie the Horse Spring Formation with angular discor-
dance, (2) contain clasts of the youngest rocks of the
Horse Spring Formation, or (3) contain clasts of the oldest
rocks of the basaltic andesite of Callville Mesa (Dueben-
dorfer and Wallin, 1991).

The youngest unconformity-bounded unit, the Muddy
Creek Formation, crops out widely at low elevations in the
Lake Mead region. This unit consists of conglomerate,
sandstone, siltstone, claystone, gypsum, and halite. Con-
glomerate is especially abundant near the basin margins,
The age of the Muddy Creek Formation ranges from about
10.4 Ma or younger near Callville Mesa, where it overlies
the red sandstone unit, to at least as young as 5.9+0.2 Ma
(K-Ar, plagioclase, Feuerbach and others, 1991) where it
is intruded by basalt at Fortification Hill. Although it is cut
by numerous faults, the Muddy Creek Formation appears
to be largely posttectonic relative to significant earlier Mi-
ocene extension.

TIME OF TILTING

In most areas of the Lake Mead Region, the Horse
Spring Formation overlies the Paleozoic and Mesozoic
section with angular discordance of less than 10°. Fur-
thermore, the amount of tilting within the Horse Spring
Formation is essentially constant upsection. These obser-
vations suggest that most of the stratal tilting associated
with Miocene extension occurred after deposition of the
Horse Spring Formation.

The red sandstone unit is steeply tilted near the basin
margins and slightly tilted to horizontal elsewhere in the
basin, except near faults. The lack of substantial tilting of
many surface exposures of the red sandstone indicates that
much of the tilting exhibited by the Horse Spring Forma-
tion occurred either prior to or during deposition of the red
sandstone unit (Duebendorfer and Wallin, 1991). Locally,
the magnitude of tilting of both the Horse Spring Forma-

tion and the red sandstone unit is nearly identical. Togeth-
er, these observations indicate that the red sandstone unit
represents syntectonic sedimentation that occurred during
tilting of older rocks.
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Miocene Stratigraphy of the Central Black Mountains,
Northwestern Ariz.: Variations Across a Major
Accommodation Zone

By James E. Faulds!

INTRODUCTION

Miocene extension fragmented the central Black
Mountains into a complex array of tilted fault blocks
(Longwell, 1963; Anderson, 1971; Faulds and others,
1988, 1990). Extension was directed east-west or east-
northeast-west-southwest, as inferred from the average
strike of major normal faults and of layering in tilted fault
blocks. Fault block tilting, as indicated by dips of layered
strata in Tertiary volcanic and sedimentary rocks, com-
monly exceeds 60° and locally surpasses 90° (beds
overturned).

A major accommodation zone in the central Black
Mountains, northwestern Arizona, and adjacent Eldorado
Mountains, southern Nevada, separates about 15,000 km?
of east-tilted fault blocks to the north from more than
25,000 km? of dominantly west-tilted blocks to the south
(fig. 1). In upper-plate rocks, the east-trending accommo-
dation zone corresponds to a 10-km-wide belt of inter-
meshing conjugate normal faults (Faulds and others,
1990). East-dipping normal faults dominate the west-tilted
domain, whereas west-dipping normal faults characterize
the east-tilted domain (fig. 2). East- and west-dipping
faults are about equally common within the accommoda-
tion zone. The zone also represents the most likely join
between a west-dipping detachment system under the east-
tilted domain (Wernicke, 1985; Weber and Smith, 1987;
Duebendorfer and others, 1990) and east-dipping detach-
ment system beneath the west-tilted domain (Davis and
others, 1980; Spencer, 1985; Spencer and Reynolds,
1989). The displacement on major normal faults and mag-
nitude of tilting of fault blocks progressively decrease to-
ward the axial part of the zone. The actual tilt reversal is
facilitated by en echelon, transversely oriented, oblique-
slip scissor faults on transverse segments of the zone (or-
thogonal to strike of tilted fault blocks) and minor folding
on along-strike segments (parallel to strike of tilted
blocks). The deformational style along the zone is dis-
cussed in greater detail in Faulds and others (1990).

!Department of Geology, University of Iowa, Iowa City, 1A 52242

Tertiary strata in the Black and Eldorado Mountains
(col. 1-H, pl. 1) range in age from early Miocene to early
Pliocene(?) and consist of andesite lava flows and flow
breccia, basaltic andesite flows, tuffaceous sedimentary
rocks, flow-banded rhyolite, minor ash-flow tuff, mega-
breccia, conglomerate, and basalt flows. Much of the Ter-
tiary section was deposited in half grabens produced by
Miocene extension. Tertiary strata locally exceed 4 km in
thickness in some major half grabens.

The purpose of this paper is to compare Tertiary sec-
tions across the accommodation zone in the central Black
Mountains and discuss the implications of observed varia-
tions. The stratigraphic sections described here are from the
southern part of the Eldorado Canyon basin in the east-
tilted domain, northern part of the Mount Perkins basin in
the west-tilted domain, and axial part of the accommodation
zone. The Eldorado Canyon basin extends from the north-
ern part of the accommodation zone to the Malpais Mesa
area and possibly to the western Lake Mead region (fig. 1).
A west-dipping normal fault, here referred to as the Big-
horn fault, borders the Eldorado Canyon basin on the east.
The Mount Perkins basin continues at least 40 km south-
ward from the southern part of the accommodation zone
(fig. 1). The east-dipping Mount Davis fault (Faulds and
others, 1990) bounds the Mount Perkins basin on the west.
As displacement on their bounding normal faults decreases,
the Mount Perkins and Eldorado Canyon basins merge into
several smaller half grabens within the accommodation
zone and therefore terminate as major depocenters.

TIMING OF DEFORMATION

Stratigraphic relations, discordant tilts, and K-Ar ages
indicate that the major episode of extension in the vicinity
of the accommodation zone occurred during middie Mio-
cene time. Potassium-argon ages from a tuff tilted 85° and
basalt flow tilted approximately 25° constrain approximate-
ly 70 percent of the west-tilting in the Mount Perkins
growth-fault basin to between approximately 16.4 and 14.1
Ma (table 1). A gently west-tilted (15°), 13.13+0.27-Ma
basalt flow (table 1) just to the west of the Mount Perkins
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growth-fault basin demonstrates that extension in the west-
tilted domain continued until about 13 Ma. Potassium-
argon ages from a moderately tilted (about 45°) tuff and
gently tilted (approximately 15°) basalt flow bracket more
than 65 percent of the east-tilting in the Eldorado Canyon
basin to between approximately 15.9 and 13.7 Ma (table 1).
The K-Ar ages indicate that, in the vicinity of the accom-
modation zone, most of the extension in the west- and east-

115°00'

tilted domains was approximately simultaneous and that the
zone facilitated penecontemporaneous block tilting in op-
posite directions. In both the east- and west-tilted domains,
the timing of the last increment of tilting (15-35 percent of
total) is poorly constrained. Some tilting may be as young
as latest Miocene or early Pliocene, as evidenced by gently
tilted (5°-10°) upper Miocene basalt flows and sedimentary
rocks that crop out about 15 km north of the accommoda-
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Figure 1. Generalized geologic map of the Black and Eldorado Mountains accommodation
zone and nearby regions. ECB, Eldorado Canyon basin; MPB, Mount Perkins basin, NB,
Nelson basin. Geology from Anderson (1977, 1978), Stewart and Carlson (1978), Davis

(1984), Reynolds (1988), and Faulds (1989).
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tion zone (fig. 1, Malpais Mesa area) in an apparent exten-
sion of the Eldorado Canyon basin. Generally undeformed,
upper Miocene to lower Pliocene basalt flows in the north-
ern Black Mountains (Anderson and others, 1972) imply
that extension had ceased by early Pliocene time near the
accommodation zone.

Because the development of large half grabens in mid-
dle Miocene time greatly affected the distribution of Terti-
ary deposits, the Tertiary section was divided into three
intervals on the basis of age relative to the main pulse of
tilting in middle Miocene time: (1) prior to approximately
16 Ma (before major tilting); (2) 16 to 13 Ma (coincidental
with major tilting); and (3) post-13 Ma (after major tilting).

MIOCENE STRATIGRAPHY

PRE-16 MA

Tertiary volcanic and sedimentary strata in the central
Black Mountains accumulated on a surface of low relief cut
into Late Cretaceous quartz monzonite, weakly foliated
granodiorite of unknown age, and Proterozoic gneiss, am-
phibolite, and mylonite. The 1.5-km-thick, pre-16-Ma sec-
tion consists of, in ascending order: (1) a basal arkosic
sandstone and conglomerate that predates the onset of vol-
canism, (2) thin (less than 20 m thick) rhyolite tuff, which
may be correlative with the Peach Springs Tuff of Young
and Brennan (1974), (3) a complex section of intercalated
hornblende andesite flows, pyroxene-olivine basaltic ande-

Fault block
tilted west

DETACHMENT
FAULT

ACCO.

site flows, volcanic breccia, and subordinate dacite and rhy-
odacite flows and volcaniclastic sandstone, (4) volcanic
breccia, volcaniclastic conglomerate and sandstone, and
lesser basaltic andesite flows, and (5) a thick sequence (600
m) of pyroxene-olivine basaltic andesite flows (col. 1-H, pl.
1). The thickness and overall constitution of the pre-16-Ma
section is fairly uniform across the central Black Moun-
tains. However, the sequence of volcanic breccia, volcani-
clastic conglomerate, and sandstone is much thicker and
more widespread in the Eldorado Canyon basin. Although
major unconformities were not observed in the pre-16-Ma
section, significant disconformities cannot be ruled out.
The age of the pre-16-Ma section in the central Black
Mountains is not well documented. However, Anderson and
others (1972) obtained K-Ar ages ranging from 19.1 to 15.7
Ma (corrected using constants of Dalrymple, 1979) from
probable correlatives in the northern Black and northern
Eldorado Mountains and suggested a 20-Ma age for the
base of the Tertiary section. With the exception of the horn-
blende andesite lava, the pre-16-Ma section in the central
Black Mountains closely resembles the Patsy Mine Volca-
nics (Anderson, 1971, 1977, 1978) in areas to the north.
Propylitic alteration and potassium metasomatism com-
monly hampers isotopic dating of the pre-16-Ma section.

16 TO 13 MA
The 16- to 13-Ma volcanic and sedimentary rocks rest

conformably on pre-16-Ma rocks. The 16- to 13-Ma strata

MMODATION
ZONE

Fault block
tilted east

Figure 2. Schematic block diagram of accommodation zone in Black and Eldorado Mountains.
Zone facilitates reversals in both dominant direction of block tilting and dip direction of major

normal fault systems.
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Table 1. New K-Ar ages from the central Black Mountains, Arizona.

Sample Material K,0 40Arrad Percent Assigned age3
number' dated wipet)? (107" mol/g)  *CArng Tilt (Ma)

Mount Perkins basin

88-177  Feldspar (1.125) (2.133) (22.2) 15° West  13.13+0.27

concentrate 1.104 2.139 21.8
1.119 2.128 221
1.130 2.137 22.2
1.147 2.127 225
88-065 Feldspar (1.369) (2.830) (27.7) 25° West 14.32:0.36
concentrate 1412 2.825 27.5
1.351 2.819 28.1
1.334 2.834 274
1.377 2.843 27.8
88-063  Feldspar (1.468) (2.983) (15.7) 44° West 14.10+0.37
concentrate 1.510 3.006 16.1
1.447 3.038 15.1
1.454 3.010 15.8
1.459 2.878 15.7
88-066 Biotite (8.769) (20.82) (7.7)  85° West 16.4320.36
8.780 20.71 79
8.765 20.83 7.7
8.763 20.80 7.8
20.93 74

Eldorado Canyon basin

88-176  Feldspar (1.936) (3.831) (243) 15°East 13.7120.29

concentrate 1.935 3.849 241

1.942 3.831 24.1

1.929 3.825 243

3.820 245

88-067 Biotite (8.316) (19.13) (42.2) 40° East 15.92+0.36

8.364 19.03 41.6

8.299 19.23 414

8.286 19.42 41.8

18.85 44.1

'Dating was done by M. Shafiqullah, University of Arizona Geochronology
Lab, Tucson, Ariz. Sample location and lithology:
88-177, 35° 33' 45" N. lat, 114° 42' 30" W. long, basalt lava
88-065, 35° 39' 00" N. lat, 114° 35' 30" W. long, basalt lava
88-063, 35° 40' 00" N. lat, 114° 35' 00" W. long, basalt lava
88-066, 35° 39' 30" N. lat, 114° 35' 05" W. long, tuff
88-176, 35° 43' 00" N. lat, 114° 36' 00" W. long, basalt lava
88-067, 35° 42' 30" N. lat, 114° 35' 30" W. long, tuff
2Value in parentheses is arithmetic mean used in age calculation.
3K-Ar ages were calculated using the constants for the radioactive decay and
abundance of “°K recommended by the International Union of Geological Sciences
Subcommission on Geochronology (Steiger and Jiger, 1977). These constants are:
A=0.580x10""%yr!, Ag=4.962x10""yr!, and *°K/K o,1=1.167x10~* mol/mol.

in the central Black Mountains generally correlate with the In the Mount Perkins basin, the 16- to 13-Ma section
Mount Davis Volcanics (Anderson, 1978) in the northern consists of a lower sequence of intercalated tuffaceous
Black Mountains. These strata were largely deposited in  rocks, rhyolite flows, and volcaniclastic conglomerate and
developing half grabens, as evidenced by progressively  an upper sequence of basalt flows. Both units are as thick
gentler tilts up section. Significant variations in thickness as 1,000 m. The tuffaceous rocks dominate the lower part
and composition occur across the accommodation zone. of the 16- to 13-Ma section in much of the Mount Perkins
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basin but give way northward near the southern margin of
the accommodation zone to volcaniclastic conglomerate.
Widespread unconformities were not observed in the
Mount Perkins basin. However, an angular unconformity
is locally developed between the uppermost basalt flows
and older, more steeply tilted strata. The tuffaceous rocks
and basalt flows are bracketed between 16.4 to 14.1 Ma
and 14.3 to 13.1 Ma, respectively (table 1).

The 16- to 13-Ma section in the southern Eldorado
Canyon basin is composed of, in ascending order, a thin
veneer of tuffaceous rocks, megabreccia deposits of proba-
ble landslide origin, conglomerate and subordinate sand-
stone, and basalt flows. No major unconformities were
observed in the Eldorado Canyon basin. In contrast to the
Mount Perkins basin, clasts of pre-Miocene plutonic and
metamorphic rocks commonly dominate conglomerate
beds in the 16- to 13-Ma section in the Eldorado Canyon
basin. The change of predominant clast types between the
two basins occurs in the axial part of the accommodation
zone. The megabreccia deposits in the Eldorado Canyon
basin also are largely composed of metamorphic and plu-
tonic crystalline rocks, and occupy the same stratigraphic
interval as the basal part of the thick tuffaceous sequence
in the Mount Perkins basin. The megabreccia and con-
glomerate in the Eldorado Canyon basin are bracketed be-
tween approximately 15.9 and 13.7 Ma (table 1). Although
thin in the east-tilted domain, the middle Miocene tuffa-
ceous sequence represents an important stratigraphic and
structural marker throughout the central Black Mountains,
inasmuch as its base is the youngest unit of maximum tilt
and thus records the onset of major extension in both the
Mount Perkins and Eldorado Canyon basins.

As displacement along the Mount Davis and Bighorn
faults and block tilting both decrease, the 16- to 13-Ma
sections in the Mount Perkins and Eldorado Canyon
basins thin appreciably toward the axial part of the accom-
modation zone. For example, the conglomerate and
tuffaceous rocks, which generally exceed 500 m in thick-
ness in both the Mount Perkins and Eldorado Canyon
basins, thin to less than 30 m and locally pinch out in the
axial part of the accommodation zone. The overlying
basalt unit shows a similar, but less pronounced, trend.
Relatively thick sequences of basalt flows occur locally
within the accommodation zone in the vicinity of probable
volcanic centers.

POST-13 MA

The post-13-Ma section was largely deposited during
the waning stages of extension. In both the Mount Perkins
and Eldorado Canyon basins, the section consists primari-
ly of conglomerate and sandstone. As in the 16- to 13-Ma
section, volcanic clasts dominate post-13-Ma sedimentary
rocks in the Mount Perkins basin, whereas clasts of meta-

morphic and plutonic rocks are common in the Eldorado
Canyon basin. The conglomerates and sandstone generally
rest conformably on or interfinger with the subjacent mid-
dle Miocene basalt flows. Upper Miocene to lower Plio-
cene basalt flows unconformably overlie the conglomerate
and sandstone in the Malpais Mesa area of the Eldorado
Canyon basin (fig. 1). A K-Ar age of 6.0+1.0-Ma (whole-
rock; age corrected using constants of Dalrymple, 1979)
was obtained from a capping basalt flow at Malpais Mesa
(reported in Anderson and others, 1972). These capping
basalt flows have yielded, however, preliminary whole-
rock “0Ar/*Ar ages that range from 9.7+0.5 to 10.520.5
Ma (J.E. Faulds and P.B. Gans, unpub. data, 1992). Parts
of the Mount Perkins and Eldorado Canyon basins contain
essentially flat-lying sedimentary deposits of probable
Quaternary age, including gravel deposited by the Colora-
do River and locally derived alluvium. Post-13-Ma depos-
its within the accommodation zone are generally limited to
thin veneers of Quaternary alluvium in active drainages.

DISCUSSION

Major variations in thickness and composition of Mio-
cene strata are related to structural variations across the
accommodation zone. The stratal variations are: significant
thinning of the 16- to 13-Ma sections, from more than 500
m to less than 30 m toward the axial part of the zone, and
change in the dominant clasts, from volcanic to crystalline
rock types, northward across the zone. Reductions in both
the magnitude of tilting and displacement along major
normal faults toward the axial part of the zone probably
caused the corresponding thinning of the 16- to 13-Ma
section. Gentler tilts, less displacement along major nor-
mal faults, and intermeshing of conjugate normal faults
produced shallow and narrow half grabens within the ac-
commodation zone, which in turn prevented accumulation
of thick “syn-tilt” deposits. Larger and deeper half grabens
permitted accumulation of thicker deposits in more highly
tilted parts of the east- and west-tilted domains. Relatively
thin syntectonic strata probably characterize accommoda-
tion zones that correspond to belts of intermeshing conju-
gate normal faults. ‘

The transition from volcanic to crystalline rocks as
the dominant clast type northward across the accommo-
dation zone is related to a corresponding change in
source areas. The volcanic clasts in the Mount Perkins
basin were presumably derived from a thick volcanic
mantle on the upthrown eastern part of the west-tilted
Mount Perkins block, as well as from local volcanic cen-
ters. On the other hand, the crystalline source area that
shed detritus and megabreccias into the Eldorado Canyon
basin probably corresponded to the upthrown western es-
carpment of an east-tilted fault block, which presently
makes up the southernmost part of the northern Black
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Mountains crystalline terrane (fig. 1). Paleomagnetic data
from a 73.3-Ma quartz monzonite pluton suggest that the
southernmost part of the northern Black Mountains ter-
rane of metamorphic and plutonic crystalline rocks is tilt-
ed approximately 60° to the east (Faulds, 1989).
Catastrophic failure of oversteepened mountain fronts
probably produced the megabreccia deposits. The abun-
dance of crystalline material in the megabreccia and con-
glomerate at or near the base of the growth-fault
sequence indicates that extensive source areas of the
crystalline rocks were exposed essentially at the onset of
major extension and block tilting. Curiously, the mega-
breccia and conglomerate overlie 1.5 km of Tertiary
strata that lack clasts of crystalline rocks.

The sharp transition from solely volcanic to mixed
volcanic and crystalline source areas coincident with the
onset of measurable tilting may suggest that, prior to the
inception of major extension, lower Miocene strata (20 to
16 Ma) were deposited in broad grabens or half grabens.
Initial stages of extension may have coincided with the
outbreak of volcanism in early Miocene time. During the
early stages of extension, graben subsidence probably did
not keep pace with volcanic construction, which prevented
a major influx of detritus from the upthrown parts of tilted
fault blocks. A thin volcanic cover may have mantled the
horsts in early Miocene time. With the onset of major ex-
tension and block tilting in middle Miocene time, howev-
er, the upthrown margins of the original horsts were
quickly tectonically denuded and crystalline material was
shed into rapidly subsiding half-grabens. Alternatively, the
lower Miocene strata may not have been deposited in gra-
bens but instead formed constructional volcanic piles atop
a little-deformed, regionally extensive erosion surface of
relatively low relief. An influx of crystalline material
above 1.5 km of volcanic and volcaniclastic strata at the
onset of major extension in middle Miocene time could
occur where major middle Miocene normal faults dipped
toward and developed near the periphery of volcanic
edifices. 1 favor the former explanation because early
Miocene volcanism in the central Black Mountains ap-
proximately coincided with the development of large sedi-
mentary basins in the Lake Mead area (for example, Horse
Spring Formation of Bohannon, 1984; also see Wallin and
others, this volume, and Beard, this volume).

A change in dominant clast type also occurs across the
accommodation zone in the Eldorado Mountains but con-
trary in sense to that in the central Black Mountains. In
the Eldorado Mountains, volcanic clasts dominate middle
Miocene strata in the east-tilted Nelson half graben,
whereas crystalline clasts are common in Miocene strata
within a west-tilted half graben directly south of the ac-
commodation zone. The upthrown eastern edge of a west-
tilted fault block, which eventually evolved into the south-
ern Eldorado Mountains crystalline terrane, was the proba-
ble source area for the clasts of crystalline rocks in the

west-tilted half graben (fig. 1). Paleomagnetic data from
Miocene(?) dikes suggest that the southern Eldorado
Mountains crystalline terrane is tilted 45° to 60° to the
west (Faulds, 1989).

The abundance, depositional age, and distribution of
clasts and megabreccia of crystalline rocks indicate that
the crystalline terranes of the southern Eldorado Moun-
tains and much of the northern Black Mountains were un-
roofed during the early stages of Miocene extension. The
variations in dominant clast types across the accommoda-
tion zone also reflect corresponding changes in the config-
uration of major basins and fault blocks, as strain is
partitioned differently in the east- and west-tilted domains

(fig. 1).
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Tertiary Stratigraphy and Structure of the Castle Mountains
and Castle Peaks, Calif. and Nev.

By Jane E. Nielson!, Ryan D. Turner?, and Allen F. Glazner’

SETTING

The Castle Mountains and Castle Peaks are adjacent
ranges that straddle the California-Nevada state line, about
90 km south of Las Vegas, Nevada (fig. 1; Duebendorfer
and others, this volume; col. 1-I, pl. 1). The Castle Peaks
are located at the northeastern end of a series of northeast-
trending ranges that include, from south to north, the
Providence Mountains, Mid Hills, and New York Moun-
tains. The Castle Mountains lie between the Castle Peaks
and the north-trending Piute Range (fig. 1) (Nielson and
Nakata, this volume, col. 1-J, pl. 1). Pre-Tertiary rocks of
the Castle Mountains and Castle Peaks are Proterozoic
gneiss and granite and minor Mesozoic (Cretaceous?)
granite. Nonconformably overlying Tertiary sections com-
prise predominantly volcanic and less abundant interbed-
ded sedimentary units of late early to middle Miocene age.
Rhyolite plugs and dikes and basalt dikes intruded both
Miocene strata and older rocks.

Regional mapping by Hewett (1956) and Bingler and
Bonham (1973) included these ranges or parts of them, and
detailed mapping and rock descriptions are found in mas-
ters theses by Medall (1964) on the southern Castle Moun-
tains and Balkwill (1964) on the Castle Peaks. Mapping
and geochronology of the northern Castle Mountains in Ne-
vada reported by Turner (1985; also Turner and Glazner,
1990) provide a time-stratigraphic framework for the Mio-
cene rocks of these ranges. Recent mapping by Capps and
Moore (1991) have better defined rocks that underlie the
volcanic section in the Castle Mountains. Wilderness inven-
tory mapping in the Castle Peaks (Miller and others, 1986)
and Piute Range (Nielson and others, 1987) and more re-
cent detailed mapping in the southern Castle Mountains
have supplied part of the stratigraphy reported here.

STRATIGRAPHY

The stratigraphic sections of the Castle Mountains and
Castle Peaks are shown on the right and left-hand sides,

'U.S Geological Survey, Mail Stop 975, 345 Middlefield Road,
Menlo Park, CA 94025

2Environmental Investigations, Durham, NC 27713

3Department of Geology, University of North Carolina, Chapel Hill,
NC 27514

respectively, of col. 1-I (pl. 1). The Miocene section in the
Castle Mountains was defined by Turner (1985), who re-
lated the units he distinguished to nomenclature of Bingler
and Bonham (1973). Capps and Moore (1991) established
a nomenclature, which they called the “Castle Mountains
Volcanic Rocks,” unrelated to older usage or the units de-
fined by Turner for the Miocene section.

LOWER AND MIDDLE MIOCENE ROCKS OF THE
CASTLE MOUNTAINS

In the Castle Mountains, Miocene strata consist mostly
of mafic volcanic and volcaniclastic sedimentary rocks that
nonconformably overlie a complex of Proterozoic gneiss;
one outcrop of Paleozoic limestone faulted against gneiss
has been reported (Capps and Moore, 1991). At rare loca-
tions arkosic conglomerate of Miocene or older age directly
overlies the nonconformity. The volcanic section has a
maximum thickness of about 1 km on the west side of the
range and thins to about 0.3 km on the east side where the
Castle Mountains adjoin and are overlain by rocks of the
Piute Range, a distance of about 1 km. These thickness
variations probably are due both to faulting and to shoaling
of the depositional basin from west to east.

The basal Miocene volcanic unit is a sanidine-rich,
sphene-bearing ash-flow tuff, which produced K-Ar ages
of 18.5£0.5 Ma (biotite) and 17.5+0.4 Ma (sanidine)
(Turner and Glazner, 1990) Capps and Moore (1991) re-
ported K-Ar ages from this unit, where it underlies rocks
of the Piute Range, of 22.3+0.5 and 21.8+0.7 Ma on bio-
tite and sanidine, respectively, from the same sample.
However, sanidine from the same tuff outcrop sampled by
Capps produced an age of 18.79+0.04 using the single-
crystal laser fusion Ar9Ar technique (Turrin, written
commun., 1991; Nielson and Nakata, this volume); thus it
is most likely the Peach Springs Tuff of Young and Bren-
nan (1974). Turrin found feldspar of greater age in the
laser fusion sample, even though it had been hand-picked
for purity. This supports the conclusion of Nielson and
others (1990) that dating of bulk samples commonly
yields spuriously old ages because the tuff probably incor-
porated minerals of older rocks as it flowed across surface
regolith or alluvial detritus.
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Rocks that immediately overlie the Peach Springs Tuff
consist of andesitic to basaltic flows and breccias of late
early Miocene age, which are interbedded with sedimenta-
ry rocks derived principally from mafic volcanic sources.
These strata are coeval and have similar lithology to the
Patsy Mine Volcanics (Longwell, 1963; Anderson and oth-
ers, 1972; Bingler and Bonham, 1973; the rocks are part
of a unit that Capps and Moore, 1991, call “Jacks Well
member” of the “Castle Mountains Volcanic Rocks”). The
lower Miocene section in the Castle Mountains contains
some rhyolitic rocks, especially rhyolitic dikes, that may
be related to later Miocene volcanism and intrusion. Ba-
saltic dikes also occur in the section.

In the northernmost Castle Mountains the lower Mi-
ocene volcanic rocks are conformably overlain by an up-
wardly fining fluvial to lacustrine unit of varicolored
sedimentary rocks, composed of mixed volcaniclastic and
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arkosic detritus. The unit of lacustrine sedimentary rocks
is overlain by a partly welded ash-flow tuff that has K-Ar
ages of 16.1+0.4 Ma (biotite) and 16.2+0.4 Ma (sanidine)
(Turner and Glazner, 1990). This tuff apparently was in-
cluded in the “Jacks Well member” by Capps and Moore
(1991). It is overlain by a thick sequence of leucocratic
silicic volcanic rocks, including bedded surge deposits,
lithic air-fall tuff, massive pumice breccia, flow breccia,
and local rhyolite lava flows. Basalt flows are interbed-
ded with rhyolite units in the uppermost part of the se-
quence (this rhyolitic eruptive section was divided into
two units by Capps and Moore, 1991). In the northern
part of the range the interbedded basalt flows are thick
and abundant, compared to rare thin flows in the south-
ern part of the range. No single eruptive unit in this se-
quence can be traced along strike more than one
kilometer.
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Figure 1. Generalized geology of Castle Mountains, Castle Peaks, and Piute Range, California

and Nevada.
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The rhyolitic eruptive section is thickest (400 m) and
forms the dominant exposures in the southern Castle
Mountains. The sequence of silicic eruptive rocks contains
rhyolite intrusions that vary from narrow dikes to plugs up
to 500 m in maximum dimension. Overlapping strata of
the rhyolitic section represent early eruptions of lava that
later solidified to form these dikes and plugs. About 50
plugs larger than 75 m diameter are exposed along a gen-
erally linear northeast trend on the west side of the range.
The concentration of plugs is greatest at the southwest end
of this trend, coincident with the thickest rhyolitic section.
In the northern part of the range the rhyolite flows are
overlain by a local welded ash-flow tuff, which yielded a
K-Ar age of 14.420.2 Ma (biotite; Turner and Glazner,
1990). Latitic intrusions in the southern part of the range
have K-Ar ages of 14.5+0.5 and 15.1+0.4 Ma on biotite,
as reported by Capps and Moore (1991).

Intrusions related to the middle Miocene rhyolitic vol-
canism occur throughout the underlying strata, and some
of these intrusions cut the nonconformable contact be-
tween Proterozoic and Tertiary rocks. The rhyolitic intru-
sions are most voluminous at the southwestern end of the
range, where the lower Miocene andesitic section is over-
whelmed by rhyolite dikes and small plugs, and multiple
intrusive events are indicated by plugs that intrude each
other. One rhyolite plug with approximately vertical flow-
banding has an age of 12.8+0.2 Ma (sanidine; Turner and
Glazner, 1990).

LOWER AND MIDDLE MIOCENE ROCKS OF THE
CASTLE PEAKS

Tertiary volcanic and sedimentary rocks in the Castle
Peaks nonconformably overlie banded Proterozoic gneiss,
which is intruded by foliated to nonfoliated Proterozoic
granite (Miller and others, 1986). The lowest Tertiary
unit is fine- to medium-grained arkosic sandstone of Mio-
cene or older age that filled stream channels (locally
steep-sided canyons) in an area of considerable relief,
The lowest volcanic unit is the Peach Springs Tuff (Wells
and Hillhouse, 1989). A section of coarse monolithologic
to heterolithologic eruptive breccia units that are dacitic
to andesitic in composition overlies this regionally exten-
sive unit. The breccia section is locally interbedded with
finer grained volcaniclastic eruptive rocks and sedimenta-
ry deposits. Within the breccia units are sills and dikes
that may be related to feeders of the overlying andesite
flows.

The eruptive breccia units are separated from a thick
section of brecciated to massive andesite flows by an in-
terval of up to four white lithic tuff beds. Interbedded
within the upper part of the andesite flows is a silicic
welded ash-flow tuff with an oxide-rich suite of heavy
minerals (Gusa and others, 1987) similar to subunits of

the Wild Horse Mesa Tuff of McCurry (1988) dated by
K-Ar at 15.8#0.4 Ma (McCurry, 1988). The andesite
flows are overlain by conglomerate described below.
Thus, Miocene volcanic rocks of the Castle Peaks appear
to be temporally equivalent to, but lithologically distinct
from, those beneath the rhyolitic eruptive section in the
Castle Mountains.

UPPER MIOCENE(?) AND YOUNGER
DEPOSITS

The uppermost unit in the Castle Mountains and Cas-
tle Peaks is predominantly sandstone and conglomerate.
The age of this untilted unit is believed to be late Mio-
cene(?) and younger. In the Castle Mountains the topmost
units of the eruptive rhyolite section grade into a poorly
exposed clay-rich horizon that may be a paleosol devel-
oped on tuff and volcanic breccia units. Crystal-rich sand-
stone, with coarse conglomerate lenses, overlies this
presumed paleosol. The sedimentary unit coarsens upsec-
tion, to predominantly conglomerate with coarse sandstone
matrix. Basalt lava flows (and sills?) are interbedded in the
unit. In the Castle Peaks, the sandstone overlies andesite
flows; coarse channel conglomerate locally rests directly
on andesite (S.M. Thompson, written commun., 1990).
Clasts in the conglomerate are mostly Proterozoic granite
and gneiss, Paleozoic limestone, and variable—generally
minor—amounts of volcanic rocks. At one locality a silici-
fied rhyolite ash-flow(?) tuff is interbedded with the con-
glomerate. Conglomerate directly overlying the tuff is
dominated by mafic volcanic clasts derived from andesite
flows in the Castle Peaks.

STRUCTURE

Miocene strata in the Castle Peaks dip southeast to-
ward the northwestern part of the Castle Mountains.
There are no distinct unconformities within the lower and
middle Miocene sections of either range. Dips of Miocene
units on the northwest side of the Castle Mountains are
highly variable; the Peach Springs Tuff and immediately
adjacent units have dips up to 65°. Rhyolite flows and
volcaniclastic units have dips that vary locally between
36° and 25°. The steeply dipping rocks appear to form the
nose of a highly faulted anticlinal fold with northeast
trend (Turner and Glazner, 1990). The equivalent, but
dramatically thinner strata on the eastern side of the sup-
posed anticline (Nielson and Nakata, this volume), are
relatively undeformed, and exposures of the Peach
Springs Tuff have dips no greater than 25°. Miocene stra-
ta in the Castle Peaks generally have gentle dips, al-
though locally beds are steeply tilted near numerous
closely spaced faults.
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The apparent anticline in the Castle Mountains can
be interpreted as an extensional, rather than a compres-
sional structure. Steep tilting of older units occurs only
where the rhyolite units of middle Miocene age are thick-
est and rhyolite plugs are most concentrated; also, the
plugs trend approximately parallel to the supposed anti-
clinal axis. Subsidence of the older units into a small
volcano-tectonic depression that was created by eruption
of upper-crustal rhyolitic melts may have caused the tilt-
ing of the underlying section. This depression might be
considered a linear trap-door caldera, but of relatively di-
minutive size. The much shallower dips of equivalent,
but much thinner, strata east of the supposed anticlinal
core thus would represent parts of the section that lapped
across a ramp of tilted crust, which was lowered on a
northeast-striking fault or faults now buried beneath the
rhyolite section and overlying sedimentary units.

Faulting in the Castle Mountains is complex and in-
cludes east-dipping low-angle normal faults and high-
angle strike- and oblique-slip faults. High-angle faults
generally cut low-angle faults, although a major high-
angle, oblique-slip fault turns into a low-angle fault as
the strike changes from northeast to north. Displacement
on these faults is relatively small, and the ranges do not
appear to be as extended as are the neighboring Eldorado
and Black Mountains of the Lake Mead region (Ander-
son, 1971; Anderson and others, 1972; Bohannon, 1979).

Miocene faults in the Castle Peaks strike northeast
to northwest (Miller and others, 1986). The northeast-
striking faults are mostly normal dip-slip faults, which
dip northwest. No low-angle faults of Miocene age are
known in the range.

In the Castle Peaks, upper Miocene(?) and younger
conglomerate overlies the volcanic section on a distinct
angular unconformity. Although the younger rocks appar-
ently are undeformed and probably represent continuous
deposition from late Tertiary into Quaternary time, some
major exposures are topographically much higher than
laterally equivalent rocks that crop out at the margins of
the adjacent Lanfair and Ivanpah Valleys. Thus, consider-
able erosion must have occurred since the time of deposi-
tion, and local uplifting may be required to explain these
relations.
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Tertiary Stratigraphy and Structure of the Piute Range,
Calif. and Nev.

By Jane E. Nielson! and John K. Nakata!

SETTING

The Piute Range lies at the north end of a series of
north-south-trending Mojave Desert mountain ranges that
include, from south to north, the Old Woman, Little Piute,
and Piute Mountains. The north end of the Piute Range
straddles the California-Nevada state line, about 90 km
south of Las Vegas, Nev., and abuts the eastern side of the
Castle Mountains (fig. 1 in Duebendorfer and others, this
volume; Nielson and others, this volume). The south end
of the range adjoins Homer Mountain (Spencer, 1985).

Pre-Tertiary rocks exposed at the north end of the Piute
Range are mostly Proterozoic granitic augen gneiss that
give uranium-lead ages of 1,720 to 1,660 Ma (Wooden and
others, 1986). Mylonitic zones in these rocks are cut by
dikelets of foliated leucocratic Proterozoic granite. In the
south-central part of the range, Proterozoic rocks are in-
truded by undeformed plutons of Mesozoic (Cretaceous?)
granite and diorite, similar to relations exposed in Homer
Mountain (Spencer, 1985). At the south end of the Piute
Range, the exposed older rocks are Cretaceous(?) leuco-
granite varieties. A section of Tertiary (predominantly Mi-
ocene) volcanic and sedimentary rocks as much as 700 m
thick, overlies the suite of older rocks on an irregular non-
conformity with as much as 125 m of exposed relief.

Regional mapping by Hewett (1956) and Bingler and
Bonham (1973) included the Piute Range or parts of it.
Wilderness inventory mapping in the Piute Range (Nielson
and others, 1987) is the basis for the stratigraphy reported
here. Discovery of the Peach Springs Tuff of Young and
Brennan (1974) in the range, and work in the adjacent
Castle Mountains, Nev., by Turner (1985; Turner and
Glazner, 1990), also provide an approximate time-strati-
graphic framework for Miocene rocks of the Piute Range.

STRATIGRAPHY

Tertiary stratigraphy of the Piute Range varies from
north to south, parallel to the strike of beds; composite

U.S. Geological Survey, Mail Stop 975, 345 Middlefield Road,
Menlo Park, CA 94025

relations are shown on plate 1 (col. 1-J). The lowest Mi-
ocene unit everywhere in the Piute Range is arkosic
sandstone and (or) conglomerate, composed entirely of
clasts derived from subjacent older rocks. The lowest
volcanic unit in the section at the north end of the
range is a sanidine- and sphene-bearing tuff, dated at
18.79+£0.04 Ma (B.D. Turrin, written commun., 1991)
using the single-crystal laser fusion 40Ar/3Ar technique.
This highly precise age is indistinguishable from one of
18.5+0.5 Ma reported by Nielson and others (1990) for
the Peach Springs Tuff of Young and Brennan (1974),
and we believe that the basal tuff unit in the Piute Range
is the Peach Springs Tuff.

The oldest volcanic unit at the south end of the range,
near Civil War-era Fort Piute, is a basalt flow, with a K-Ar
age of 19.8+0.5 Ma (table 1), that directly overlies Creta-
ceous(?) granite. Relations between this flow and the basal
arkose are not exposed. Except for the Peach Springs Tuff,
Miocene volcanic units in the Piute Range are not distinc-
tive and (or) are of limited distribution. The Miocene sec-
tion appears to be composed of numerous interfingering
piles of short, stubby flows (mostly brecciated) and lentic-
ular interbeds of sedimentary rocks.

In the north part of the Piute Range, in Nevada, the
Peach Springs Tuff is conformably overlain by andesitic
flow breccia, reworked tuff, and air-fall tuff. These rocks
are overlain unconformably by a section composed of
dark-colored basailtic to dacitic flow and brecciated flow
units interspersed with fluvial channel gravel. Rocks be-
neath the unconformity are here referred to as the lower
Miocene section, and the overlying rocks as the upper Mi-
ocene section. Clasts in the interbedded gravel include
Proterozoic gneiss and granite, Paleozoic limestone (and
marble), Mesozoic granite, and Tertiary volcanic rock
types. The gneiss clasts include garnet-bearing types that
resemble rocks exposed in the New York Mountains,
about 25 km west of the Piute Range.

Volcanic rocks that directly overlie basal arkosic units
in the south part of the range are lava flows, flow breccia,
volcaniclastic breccia, and local air-fall tuff. Flow compo-
sitions range from basalt to rhyodacite. No distinction be-
tween the lower and upper Miocene sections is evident in
this area.
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Table 1. K-Ar ages of Piute Range rocks.

Sample No.! Latitude Longitude Rock type Material dated K0 40Ar,,d Percent Calculated age Assigned age (Ma)
N) (W) wiped) 107 mog  PArmg (Ma)?
Upper Miocene section
CA84PR-33a 35°17'35" 115° 02' 15" Dacite flow  Whole rock 3.85 481 46.5 8.64
4.12 46.8 741 8.0+0.6
JN86PR-3 35°16' 18" 114° 58'23" Basaltic andesite Whole rock 240 335 56.8 9.66
flow 372 63.6 10.74 10.2£0.7
CA84PR-39 35°19'12" 115°01'44" Basalt flow  Whole rock 133 2.04 352 10.6
2.02 36.7 10.7 10.720.3
Lower Miocene section
JP84PR-93  35°13'00" 115°01' 50" Basalt flow  Whole rock 295 5.13 67.0 12.04
5.28 68.0 12.38 12.2+0.3
JN86PR-2 35°16' 18" 114° 59' 43" Pyroxene andesite Whole rock 3.56 5.84 73.4 11.36
flow 6.88 714 13.40 124+14
CA84PR-70a 35°12'00" 115°01'06" Olivine-pyroxene Whole rock 2.74 4.69 63.5 11.85
andesite flow 5.39 78.4 13.60 12.7+0.8
JP84PR-96  35° 14' 00" 115° 01' 35" Rhyolite Biotite 8.84 1.70 383 13.31
1.70 55.5 13.40 13.320.3
IN84PR-6 35°05'31" 114° 59' 02" Basaltic andesite Whole rock 1.50 430 75.5 19.82 19.820.5

flow

'Sample preparation and analytical work were done at U.S. Geological Survey, K,O analyses by M. Dyslin, L. Espos, P. Klock, S.

Macpherson, S. Pribble, and D. Vivit.

2K-Ar ages were calculated using the constants for the radioactive decay and abundance of “°K recommended by the International
Union of Geological Sciences Subcommission on Geochronology (Steiger and Jiger, 1977). These constants are: A,=0.580x10""yr~!,

Ag=4.962x10""%r7", and **K/K,q,=1.167x10~* mol/mol.

Abundant phyric and aphyric andesitic and basaltic
dikes occur throughout the volcanic flows of the Piute
Range. In addition, a homblende andesite plug about 350
m across intrudes volcanic strata of the upper Miocene
section in the north part of the range, and three rhyolite
intrusions (sills?) within volcanic strata are exposed in
cliffs over a distance of about 1.5 km in the southern half
of the range. Except for one medium-gray dacite sill or
plug, the silicic intrusions are predominantly dark colored,
like all flows in the Piute Range, and are easily distin-
guished from probably coeval, very light colored rhyolite
plugs and dikes of the adjacent Castle Mountains.

Lacustrine deposits crop out in buttress unconformity
against the volcanic rocks on the west side of the Piute
Range. Lava flows within these beds have been intersected
in drill holes. On the east side of the range, playa and
interfingering alluvial sandstones lap over the tilted vol-
canic rocks. These units merge upsection with conform-
able Pliocene and Quaternary alluvial deposits.

STRATIGRAPHIC INTERPRETATION

The composite stratigraphic column (col. 1-J, pl. 1) is
a tentative interpretation, based on equivocal field rela-
tions and problematic geochronologic data. In addition to

the Peach Springs Tuff and the basalt of the lower Mio-
cene section mentioned above, ages from one biotite sepa-
rate and three other whole-rock samples yielded K-Ar ages
between 13.3+0.3 and 12.2+0.3 Ma for rocks of the lower
section (table 1). These ages were determined on rocks
that crop out in a variety of locations, ranging from units
with moderate dips that closely overlie the Peach Springs
Tuff to nearly horizontal flows that lie at elevations 600 m
above the closest Peach Springs outcrop. Three other dat-
ed rocks ascribed here to the upper Miocene section range
in age from 10.7+£0.3 to 8.0+0.6 Ma (table 1). Most of
these samples were collected from slightly tilted flows in-
terbedded with gravel lenses in the north part of the range.

The Peach Springs Tuff occurs at the base of Mio-
cene sections in the Piute Range, Castle Mountains, and
Castle Peaks and overlies a suite of older plutonic rocks
(Nielson and others, this volume). In addition, K-Ar ages
from rocks of the Piute Range are equivalent to those of
the upper Castle Mountains volcanic section (Turner and
Glazner, 1990); thus, the two volcanic sections apparently
erupted concurrently. Interfingering relations of units be-
tween the two sections are exposed locally in the southern
part of the Castle Mountains. These relations indicate that
the sections were erupted in close proximity to each oth-
er. At this site, only thin units of the upper rhyolitic part
of the Castle Mountains section are present; they appar-



TERTIARY STRATIGRAPHY AND STRUCTURE OF THE PIUTE RANGE, CALIF. AND NEV. 53

ently lapped across a topographically high ridge of older
rocks.

Dark flow breccia of lithology similar to rocks of the
Piute Range is found locally in the upper part of the Cas-
tle Mountains rhyolitic eruptive section, but no rocks re-
sembling the upper Castle Mountains section are known to
crop out anywhere in the Piute Range. Thus, the attenuat-
ed eastern part of the Castle Mountains section probably
pinches out within the eruptive strata of the Piute Range.
Piute Range flows with very young whole rock ages of 8
to 10 Ma may be the lateral equivalents of volcanic rocks
that are interbedded with conglomerate units in the upper
part of the Castle Mountains and Castle Peaks sections
(Nielson and others, this volume).

Playa deposits that overlie and abut the Piute Range
volcanic section are tentatively considered to be of Plio-
cene(?) and younger age, on the basis of vertebrate fossils
(R.E. Reynolds, oral commun., 1987).

STRUCTURE

Volcanic rocks of the lower section in the north part of
the Piute Range are broken up by a complex of faults with
various strikes. The beds are tilted steeply (up to vertical)
to the west, northwest, and southwest by north-, northeast-,
and northwest-striking faults. Faults with east-northeast
strikes offset the tilted strata and the nonconformity be-
tween Proterozoic and Tertiary rocks.

Structural elements are obscured by the numerous in-
distinguishable volcanic units in the overlying section. The
units mostly dip 15° or less, and low radial dips occur
locally in flows that were arched by intrusion of silicic
sills(?). In the southern part of the Piute Range, especially
south of Fort Piute, flows and breccia of the Miocene sec-
tion dip to the east up to 45°. These rocks are repeated by
northwest-striking normal faults that dropped the section
down to the west.

Rocks of the Piute Range overlap the attenuated east-
ern part of the Castle Mountains Miocene volcanic sec-
tion. The light-colored rhyolitic rocks of this section dip
gently toward the Piute Range, where they are truncated
by north-striking faults (Turner, 1985). Proterozoic rocks
are exposed at elevations about 350 m lower on the east
side of the Piute Range than on the west. Gravity data
suggest that the older rocks are offset by a fault that paral-
lels the west side of the Piute Range (Mariano and others,
1986). East of the fault, the thick section of volcanic rocks
have westward dips that project into it, whereas west of
the fault, units that resemble Piute Range rocks form thin,
generally untilted, caps on Castle Mountains rhyolite flows

and breccia deposits. Thus, the fault probably existed in
the Miocene as the boundary of a volcano-tectonic basin
in which the Piute Range lavas accumulated.
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Feldspar Geochemistry of Four Miocene Ignimbrites in
Southeastern Calif. and Western Ariz.

By David C. Buesch!

INTRODUCTION

Regional correlations are difficult between exposures
of Middle Cenozoic stratigraphic sequences in the south-
ern Basin and Range province of western Arizona, south-
eastern California, and southern Nevada, because of
faulting and abrupt facies changes. However, many se-
quences contain interbedded tephra layers that are widely
distributed. Thus, tephrochronology can be one of the
most useful tools for unraveling the stratigraphy and struc-
ture of these highly extended terranes. However, correla-
tions between many tephra units have yet to be determined
in the region. When correlations of tephra layers are ex-
tended throughout their outcrop areas, the lateral varia-
tions within each tuff can be evaluated. Developing the
tephrochronology for this region is an important step in
understanding the sedimentologic, volcanologic, and struc-
tural history of these extensional terranes.

The focus of this study is the phenocryst mineralogy
and feldspar composition of three Miocene ignimbrites
and related fallout tuff deposits, using the same petro-
graphic and electron microprobe analytical techniques for
each. These results are used to characterize samples of
major tephra deposits that occur at the western margin of
the Colorado Plateau and in the eastern Mojave Desert
(fig. 1); these are the Peach Springs Tuff of Young and
Brennan (1974), the informally named Cook Canyon tuff
of Buesch and Valentine (1986), and the Fort Rock Creek
rhyodacite unit of Fuis (1973). Fallout tuff deposits that
crop out near Kingman, Ariz., also were analyzed for this
study. These data and analyses from studies of the wide-
spread Wild Horse Mesa Tuff of McCurry (1988) indicate
that the major tephra units are compositionally distinct.
The distinctive petrography and feldspar geochemistry of
the ignimbrites establishes criteria against which previous-
ly interrelated tephra layers can be compared. These data
allow the fallout tuff deposits near Kingman to be tenta-
tively correlated with the major units.

A secure tephrostratigraphic correlation commonly re-
quires a multifaceted approach, including geochemical, pa-

'U.S. Geological Survey Yucca Mountain Project, 101 Convention
Center Drive, Suite 860, Las Vegas, NV 89109

leomagnetic, and isotopic determinations, because tephra
beds of different ages can have similar characteristics
(Izett, 1981). Also, the mineral assemblage may be zoned
(Hildreth, 1979; Smith, 1979) or constant (Whitney and
Stormer, 1985), and phenocryst contents and proportions
can vary laterally and vertically within ignimbrite and fall-
out deposits (Westgate and Gorton, 1981; Sarna-Wojcicki
and others, 1985). Correlations using geochemical analy-
ses of phenocrysts and volcanic glass are well documented
(Izett, 1981; Westgate and Gorton, 1981, Smith and Lee-
man, 1982; Izett and others, 1988; Sarna-Wojcicki and
Davis, 1991). However, mineral compositions, especially
of feldspars, are particularly useful in correlating tuffs and
establishing a tephrostratigraphy from rocks with partly or
completely altered glass compositions. .

IGNIMBRITE UNITS OF THE STUDY
AREA

The Miocene ignimbrites and associated fallout tuff
units studied and the sampling locations are listed in table 1.
The terminology for pyroclastic flow units follows the usage
of Sparks and others (1973) and Fisher and Schmincke
(1984); that for zones of welding and crystallization follows
Smith (1960) (fig. 2). The petrographic methodology used in
transmitted and reflected light follows Warren and others
(1984, 1989). Point counts were made in reflected light.
Modal contents of the felsic minerals (sanidine, plagioclase,
and quartz) are based on 400 to 4,000 counts. Volume esti-
mates for mafic minerals, magnetite and ilmenite, and acces-
sory minerals were determined by summing the areas
covered by each mineral phase in a thin section (determined
in reflected light), and dividing by the area of the section.
Petrographic determinations for each of the ignimbrites are
summarized in table 2.

PEACH SPRINGS TUFF

The Peach Springs Tuff crops out at scattered loca-
tions across an area of at least 32,000 km? in southern
California, western Arizona, and southern Nevada (fig. 1;
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Figure 1. Distribution of Miocene Peach Springs Tuff of Young and Brennan (1974). Exposures in black are correlated by electron microprobe data; exposures in bounded gray
are correlated on basis of petrography (Glazner and others, 1986; Buesch, unpub. data) or thermoremanent magnetism (Wells and Hillhouse, 1989); exposures in unbounded gray
have been suggested as equivalent to the Peach Springs Tuff, but were not investigated by author. These other exposures may correlate to the informally named Cook Canyon
tuff of Buesch and Valentine (1986) (Tcc), Fort Rock Creek rhyodacite unit of Fuis (1973) (Tfrc), and Wild Horse Mesa Tuff of McCurry (1988) (Twhm). Inset map: Minimum
distribution of the Peach Springs Tuff (shaded area modified from Glazner and others, 1986); white ellipse is proposed source area (Buesch, 1989; Wells and Hillhouse, 1989;
Hillhouse and Wells, 1991).
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Table 1. Locations of tephra units.

Field No.! USGS quadrangle name? Location (fig. 1) UTM Grid (m)
E. N.
PEACH SPRINGS TUFF*
Central Mojave area
PST110 Daggett, CA Daggett Ridge 500720 3852000
PST117* Camp Rock Mine, CA S. Newberry Mtns., Kane Wash 525800 3843660
PST138 Hidden Valley E., CA N. Cady Mtns. 565000 3871600
PST119* Sleeping Beauty, CA S. Cady Mtns. 562680 3849600
PST139 Ludlow, CA Ludlow 575850 3840000
PST149 Morgans Well, CA Bullion Mtns. 576000 3828800
PST118 E. of Broadwell Lake, CA Bristol Mtn. Wash, Central Bristol Mtns, 590900 3852000
PST148* Granite Spring, CA Granite Spring 610000 3901620
PST120 Siberia, CA Siberia Wash 599200 3842880
PST140 E. of Siberia, CA Orangeblossom Wash 609300 3839600
East Mojave area
PSTi31* Brown Buttes, CA NW. Marble Mtns. 624750 3838880
PST147 Pinto Valley, CA Pinto Mtn. 650020 3892300
PST133* Columbia Mtn., CA Providence Mtns., Barber Canyon 637400 3875800
PST134A Blind Hills, CA Blind Hills 649400 3853680
PST134B W. of Blind Hills, CA Clipper Mtns. 647900 3849000
PSTO16* Skeleton Pass, CA Ship Mtns. 650380 3823180
PST142 Cadiz Summit, CA S. Marble Mtns. 638550 3827750
PSTI129 - McCulloch Mtns. 666000 3948800
PST145 Castle Peaks, CA New York Mtns., Bathtub Springs 660420 3910220
PST109 do. New York Mtns., Barnwell 661800 3906500
PST107* do. New York Mtns., Dove Spring 662700 3915100
PST102 Fenner, CA Piute Mtns, 669880 3846900
PST103* do. do. 670700 3848350
Colorado River area
PST141 Essex, CA Old Woman Mtns. 670200 3834020
PST106 Painted Rock Wash, CA Little Piute Mtns. 676480 3831160
PST144 Searchlight, NV-CA Piute Range 682100 3902450
PST155 Flattop Mtn., CA Sacramento Mtns. 703500 3852000
PST132* Snaggletooth, CA Sawtooth Range, Snaggletooth 715100 3830900
PST112 Havasu Lake, CA-AZ Chemehuevi Wash 734860 3813260
PST116 Savahia Peak, CA Pyramid Butte 723300 3798800
PST111 Parker, AZ-CA Moovalya Lake 752020 3785400
PST135 Castle Rock, CA-AZ Yucca Mine area 738900 3834650
PST113* Lake Havasu City S., AZ-CA Aubrey Hills 751250 3811650
PSTi14 Monkeys Head, AZ Bill Williams Mtns. 765700 3805400
PST150 Gene Wash, CA-AZ Parker Dam 761600 3798480
Colorado Plateau transition zone
PST136* Warm Springs SE, AZ SW. Black Mtns. 747600 3861080
PST154A Yucca, AZ SE. Black Mtns. 757080 3861740
PST154G* do. do. 757800 3858800
PSTO10 — Flat Top 772500 3853000
PST045* Kingman, AZ Kingman 764220 3899200
PST084* do. do. 767540 3902080
PST095* do. do. 765500 3895700
PST101* do. do. 766100 3895600
V85-21 do. do. 762800 3898800
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Table 1. Locations of tephra units—Continued.

Field No.! USGS quadrangle name? Location (fig. 1) UTM Grid (m)3
E. N.
PEACH SPRINGS TUFF*—Continued
Colorado Plateau
V86-40* Hackberry, AZ Hackberry 253100 3916650
V86-34 Milkweed Canyon, AZ Milkweed Canyon 254600 3942100
V86-46 Valentine, AZ Valentine 260800 3923100
V86-21 Hualapai Peak NE., AZ Peacock Mtns. 245800 3898600
V86-29* Penitentiary Mtn., AZ Penitentiary Mtn. 273800 3888100
V86-23* Gonzales Wash, AZ Trout Creek 278900 3871900
V86-20* Bull Spring, AZ Willows Ranch 277500 3897500
V86-38* Peach Springs, AZ Peach Springs Canyon 280300 3937000
COOK CANYON TUFF
PST008* Kingman, AZ S. Cerbat Mtns. 768250 3900200
PST025* Kingman, AZ S. Cerbat Mtns., Cook Canyon 766650 3896350
PST154A Yucca, AZ SE. Black Mtns. 757400 3862050
PST136+ Warm Springs SE., AZ SW. Black Mtns. 745100 3660500
PST102+ Fenner, CA Piute Mtns. 669880 3846900
PST103 do. do. 670700 3848350
PST135 Castle Rock, CA-AZ Tumarion Hills 740300 3833700
PST144 Searchlight, NV-CA Piute Range 682100 3902450
TUFF UNITS ASSOCIATED WITH THE FORT ROCK CREEK RHYODACITE UNIT
Tuff unit A
PST005* Bull Spring, AZ N. Aquarius Mtns. 279150 3896950
PST025+ Kingman, AZ S. Cerbat Mtns. 766650 3896350
WILD HORSE MESA TUFF®
PST133 Columbia Mtn., CA Providence Mtns. 638150 3876600
PST147 Mid Hills, CA Pinto Mtn. 648000 3893500
PST134A Blind Hills, CA Blind Hills 649400 3853680

'Detailed electron microprobe sample (*). Reconnaissance electron microprobe sample (+).

2 1:24,000 scale. Where maps not listed, locations determined from 1:250,000-scale maps.
3UTM=Universal Transverse Mercator. Grid coordinates to the nearest 20 m.

“Locations of the Peach Springs Tuff are compiled from many sources.

SLocations of the Wild Horse Mesa Tuff are from the author’s mapping; see McCurry (1985, 1988) for

further discussion of locations.

table 1). It is the only regional volcanic stratigraphic
marker identified in the area (Glazner and others, 1986). It
is dated by several isotopic techniques at 18.5 Ma (Niel-
son and others, 1990). The Peach Springs Tuff was origi-
nally described on the Colorado Plateau by Young (1966)
and Young and Brennan (1974) and ‘was subsequently
studied by Buesch and Valentine (1986, 1989), Buesch
(1987a, b, 1989, 1990, 1991a, b), and Valentine and others
(1989, 1990). Its heavy mineral suite is distinctive (Gusa
and others, 1987), and thermoremanent paleomagnetic di-
rections (Wells and Hillhouse, 1989) are different from
those normally determined for Miocene rocks. The pheno-
cryst assemblage is sanidine>>plagioclasexquartz, with
hornblende>biotitexclinopyroxene, and magnetitexilmenite

(table 2). Sphene and perrierite are minor constituents, and
sphene is typically visible in hand specimen. Apatite
occurs as inclusions in all phenocrysts, whereas pyrrhotite
is included in clinopyroxene and hornblende.

The estimated minimum volume of the Peach Springs
Tuff is 640 km® (Buesch 1991a, unpub. data). Its vent lo-
cation probably was either within or near the margin of
the Colorado River extensional corridor (fig. 1; Howard
and John, 1987; also see fig. 1 of Nielson and others, “In-
troduction” to chapter 2, this volume). This location is
based on isopach maps and flow direction indicators (Bue-
sch, 1991b; unpub. data), systematic regional variation of
feldspar geochemistry (Buesch, 1989, 1990), and anisotro-
py of magnetic susceptibility (Hillhouse and Wells, 1991).
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The Peach Springs Tuff is a single cooling unit that
locally may display any of three texturally distinct strati-
graphic divisions (1;, layer 1; I,, layer 2; 13, layer 3) typi-
cal of pyroclastic flows (Buesch and Valentine, 1986;
Valentine and others, 1989, 1990; Buesch, 1991a; fig 2). A
complete 1;-1,-13 sequence does not occur at any location.
Basal layered deposits (1;) are observed at Arizona locali-
ties (Valentine and others, 1989, 1990), at exposures in the
New York and Piute Mountains, California, and in the
southeastern Black Mountains, Arizona (D.C. Buesch, un-
pub. data, 1988) (fig. 1). The 1; beds are interpreted as
surge deposits by Valentine and others (1989, 1990), al-
though Wilson and Self (1990) argue that they are mostly
Plinian fallout. Massive to weakly stratified ignimbrite (1,)
is the main component of the Peach Springs Tuff at all
locations shown in figure 1. Fine-grained fallout tuff (I5) is
exposed only in the Newberry and Old Woman Mountains,
California (Buesch, 1991a; fig. 1).

COOK CANYON TUFF

The Cook Canyon tuff was informally named by Bue-
sch and Valentine (1986) for exposures near Kingman, Ar-
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izona (table 1), where it consists of as much as 4 m of
basal fallout deposits and from 3 to 40 m of nonwelded to
partially welded ignimbrite (fig. 3). The tuff has a pheno-
cryst assemblage of plagioclase>>sanidine, with biotite>>
clinopyroxene=hornblende, minor amounts of magnetite,
and trace amounts of sphene and apatite (table 2). Small
amounts of sanidine are found in the early erupted fallout
tephra layers and ignimbrite (appendix 1), but not at the
top of the exposure near Kingman. Biotite is always the
most abundant mafic phenocryst, but the relative abun-
dance of clinopyroxene and hornblende varies, with horn-
blende ‘less abundant in the ignimbrite than in the early
erupted fallout tephra. Both light-tan and dark-gray pum-
ice clasts are found in the deposit; the clasts range from 2
to 30 cm in diameter. The Cook Canyon tuff is undated
and its source is unknown.

TUFF UNIT A OF FORT ROCK CREEK
RHYODACITE UNIT

The Fort Rock Creek rhyodacite unit of Fuis (1973)
is a sequence of interbedded fallout tuff, nonwelded to par-
tially welded ignimbrite, and locally reworked volcaniclastic
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and vapor-phase
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P = Partial
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Figure 2. Idealized sections of features related to deposition (A), and
welding and crystallization (B) of a pyroclastic flow deposit. A modified
from Fisher and Schmincke (1984), and B from Smith (1960).
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Table 2. Petrographic and mineralogic characteristics of Miocene ignimbrites.

Sanidine:Plagioclase: Ferromagnesian

Tuff (p::oiva:::g itils()' Quar.tz phenocryst52 Minor(m) and trace(tr) minerals’
(normalized) (pct total phenocrysts)
Peach Springs Tuff 8-20 80:15:5 Hb>Bio+Cpx Sph,Perr (m);
(<20) MagzIlm (m), Ap;
Pyr (tr)
Cook Canyon tuff 5-12 2:98:0 Bio>>Cpxz=Hb Mag (m);
(10-15) Sph, Ap (tr)
Tuff unit A of 12-25 40:50:10 Hb>Bio+Cpx Mag (m);
Fort Rock Creek (15-25) Sph, Zir, Ap (tr);
rhyodacite unit Perr (tr)
Wild Horse Mesa 0-13 97:1:2 Bio>>Cpx+Opx+0l Mag>Ilm (m);
Tuff* ) Sph, Zir, Ap (tr);

Perr, All (tr); Pyr (tr)

'Proponions of felsic and mafic minerals determined by methods described in text; values not corrected
to dense rock equivalent. Cook Canyon tuff and tuff unit A of Fort Rock Creek rhyodacite unit vary from
nonwelded to partially welded; Peach Springs Tuff and Wild Horse Mesa Tuff vary from nonwelded to
densely welded.

2Bio, biotite; Cpx, clinopyroxene; Hb, hornblende; Ol, olivine; Opx, orthopyroxene.

3Mag, magnetite; Ilm, ilmenite; Sph, sphene; Zir, zircon; Ap, apatite; Perr, perrierite; All, allanite; Pyr,
pyrrhotite.

“Data from McCurry (1988). Pyr, either pyrite or pyrrhotite.

sedimentary rocks; its age is poorly constrained. The beds
of primary volcanic ejecta were erupted from a vent in the
Aquarius Mountains (Fuis, 1973; Goff and others, 1983;
Arney and others, 1985). In the northern Aquarius Moun-
tains (fig. 1; table 1) the Fort Rock Creek rhyodacite unit
is overlain by 5-10 m of fluvial sandstone and conglomerate,
which in turn is overlain by the Peach Springs Tuff. Arney
and others (1985) reported a K-Ar age of 22.0+0.7 Ma
(whole rock) from a basalt dike that cuts the rhyodacite,
whereas Young and McKee (1978) obtained a K-Ar age of
18.2+1.5 Ma (whole rock) from a basalt that underlies the
rhyodacite.

The sample used in this study is from a nonwelded
ignimbrite herein referred to as tuff unit A; this unit is
one of several similar tuff beds within the Fort Rock
Creek Rhyodacite. Tuff unit A has a phenocryst assem-
blage of plagioclase=sanidine>>quartz, with hornblende>
biotitexclinopyroxene, and minor amounts of magnetite.
Sphene and perrierite are found in trace amounts
(table 2).

FALLOUT TUFF DEPOSITS NEAR KINGMAN

Two fallout tuff deposits (labeled ft; and ft; in fig. 3)
are interstratified with volcaniclastic sandstone in the in-
terval between the Cook Canyon tuff and Peach Springs
Tuff near Kingman, Ariz. An incipient paleosoil horizon
was locally developed on the sandstone prior to emplace-

ment of the Peach Springs Tuff. Fallout tuff unit ft; has
plagioclase as the only felsic phenocryst, and biotite>>
clinopyroxenezhornblende. Fallout tuff wunit ft, has
sanidine=plagioclase>>quartz, and hornblende>biotite>>
clinopyroxene.

WILD HORSE MESA TUFF

The Wild Horse Mesa Tuff of McCurry (1988) crops
out in five mountain ranges across an area of 600 km?
near the Woods Mountains, California (fig. 1; table 1).
It was erupted from a postulated 10-km-diameter caldera
in the Woods Mountains volcanic field and has a volume
of 80 km3 (McCurry, 1985). The Wild Horse Mesa Tuff
forms a compound cooling unit, and each cooling unit
contains multiple flow units and fallout tephra layers. The
age of the middle member of the Wild Horse Mesa Tuff
is 17.75+£0.19 Ma and its upper member is 17.67+0.15
Ma, determined by 40Ar9Ar plateau ages on sanidine (Mc-
Curry and others, 1989; D.R. Lux, oral commun., 1991).
Most of the Wild Horse Mesa Tuff is rhyolitic, but the
upper parts of the upper two cooling units contain minor
amounts of trachytic pumice; thus the magma was com-
positionally zoned (McCurry, 1988). Phenocrysts in the
Wild Horse Mesa Tuff are sanidine>>plagioclase, with
biotite>>clinopyroxenezorthopyroxenezolivine, and trace
amounts of sphene, perrierite, and allanite (McCurry, 1985,
1988; table 2).
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FELDSPAR COMPOSITIONS OF THE
IGNIMBRITE UNITS

ANALYTICAL METHODS

Feldspar grains identified for microanalysis in whole
rock thin sections are phenocrysts in pumice, grains with
attached glass, phenocrysts in xenoliths, or texturally non-
distinct grains; data are listed in appendixes 1 and 2. Analy-
ses of texturally nondistinct grains are included in this data
set, but geochemical characterization of each tuff is limited
to grains in pumice or with attached glass. In this paper,
“pumice” is identified as a glass clast with at least 10 vesi-
cles, regardless of grain size or size of the vesicles. All
chemical analyses represent individual points on grains;
thus, the data represent variation both within and between
feldspars in the samples selected for this study. Specific
locations of analyses were recorded with respect to grain

morphology (see appendix 1). Data from the Wild Horse
Mesa Tuff are averages of single points analyzed on three
or more grains in grain mount samples (McCurry, 1988).
Feldspars were analyzed initially by energy dispersive
spectrometry and grouped into sanidine, sodic plagioclase
(<An,s), and sodic-calcic plagioclase (Anjs to Anss). Min-
eral compositions were determined by wavelength disper-
sive spectrometry (WDS) on a four-spectrometer Cameca
MBX electron microprobe at Los Alamos National Labora-
tory. All WDS data were corrected by the method of Bence
and Albee (1968). The beam current was 15 nA and beam
diameter was 5 micrometers. The count time for most ele-
ments was 20 seconds, or until a one-sigma standard devia-
tion of 0.5 percent was reached. Extended count times were
used for minor components; for example, 90-second counts
were used for Fe,03, 60 seconds for MgO, and 30 seconds
for SrO determinations. Offpeak backgrounds were de-
termined for each mineral phase. To minimize matrix
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Interbedded epiclastic tuffaceous sandstone
and fallout tuff (Miocene)

Tps Peach Springs Tuff of Young and Brennan (1974)
(Miocene)—Light-gray to mauve colored non- to densely
welded ignimbrite, containing sanidine >> plagioclase >
amphibole as major phenocrysts. Peach Springs Tuff
varies in thickness from 8 m at paleovalley margins
and over paleotopographic highs, to 90 m in axial parts
of paleovalleys. Locally forms two cliffs

fty Pumiceous fallout tuff (Miocene)—Petrographically
similar to Fort Rock Creek rhyodacite unit of Fuis (1973)
in Aquarius Mountains. As thick as 50 cm

ft1 Plagioclase- and biotite-bearing fallout tuff (Miocene)—
Petrographically similar to informally named Cook Canyon
tuff of Buesch and Valentine (1986). As thick as 1 m

Tce Cook Canyon tuff of Buesch and Valentine (1986)
(Miocene)—Informal unit. Gray, sintered to partly welded
ignimbrite; major phenocrysts are plagioclase and biotite.
Contains mixed mafic/silicic pumice fragments. Uppermost
part locally reworked to epiclastic sandstone. Underlain
everywhere by pumiceous fallout tuff -

ppb Pyroxene-plagioclase basalt lava flows (Miocene)—
Includes local interbeds of epiclastic volcaniclastic
sandstone and pumiceous fallout tuff

gob Quartz-bearing olivine basalt (Miocene)—Lava flows
as thick as 6 m and cinder cones as high as150 m. Locally
contains xenoliths of underlying rocks

Pgm Quartz monzonite (Proterozoic)—Quartz monzonite,
locally porphyritic and foliated, and leuco- and melanocratic
gneiss. Paleotopography > 150 m

Figure 3. Columnar section of rocks exposed in Miocene paleovalley at Kingman, Arizona (modified

from Buesch and Valentine, 1986).
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variations, compositionally similar grains were used to es-
tablish background counts for samples of each tuff.

To minimize interference by the Si-K line in analysis
for Sr, feldspars were grouped into sanidine (64 to 68
weight percent SiO,), sodic plagioclase (62 to 66 weight
percent Si0,), and sodic-calcic plagioclase (53 to 62
weight percent SiO,). Grains of intermediate composition
in each group were used for backgrounds. By using an
extended count time, the effective minimum detection limit
of SrO is probably less than 0.10 weight percent in feld-
spar; in these analyses, the minimum detection level was
0.055 to 0.061. Many of the SrO concentrations in appen-
dix 1 are reproducible, even for SrO concentrations less
than 0.10 weight percent. However, trends plotted for such
samples should be interpreted with caution. In analyses
with the weight percent SrO greater than 0.10, variations
may represent real differences within or between grains.

ANALYTICAL RESULTS

Molecular percentages of feldspar end-members anor-
thite (An), albite (Ab), orthoclase (Or), celsian, and Sr
feldspar were calculated from the analytical compositions.
Two-component plots of feldspar end-members can be
used to characterize ignimbrites and demonstrate composi-
tional zonations within them (Warren and others, 1989).

A plot of Or versus An end-member compositions in
sanidine (fig. 44) and plagioclase (fig. 4B) can be used to
differentiate between the three tephra units studied in this
paper and the Wild Horse Mesa Tuff. For each unit, the
composition of grains overlap regardless of textural con-
text. Figure 4A shows particularly clear distinctions be-
tween sanidine compositions for the units analyzed. The
ranges of plagioclase compositions for the four units over-
lap substantially, however, which highlights the impor-
tance of using more than one mineral for characterization.

Two compositional regions are defined by plagioclase
in the Peach Springs Tuff. For a given Or content, propor-
tionately more analyses with high An values (23 of 102) are
from the basal layered deposits, although sparse grains with
equally high An occur in the ignimbrite (7 of 122). Thus,
the proportion of the two plagioclase compositions changed
during eruption of the Peach Springs Tuff, such that the
high An component was relatively less abundant in the later
erupted magma than in material that erupted initially.

The fallout deposits and ignimbrite of the Cook Can-
yon tuff have minor to only trace amounts of sanidine, and
the few analyses are colinear and have a restricted range.
Plagioclase analyses from samples of the initial fallout de-
posits and the uppermost part of the ignimbrite in the Cook
Canyon tuff also are colinear and nearly completely over-
lap; the fallout deposits have a slightly wider range of pla-

gioclase compositions than the ignimbrite. Thus, the
composition of feldspars in the Cook Canyon tuff changed
only slightly during the eruption. Plagioclase compositions
in the Cook Canyon tuff are significantly different from the
other tuff units (fig. 4B); in comparison, grains in the Peach
Springs Tuff predominantly have higher or lower An
contents.

Plagioclase compositions of the Peach Springs Tuff and
tuff unit A of the Fort Rock Creek rhyodacite unit show
nearly complete overlap, although there is a slight differ-
ence in the median plagioclase composition.

The weight percentages of Fe,O3, SrO, and BaO in
sanidine and plagioclase show contrasting distribution pat-
terns that help distinguish samples from three of the units
studied (fig. 5). With respect to these components, plagio-
clase and sanidine grains in the Peach Springs Tuff overlap
both the Cook Canyon tuff and tuff unit A. Distinctions can
be made between the Peach Springs Tuff and the other two
tuff units with these minor components only by evaluating
all three oxides in both feldspars, but good compositional
separations are obtained using plots of An molecular per-
cent versus weight percent Fe,O3, SrO, and BaO (fig. 5).
The Cook Canyon tuff and tuff unit A have plagioclase and
sanidine with similar distributions of SrO but contrasting
An values. These separations are also clear on the plots for
Fe,03 and BaO. Sanidine of the Peach Springs Tuff is sep-
arated from the other tuff units on these diagrams because
of its distinctive An contents (fig. 4A).

In figure 5, plagioclase compositions show a positive
correlation between the content of An and the weight per-
cent of Fe,03 and SrO. Plagioclase compositional ranges in
both the ignimbrite and layer 1 deposits of the Peach
Springs Tuff extend toward high Fe,O3 and SrO; most of
these analyses are from grains with high contents of An
(=25; fig. 5; appendix 2; unpub. data), which form the high-
An trend in figure 4. These correlations probably result
from the substitution of Fe,O3 and SrO for Al,O3 and Ca0O,
respectively. Plagioclase grains in the Cook Canyon tuff
and tuff unit A also show a negative correlation between
the content of An and weight percent BaO, but those in the
Peach Springs Tuff have a slight positive correlation of
these components. Sanidine analyses show weak or no cor-
relation between the minor oxides and An values.

Descriptive statistics also can discriminate between
tephra (Westgate and Gorton, 1981), and the data of this -
study can be used to show differences between the units.
Medians and one-sigma standard deviations of the molecu-
lar percentages calculated for feldspar end members and
the weight percentages of Fe,03, SrO, and BaO are differ-
ent for the Peach Springs Tuff, Cook Canyon tuff, tuff unit
A of the Fort Rock Creek rhyodacite unit, and Wild Horse
Mesa Tuff (table 3). Use of median rather than mean
values minimizes the effect of widely dispersed values.
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Figure 4. Plots of feldspar compositions: (A) sanidine and (B) plagioclase. Data are from Peach
Springs Tuff of Young and Brennan (1974), informally named Cook Canyon tuff of Buesch and
Valentine (1986), tuff unit A of the Fort Rock Creek rhyodacite unit of Fuis (1973), and Wild Horse
Mesa Tuff of McCurry (1988); see figures 1 and 3. Symbols: Tpsig, ignimbrite of Peach Springs
Tuff; Tps;, layer 1 of Peach Springs Tuff; Tecb, basal fallout deposits of Cook Canyon tuff; ig? and
ig, two ignimbrites that probably correlate with the Cook Canyon tuff; ft,, fallout tuff unit, probably
equivalent to the Fort Rock Creek rhyodacite unit. Line encloses 98 percent of all feldspar analyses
from Peach Springs Tuff (Buesch, unpub. data). Data are in appendixes.
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The one-sigma standard deviation is a numerical represen-
tation of the amount of clustering of the data in figures 4
and 5; a small one-sigma standard deviation represents
closely clustered data, whereas a large one-sigma standard
deviation represents broadly scattered data. Standard devi-
ations of the molecular percentage of Or in sanidine from
the ignimbrite of the Peach Springs Tuff and tuff unit A
are good examples of the relationship between the numeri-
cal and graphical presentation (table 3; figs. 4 and 5). The
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ranges of the medians and one-sigma standard deviations
(table 4) show both the regional variation within the Peach
Springs Tuff and distinguish its composition from the oth-
er tuffs discussed in this paper.

COMPOSITIONAL ZONING

Many of the analyses in figure 4 are from grains that
have less than 2 molecular percent variation of the feldspar
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Figure 5. Weight percent Fe,0;, SrO, and BaO versus mole percent An in plagioclase and sanidine from Peach Springs
Tuff of Young and Brennan (1974), informally named Cook Canyon tuff of Buesch and Valentine (1986), and tuff units of
Fort Rock Creek rhyodacite unit of Fuis (1973). Number of sanidine analyses for each tuff unit is: Tpsl;, layer 1 of Peach
Springs Tuff—53; Tpsig, ignimbrite of Peach Springs Tuff—401; Tccb, basal fallout deposits of Cook Canyon tuff and
ignimbrite of Cook Canyon tuff, undivided—9; tuff unit A of Fort Rock Creek rhyodacite unit—17. The number of plagio-
clase analyses: Tpsl;—44; Tpsig—228; Tccb—66; tuff unit A of Fort Rock Creek rhyodacite unit—31. ft, and ig explained

in figure 4. Data are in appendixes.
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Table 3. Statistical variations in compositional parameters of feldspars from tephra units'.

Tuff Mineral No. of Or An Ab Fe,;03 Sr0 BaO
analyses (mol pct) (mol pct) (mol pct) (wt pct) (wt pct) (wt pct)
Peach Springs Tuff Sanidine 401 53.54+5.17  1.80=0.84  44.66=4.60 0.18+0.03 0.05:0.03 0.04+0.09
(ignimbrite) Plagioclase 228 8.15+8.39 16.72£10.59 75.05¢9.61 0.27+0.08 0.03+0.14 0.04+0.33
Peach Springs Tuff Sanidine 53 53.58+2.12 1.86+0.44 44474227 0.19£0.03 0.06+0.04 0.00+0.03
(layer 1) Plagioclase 44 8.97+10.08 15.83+10.14 75.42+10.96 0.27+0.15 0.02+0.16 0.03£0.16
Cook Canyon tuff Sanidine 9 57.04+1.04  3.50+0.48 39.38+0.67 0.26+0.03 0.25:+0.04 2.04+0.33
(ignimbrite and Plagioclase 68 5.53x16.69 35.90+12.66 56.62+7.29 0.40+0.07 0.33x0.05 0.1420.63
basal fallout deposits)
Tuff unit A of Sanidine 17 69.95+0.59 1.06+0.21 28.93+0.50 0.11+0.01 0.28+0.06 1.59+0.70
Fort Rock Creek Plagioclase 31 5.64x1.31 23.4626.54  70.85+£5.36  0.20+0.02 0.34+0.08 0.10+£0.05
rhyodacite unit
Wild Horse Mesa Tuff? Sanidine (r) 8 38.52+2.32 1.22+0.18 60.26+2.32  0.24+0.10 nd. nd.
Sanidine (t) 1 41.92 5.10 52.99 0.30 nd. nd.
Plagioclase (r) 1 8.75 8.05 83.20 0.12 nd. nd.
Plagioclase (t) 1 248 56.26 41.27 0.55 n.d. n.d.

"Two feldspar calibration standards were also analyzed. Standard deviations for these 916 analyses are: Albite+0.41, Anor-

thite=0.23, Orthoclase+0.35, Celsian+0.10, and Sr feldspar+0.11. .

2Means and standard deviations for the Wild Horse Mesa Tuff calculated from the average compositions in McCurry (1985, 1988).
Analyses from the rhyolitic (r) and trachytic (t) part of the tuff. Total Fe is presented as FeO*; n.d., not determined.

end members, but some grains are zoned (table 5; appendix
1). Grains from the Peach Springs Tuff show the greatest
amount of zoning. The maximum zoning in a single plagio-
clase grain is 32 molecular percent An and 25 molecular
percent Or. The maximum zoning in a single sanidine grain
is 2 molecular percent An and 9 molecular percent Or. The
rims of plagioclase tend to have lower An and higher Or
contents than cores, but there are exceptions.

Three patterns of zoning characterize sanidine in the
Peach Springs Tuff: (1) an increase in Or content from
core to rim, (2) an increase in An from core to rim, and
(3) an increase in An from core foward rim that reaches a
maximum in a zone near the rim, and then decreases again
from that zone to the rim. Zoning patterns 1 and 3 are the
most common,

Oscillatory zoning occurs in some grains. of plagio-
clase and sanidine from the Peach Springs Tuff. The max-
imum range in each oscillation is approximately 5 molecu-
lar percent of Ab in both plagioclase and sanidine (appen-
dix 1).

DISCUSSION
TENTATIVE CORRELATIONS OF TEPHRA UNITS

On the basis of petrographic and geochemical similari-
ties, several tephra beds are tentatively correlated with the

Cook Canyon tuff. Ignimbrites with two colors of pumice,
and mineralogy, texture, and welding profile similar to the
Cook Canyon tuff, are exposed in the Piute Mountains
(Calif.) and southern Black Mountains (Ariz.) (fig. 1; table
1). Limited microprobe analyses from the ignimbrites in
these localities are within the range of feldspar analyses of
the Cook Canyon tuff and indicate that these deposits may
be correlated with the Cook Canyon tuff (figs. 4 and 6;
appendix 1). A sequence of slightly altered fallout tuff and
ignimbrite 10 to 40 m thick in the Yucca Mine area (Ariz.)
(table 1) is also tentatively correlated with the Cook Can-
yon tuff. These tuff units in the northern Mohave Moun-
tains are described as “white tuff” by Nielson (this
volume). Another 2- to 8-cm-thick plagioclase- and bio-
tite-bearing fallout tuff, tentatively correlated with the
Cook Canyon tuff, is locally exposed just below the Peach
Springs Tuff in the Piute Range (Searchlight, Nev.-Calif.
quadrangle—fig. 1; table 1). The distribution of these ten-
tatively correlated exposures indicate that the vent area of
the Cook Canyon tuff was near or within the Colorado
River extensional corridor (Howard and John, 1987).
Fallout tuff units ft; and ft, (fig. 3) from the fallout
deposits near Kingman (Ariz.) appear to be related to the
same sources that produced the Cook Canyon tuff and
Fort Rock Creek rhyodacite unit. Fallout tuff unit ft; is
petrographically similar to the Cook Canyon tuff and
probably represents a slightly younger eruption from
the same magma chamber. Fallout tephra unit ft, is
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Table 4. Feldspar analyses from the Peach Springs Tuff: averages and ranges of statistical
I

parameters .
Sanidine Plagioclase
Feldspar
End member Median Median Std. deviation? Median Median Std. deviation?
(average) (range) (range) (average) (range) (range)
Albite 4595 4412105005 0.82t07.12 76.16  74.06 to 77.11 0.92 t0 9.55
Anorthite 1.97 1.66t0 2.74  0.11 t0 2.18 1484  13.07t0 17.96  1.96 to 12.40
Orthoclase 52.18 48.75t054.10 0.92 to 9.61 8.79 7.34t0 9.93 1.15 t0 8.38
'Data summarized from samples shown with “*” in table 1.
2Standard deviations are one-sigma values.
Table 5. Maximum zoning ranges of calculated feldspar end members in tephra units.
. L Lo L g Ab An Or
Tuff Mineral Sample location’' Grain identification (range mol pcl)3 (range mol pct)3 (range mol pct)3
Peach Springs Tuff Sanidine PST101m2 S29MPIPU13 745 223 9.78
(ignimbrite and layer 1)
Plagioclase = PST045cm5 P26PU19 6.91 32.69 25.78
(PST101m2) (P19GL27) (16.02)
Cook Canyon tuff Sanidine PST008m2 S2MP2PU4 2.05 1.70 375
Plagioclase =~ PST008m2 P6GL2 14.31 16.93 261
(PST008m2) (PSMP2PU4) (8.40)
Tuff unit A of Fort Rock  Sanidine PSTO05 S5 2.24 0.44 2.67
Creek rhyodacite unit (PST005) (S2GL5S) (0.54)
Plagioclase PSTO05 P19PU21 14.08 15.34 1.83
(PSTO005) (P20PU21) 2.27)

'Sample locations in table 1 and appendixes.

2Grain identification is the same as in appendixes; does not include the morphological location.
3Maximum zoning of feldspar end members in individual grains; parens indicate sample identification and value of
maximum zoning of feldspar end members from all grains, if different from maximum in individual grains.

petrographically similar to tuff unit A of the Fort Rock
Creek rhyodacite unit, and these two tephra units have
similar feldspar compositions (figs. 4 and 5). These petro-
graphic and geochemical similarities, and the stratigraphic
position (fig. 3), indicate that fallout tuff unit ft, probably
is an eruptive unit related to emplacement of the Fort
Rock Creek rhyodacite unit. However, it is not known
where fallout tuff unit ft, belongs within the stratigraphic
section that comprises the Fort Rock Creek rhyodacite
unit.

PETROGRAPHIC AND COMPOSITIONAL
VARIATIONS WITHIN TUFF UNITS

Each of the ignimbrites discussed in this paper is lat-
erally and vertically variable in petrography and composi-
tion, but the ranges of variation differ. Including the
tentatively correlated exposures in the Piute Mountains

(Calif.) and southern Black Mountains (Ariz.), the Cook
Canyon tuff is only slightly zoned in abundance of pheno-
crysts and feldspar compositions. Plagioclase compositions
in the early erupted fallout tephra have slightly higher mo-
lecular contents of An, lower Or, and broader ranges of An
and Or compared to plagioclase in the uppermost part of
the ignimbrite (fig. 4). Petrographic descriptions of the
Fort Rock Creek rhyodacite unit by Fuis (1973) and data
from this study (table 2) indicate that the sequence of fall-
out tephra and ignimbrites have vertical variations of fel-
sic and mafic phenocrysts, but more work is needed to
document any trends. The Wild Horse Mesa Tuff is verti-
cally zoned with respect to mineral assemblage and whole
rock compositions, but lateral variations have not been
demonstrated (McCurry, 1985, 1988).

The Peach Springs Tuff is petrographically zoned both
vertically and laterally (Buesch, 1987a, b; unpub. data).
The ratios of plagioclase to sanidine and hornblende to bi-
otite increase toward the top of most stratigraphic sections
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and also tend to increase from the inferred vent area to
distal exposures. Clinopyroxene is absent or occurs in
minor amounts in western exposures and in the lower
parts of exposures to the east and north of Snaggletooth
(Sawtooth Range., Calif.; fig. 1, table 1). However, clino-
pyroxene increases in abundance toward the tops of expo-
sures of the Peach Springs Tuff east and north of
Snaggletooth. Ilmenite and pyrrhotite do not occur in ex-
posures west of the southern Black Mountains (Ariz.) but
are trace components east of this location. Thus, on the
basis of the mineral assemblage there is a difference be-
tween the western and eastern exposure areas of the Peach
Springs Tuff. In each exposure area the ignimbrite exhibits
lateral zonation (Buesch, 1987a, b; unpub. data).

Analytical data for feldspars from Peach Springs ex-
posures near Kingman (Ariz.) are representative of data
from all 17 locations studied (fig. 4; data in appendixes;
Buesch, unpub. data). The average of medians of the feld-
spar end-member values for sanidine and plagioclase
grains from 38 samples (table 4) plots within the data
cluster of the Kingman samples (fig. 4) and is close to the
median compositions of data from phenocrysts in pumice
and grains attached to glass (table 3). Plagioclase grains
with high An values are present in the ignimbrite at King-
man, but the broader range of high An values is only a
minor component of the entire ignimbrite (fig. 4B).

The two compositional ranges of plagioclase in the
Peach Springs Tuff (fig. 4B) are similar to the double
trends in some of the large-volume ignimbrites of south-
western Nevada (Warren and others, 1989). The high-An
trend in samples from both the basal and uppermost parts
of the ignimbrite of the Peach Springs Tuff are defined
partly by analysis of phenocryst grains in pumice or at-
tached to glass and thus represent magmatic variations
(appendix 2: Buesch, unpub. data). Warren and others
(1989) attribute the double compositional trends to rhyo-
lite and quartz latite bulk rock compositions, which resid-
ed together in a compositionally zoned magma chamber,
and to increasing temperature with depth in the chamber.
An alternative possibility is that the two compositional
trends represent magmas from different chambers. No pet-
rologic modeling of the Peach Springs magma chamber
has yet been done; therefore, distinction between these
two possibilities cannot be made. There are only eight
whole rock minor- and trace-element data from pumice
clasts of the Peach Springs Tuff; all were collected from
the basal part of the ignimbrite near Kingman (Ariz.) and
all are low-silica rhyolite (David Nealey, 1991 personal
commun.)

CONCLUSIONS

Tephra units are exposed in many of the stratigraphic
sequences discussed in this volume, and tephrochronology

can be one of the most useful tools for geologists to use in
unraveling the stratigraphy and structure of variable and
fragmented stratigraphic sections in the highly extended
terranes. Phenocryst geochemistry is a rapid and relatively
inexpensive method for differentiating the tuff units dis-
cussed in this paper. Phenocryst assemblage and mineral
chemistry are particularly useful in correlating tephra
where the volcanic glass in shards or pumice has been par-
tially or completely altered. On the basis of phenocryst as-
semblage and feldspar geochemistry, the distribution of the
Cook Canyon tuff and a fallout tuff within the Fort Rock
Creek rhyodacite unit is tentatively expanded to previously
uncorrelated deposits in adjacent mountain ranges. This
adds another potentially useful regional datum besides the
Peach Springs Tuff and Wild Horse Mesa Tuff, for corre-
lating stratigraphic sections in these extensional terranes.
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APPENDIXES: Analyses of feldspar of tephra units of extensional terranes, southeastern California and western Arizona

Analyses are by electron microprobe; see text for details of procedures. Total Fe is reported as FeO*. All analyses are
by the author, except those for the Wild Horse Mesa Tuff of McCurry (1988).

Sample designations are numbers of field locations in table 1 with extension indicating stratigraphic height above the
base of unit in centimeters (cm) or meters (m).

Location codes for individual electron microprobe analyses designate mineral species—S, sanidine; P, plagioclase—
and grain number; textural context and number, and morphological position. Textural context: CC crystal cluster; MP,
sanidine overgrowths on plagioclase; MS, sanidine overgrowths on sanidine; PU, phenocrysts in pumice; GL, grains with
attached glass; no designation, texturally nondistinct grains. Morphological position for grains with at least one boundary
that is a crystal face: R, rim; C, core; for broken grains: E, external; I, internal; MR, MC, ME, MI are used when multiple
similar locations (rim, core, external or internal) are analyzed on a single grain. For example, analysis S2PU4R2 is of
sanidine grain 2, in pumice sample 4, second analysis near rim.

Tabulated data from McCurry (1988) represent average of three or more analyses; “nd”, oxides not determined.
Letters in parentheses designate member: LM, lower; MM, middle; UM, upper; interval at which samples were collected:
f, Plinian fallout; 1, lower; m, middle; u, upper. Except for samples designated “t” from trachyte pumice, all analyses are
from pumice clasts of rhyolitic composition.

Appendix 1. Sanidine compositions.

Oxide wt pet or

feldspar mol pet Si0, A0, Fe03 MgO  CaO SrO BaO Na)O K,0 Total Ab An Or  Celsian Sr-Feldspar

Peach Springs Tuff—Layer 1 (Tpsl,)

PST045cm5

S11PU61 6721 1885 019 000 036 006 000 5.5 9.08 10090 4548 176 5276 0.00 0.16
S11PU6MR 6647 1882 018 000 036 008 000 5.14 936 10042 4471 173 5356 0.00 0.21
S11PU6R 6683 1878 0.19 000 037 005 0.00 498 939 100.58 43.83 180 5437 0.00 0.13
S121 6651 1885 0.19 000 040 004 000 4.99 9.18 100.16 4435 196 53.68 0.00 0.11
S13PU9I 66.88 1899 0.17 000 040 008 000 4.99 928 10079 44.09 195 5395 0.00 0.21
S13PUSME 6645 19.02 019 000 049 004 000 526 897 10043 46.01 237 5162 0.00 0.10
S13PUIMI 66.15 1886 0.14 000 047 008 000 529 9.10 100.10 4585 225 5190 0.00 0.21
S13PU9R 66.54 1878 016 000 050 007 0.00 557 894 10056 4749 236 50.15 0.00 0.18
S15GL161 66.19 1889 0.18 000 035 008 000 497 947 10013 4362 170 5468 0.00 0.21
S15GL16R 6649 1870 0.16 000 033 006 000 5.01 928 10003 4434 161 5404 0.00 0.16
S17GL26E 66.55 1901 016 000 050 007 001 549 8.69 10049 47.81 241 4979 002 0.18
S17GL261 6653 1894 0.18 000 048 003 000 5.17 9.06 10040 4537 233 5231 0.0 0.08
S17GL26ME 6647 1893 0.19 000 048 007 000 528 899 10042 46.07 231 5161 0.00 0.18
S21PU141 6599 1880 0.9 000 040 007 000 5.03 9.51 99.99 4371 192 5437 000 0.18
S21PU14R 66.26 1889 0.19 000 033 005 000 496 949 10016 4356 160 54.84 0.00 0.13
S22PU14C 6649 1883 0.17 000 042 005 000 517 9.11 10024 4537 2.04 5260 0.00 0.13
S22PU14R 66.30 1870 020 000 048 009 000 5.15 922 100.15 44.86 231 52.83 0.00 0.23
S27GL37E 6671 1873 0.18 000 043 008 000 517 945 10074 4447 204 5348 0.00 0.21
S27GL371 66.02 1883 021 000 039 006 000 501 9.21 99.72 4439 191 5370 0.00 0.16
S2PU2I 6573 19.09 019 000 040 007 000 5.12 9.20 99.81 4494 194 5312 0.00 0.18
S2PU2MR 66.74 1888 0.19 000 041 005 000 5.16 937 100.8f 4467 196 5337 0.00 0.13
S2PU2R 66.66 18.69 0.16 000 044 009 000 5.06 933 10043 4422 213 5365 0.00 0.24
S30PU12E 6560 1906 036 001 08 022 010 375 1070 10061 3339 394 6268 O0.18 0.59
S30PU12E2 6491 1899 033 000 081 019 017 385 1035 99.61 3466 4.03 6131 031 0.51
S3PU2R 66.18 1882 0.19 000 044 003 000 5.2 937 100.16 4441 211 5348 000 - 0.08
S4PU3I 66.72 1873 019 000 037 009 000 4.83 943 10036 4298 182 5520 0.00 0.24
S4PU3R 66.79 1873 0.17 000 036 009 000 4.78 9.60 10052 4232 176 5592 0.00 0.24
S5GL21I 6620 18.82 0.18 000 040 007 000 490 9.40 99.99 4334 196 5470 0.00 0.19
S5GL2MR 66.68 1883 018 0.00 038 005 000 49 934 10042 4384 186 5431 0.00 0.13
S5GL2R 66.87 1867 019 000 035 006 000 4386 9.56 100.56 42.84 171 5545 0.00 0.16

S6PU4E 6646 19.19 021 000 045 009 000 5.17 927 100.84 4489 216 5295 0.00 0.23
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Appendix 1. Sanidine compositions—Continued.

Oxide wt pct or

feldspar mol pet Si0, A0, FeO03 MgO  CaO SrO BaO0 Nay0 K0 Total Ab An Or  Celsian  Sr-Feldspar

Peach Springs Tuff—Layer 1 (Tpsl;)—Continued

PST045¢cm5—Continued

S6PU4l 6656 1877 019 000 037 010 000 5.07 9.19 10024 4478 181 5341 000 0.26
S8MSIE 6644 1884 018 000 045 007 0.00 494 944 10035 4333 218 5448 0.00 0.18
S8MSI1I 67.11 1868 0.19 000 035 006 0.01 488 938 10066 4340 1.72 5488 0.02 0.16
SOMSIE 6634 1888 0.18 000 042 005 0.00 492 921 100.01 4388 207 5405 000 0.13
SOMS11 6696 18.82 0.16 0.00 037 0.07 000 499 939 10076 4388 1.80 5432 0.00 0.18
PST045cm45

S16E 65.50 18.89 0.28 000 037 0.08 000 5.00 9.35 9947 4403 180 54.17 0.00 0.21
S161 6638 18.81 0.16 0.00 039 0.5 0.00 5.03 945 10027 4388 188 5424 0.00 0.13
S16ME 66.14 18.84 021 0.00 041 0.07 0.00 5.06 941 100.13 4409 197 5394 0.00 0.18
S16MI 66.16 1892 0.18 000 040 0.03 007 503 930 100.09 4424 194 5382 0.12 0.08
S16MI2 6596 1885 020 000 040 005 0.02 5.12 948 100.07 4422 191 5387 0.03 0.13
S18E 66.36 18.88 0.17 000 0.41 004 000 528 897 100.11 4628 199 51.73 0.00 0.10
S181 6597 1887 0.19 000 042 007 0.00 534 9.11 9996 46.17 201 5182 0.00 0.18
SISME 66.15 19.15 0.17 000 049 000 000 556 889 10041 47.60 232 50.08 0.00 0.00
S18MI 6668 1901 0.18 000 044 004 001 530 888 10054 4655 214 5131 002 0.1
S19E 6660 1854 019 000 033 006 000 512 936 100.20 4467 159 5373 0.00 0.16
S191 6683 1897 0.17 000 040 007 000 5.28 9.10 100.82 4596 192 5212 0.00 0.18
S1PUIE 6630 1893 0.18 0.00 034 0.07 001 5.06 9.39 100.27 4429 164 5407 0.02 0.18
S1PUII 6549 1886 0.18 000 036 003 0.00 5.13 9.39 9943 4458 173 53.69 0.00 0.08
S20PU7TE 66.77 1903 018 000 034 006 000 5.11 943 10091 4443 163 5394 0.00 0.16
S20PU7I 6643 1879 020 0.00 030 0.07 0.00 5.01 9.53 10031 4377 145 5478 0.00 0.18
S21E 6570 1848 021 0.00 0.31 002 000 514 9.29 99.16 4499 150 53.51 0.00 0.05
S22GL32E 6639 1888 0.18 000 034 007 000 522 932 10042 4523 163 5314 0.00 0.18
S$22GL32I 66.16 1895 018 000 039 006 0.00 495 931 100.01 4384 191 5425 0.00 0.16

S22GL32ME 6577 1887 018 000 038 004 000 493 9.45 99.62 4341 185 5474 0.00 0.11
S22GL32MI 66.67 1908 016 000 035 007 000 537 924 10093 4612 166 5222 0.00 0.18
S22GL32MI2 6544 1872 016 0.00 0.31 005 000 5.00 9.43 99.12 4395 151 5454 0.00 0.13
S22GL32MI3 66.08 1881 0.19 000 038 005 002 523 9.04 99.80 4593 1.84 5223 0.04 0.13

S24PUSC 6634 1912 018 000 037 005 000 530 9.12 10048 4607 1.78 5216 0.00 0.13
S24PUSMR 6566 1897 017 000 039 005 000 5.26 9.22 99.73 4557 187 5256 0.00 0.13
S24PUSR 6637 1909 021 000 036 008 000 534 9.23 100.69 4599 171 5230 0.00 0.21
S26E 66.35 1871 0.18 000 036 002 000 5.6 922 10000 4516 174 53.10 0.00 0.05
§261 6684 1889 017 000 036 006 000 494 935 10061 4375 176 5448 0.00 0.16
S2PU1IC 6585 1896 016 000 040 005 001 514 9.17 99.73 45.11 194 5295 0.02 0.13
S2PUIR 66.00 1870 021 000 039 006 000 5.8 9.36 99.91 4483 187 5330 0.00 0.16
S30E 6632 1906 019 000 052 001 000 6.11 7.66 99.88 5342 251 4407 0.00 0.03
S301 6629 19.07 0.18 000 052 005 0.01 547 8.86 10047 4721 248 5031 0.02 0.13
S30ME 6626 1912 0.18 000 058 004 0.01 589 7.89 9998 5166 281 4553 0.02 0.10
S31 6682 19.14 017 000 039 007 000 S5.15 9.09 10082 4539 190 5271 0.00 0.18
S3R 6591 1888 0.17 000 038 009 000 508 9.29 99.79 4455 1.84 5361 0.00 0.24
S4GL4E 66.77 1881 021 000 035 006 0.00 5.13 934 10065 4473 1.69 5358 0.00 0.16
S4GLAI 6588 1888 0.17 000 036 004 000 5.15 9.35 99.82 4478 1.73 5349 0.00 0.10
S5PU31 66.32 1888 0.19 000 041 006 001 520 9.07 10013 4564 199 5237 0.02 0.16
S5PU3R 6581 1897 021 000 042 003 000 544 8.99 99.86 4695 200 5105 000 0.08
S6PU3E 66.38 1887 0.18 000 036 006 003 5.01 9.23 100.11 4441 176 53.83 0.05 0.16
S8PU4I 66.07 19.15 0.19 000 042 007 000 524 9.11 10025 4570 202 5227 0.00 0.18

S8PU4R 66.26 1890 0.18 0.00 040 0.05 000 5.09 9.26 100.15 4464 194 5343 0.00 0.13
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Appendix 1. Sanidine compositions—Continued.

Oxide wt pct or

feldspar mol pet Si0; A0, Fe03 MgO  CaO Sr0 Ba0 Na,0 K0 Total Ab An Or  Celsian Sr-Feldspar

Peach Springs Tuff—Ignimbrite (Tpsig)

PST101m2

S10E 6759 1875 019 000 040 004 003 5.13 894 101.08 4567 197 5236 0.05 0.11
S10E2 67.06 1893 016 000 037 004 005 529 891 10080 4658 1.80 5162 0.09 0.11
S101 6682 1882 017 000 038 007 004 5.18 903 10050 4571 185 5243 007 0.18
S11E 6654 1894 017 00Ff 042 007 001 517 9.65 10097 44.00 198 54.03 0.02 0.18
S111 66.79 1880 016 001 040 005 002 504 947 10075 4386 192 5422 004 0.13
SI12E 6582 1911 024 000 056 003 000 558 8.85 10018 47.64 264 49.72 0.00 0.08
S121 66.17 1922 019 002 059 006 000 565 856 10045 4867 281 4852 0.00 0.15
S13I 6703 1897 014 001 037 004 000 509 941 101.06 4432 178 53.90 0.00 0.10
S13R 6686 1887 017 003 037 003 000 5.11 9.56 10099 44.04 176 5420 0.00 0.08
S141 6697 1870 0.17 002 038 003 000 503 9.60 10091 4353 1.82 5466 0.00 0.08
S14R 6643 1868 014 000 038 005 000 501 945 100.14 4380 184 5436 0.00 0.13
S15E 66.38 1887 016 001 036 008 000 499 9.60 10045 4337 173 5490 0.00 0.21
S151 6621 1881 018 000 057 005 000 536 8.81 100.00 46.72 2.75 5053 0.00 0.13
S1SME 66.30 1891 014 001 041 003 0.00 498 953 10031 4339 197 5463 0.00 0.08
S15MI 65.53 1888 019 001 054 003 000 531 8.89 99.38 4635 260 51.05 0.00 0.08
S16E 6697 1873 019 000 035 010 001 5.02 937 10073 44.12 170 54.18 0.02 0.26
S16l 6644 1870 019 000 036 005 0.01 499 9.24 99.97 4428 1.77 5395 0.02 0.13
S17E 66.77 1887 020 000 040 007 000 520 9.14 10066 4548 193 5259 0.00 0.18
S171 66.88 1863 018 000 035 006 000 5.12 948 10069 4433 167 5400 0.00 0.16
S18GL9I 66.77 1888 0.18 000 044 006 000 526 896 10057 46.15 213 5172 0.00 0.16
S18GL9MI 6637 19.07 019 000 045 008 000 535 8.87 100.38 46.79 217 S51.64 0.00 0.21
S18GL9R 66.82 1874 019 000 038 0.06 0.00 527 9.16 10062 4580 1.82 5238 0.00 0.16
S$22GL28I 6732 1882 0.18 001 041 002 005 5.03 875 10059 4567 206 5227 0.09 0.05

S22GL28MI 66.74 1865 017 001 037 007 003 5.09 901 100.14 4536 1.82 5282 0.05 0.19
S22GL28MR 66.96 1896 018 002 036 002 005 517 897 10067 4587 177 5236 0.09 0.05
S22GL28MR2 66.80 1908 018 000 036 007 005 5.00 899 10054 4499 179 5322 0.09 0.19

S22GL28R 6746 18779 019 001 038 002 001 528 890 101.05 4654 185 5161 0.02 0.05
S$23GL30L 6686 1888 0.14 000 034 008 004 512 8.80 100.26 46.14 169 52.17 0.07 0.22
S$23GL3012 66.77 1884 0.19 000 037 007 001 5.10 920 10055 4490 180 5330 0.02 0.18
S23GL30R 67.10 1872 0.18 000 041 010 008 5.16 901 10076 4560 200 5239 0.14 0.26
S23GL30R2 6648 1880 019 000 039 010 000 512 936 10043 4455 1.88 53.58 0.00 0.26
S24PU12E 6678 18770 0.18 000 036 005 004 5.19 920 10051 4536 174 5290 0.07 0.13
S25GL311 6698 1872 020 0.00 033 008 004 522 943 101.02 4497 157 5345 0.07 0.21
S25GL31MI 6683 1892 0.16 0.00 038 0.11 0.02 5.07 932 10082 4443 184 5373 004 0.29
S25GL31R 6698 1876 0.17 0.01 031 007 0.00 498 965 10093 4330 149 5521 0.00 0.18
$26GL321 67.11 1867 0.19 000 033 0.09 002 5.13 929 100.83 4490 160 53.50 0.04 0.24
S26GL32I12 66.92 1880 018 000 036 007 000 5.19 9.09 10062 4565 175 52.60 0.00 0.18
S26GL32R 67.03 1866 020 000 032 011 000 512 927 10070 4493 155 5352 0.00 0.29
S26GL32R2 66.78 1878 020 000 042 009 0.00 5.18 9.14 10059 4534 203 5263 000 0.24
S27GL3312 66.77 1869 016 001 041 004 003 5.02 890 100.04 4522 204 5274 0.05 0.11
S27GL33R 66.77 1851 018 001 038 0.09 0.03 506 9.02 100.06 45.16 1.87 5297 0.05 0.24
S28GL21 67.06 1887 017 001 039 002 005 5.17 875 10050 4640 193 51.67 0.09 0.05
S28GL2R 6690 1882 019 001 033 008 008 542 877 100.60 4766 160 5074 0.14 0.21

S29MPIPUI3E  66.60 1885 020 001 044 004 000 552 894 10060 4740 209 5051 0.00 0.10
S29MPIPUI3I 6647 1886 021 001 041 004 001 538 9.12 10051 4635 195 51.70 0.02 0.10
S29MPIPU13I12 6638 1927 0.18 002 089 000 0.02 6.18 732 10026 53.80 428 4192 0.04 0.00

S30GL371 6668 1900 0.18 001 037 005 000 5.03 944 10077 4395 179 5427 0.00 0.13
S30GL37R 67.01 1884 0.18 001 035 007 002 5.00 940 100.87 4394 170 5436 004 0.18
S31PU14C 66.55 1880 020 001 036 007 000 494 9.69 100.63 4290 173 5537 0.00 0.18
S31PU14R 66.67 1880 0.16 0.01 039 003 000 500 967 10072 43119 186 5495 0.00 0.08

S$32PU14C 66.14 1886 0.19 001 046 002 000 546 897 10011 4700 219 5081 0.00 0.05
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Appendix 1. Sanidine compositions—Continued.

Oxide wt pct or

feldspar mol pet Si0; A0, Fe03 MgO  CaO 8rO Ba0 Na,0 K0  Total Ab An Or  Celsian Sr-Feldspar

Peach Springs Tuff—Ignimbrite (Tpsig)—Continued

PST101m2—Continued

S32PU14C2 6634 1897 018 001 048 005 003 538 899 10042 4654 229 51.17 0.05 0.13
S3E 66.59 1877 021 000 045 007 000 5.39 9.02 100.50 4657 215 5128 0.00 0.18
S3I 6695 1884 021 000 038 0.11 000 530 9.19 10099 4586 182 5232 0.00 0.28
S4E 6689 1889 020 000 042 006 008 5.15 859 10028 4667 2.10 5122 0.15 0.16
S41 6661 1896 0.17 000 044 002 008 5.10 8.55 9994 4650 222 51.29 015 0.05
S51 6739 1879 0.18 000 034 005 003 529 860 10069 4750 1.69 50.81 0.05 0.13
ss512 6676 1883 023 000 043 004 004 544 850 10036 4827 211 49.62 0.07 0.11
S5MR 67.51 1869 0.17 000 036 0.03 005 526 889 10096 46.52 176 51.72 0.09 0.08
S5R 6691 1876 020 000 037 006 0.07 5.06 883 10027 4569 185 5246 0.13 0.16
S6E 66.76 1872 0.19 0.02 043 007 005 520 8.83 100.27 46.23 211 51.65 0.09 0.19
S6l 6743 1897 0.16 0.00 041 006 008 5.08 886 101.04 4562 203 5235 0.15 0.16
S7GL6I 6739 1872 0.17 001 041 006 0.04 5.16 881 100.76 46.14 203 51.83 0.07 0.16
S7GL6I2 67.50 1872 0.16 001 037 005 0.02 521 885 10089 4636 1.82 51.82 0.04 0.13
S7GL6MR 6674 1880 0.18 000 039 007 001 5.04 898 10021 4515 193 5292 0.02 0.19
S7GL6R 6744 1878 0.17 000 036 004 003 503 924 101.09 4448 176 53.76 0.05 0.11
S7GL6R2 6628 1871 0.18 000 042 006 008 525 8.90 9988 4631 205 5165 0.14 0.16
S9C 6672 1904 0.19 002 043 006 005 537 893 10081 46.76 2.07 51.17 0.09 0.16
SOMC 6671 1903 021 000 044 008 0.08 532 890 10079 46.59 213 5128 0.14 0.21
SOMC2 66.69 1875 020 000 040 009 0.03 547 9.12 10076 46.79 1.89 5132 0.05 0.23
SOMR 6697 1890 0.18 0.00 040 005 006 512 890 10058 4573 197 5230 0.11 0.13
S9MR2 6681 1896 0.15 002 043 003 0.00 5.07 936 100.82 4422 207 5371 0.00 0.08
S9MR3 66.19 1883 0.18 000 041 006 003 509 9.27 100,06 4459 198 5343 0.05 0.16
S9R 67.04 1902 0.18 001 043 004 009 5.18 9.00 10098 4568 2.10 5222 0.16 0.11
PST101m10

S10GL712 6632 1868 0.13 002 035 003 003 515 9.25 9995 4506 1.69 5325 0.05 0.08
S10GL7M1 6539 1866 0.16 0.02 043 0.01 005 5.04 9.14 98.88 4464 210 5326 0.09 0.03

S10GL7MR 67.14 1876 0.19 002 034 003 0.09 4385 9.59 101.02 4274 166 55.60 0.16 0.08
S10GL7MR2 66.04 1823 0.17 002 035 006 004 4385 9.53 9930 4287 171 5542 0.07 0.16
S10GL7MR3 6647 1862 0.14 003 043 001 006 487 944 10007 43.03 210 5487 011 0.03
S10GL7MR4 66.87 1864 0.15 002 034 007 004 500 941 100.54 4394 165 5441 0.07 0.18

S10GL7R 66.54 1856 0.16 001 036 001 005 545 8.75 99.88 4778 1.74 5047 0.09 0.03
S10GL7R2 6647 1855 015 002 035 005 005 5.12 9.25 10002 4492 170 5339 0.09 0.13
S10GL7R3 66.03 1842 014 003 036 004 008 5.18 9.01 99.28 4581 176 5243 0.14 0.11
S11GLII - 66.09 1901 014 000 037 0.11 0.03 5.09 935 10019 4447 179 5374 005 0.29
S11GLSR 6633 1903 016 000 041 011 007 524 9.14 10049 4564 197 5238 0.12 0.29
S12GL10I 66.34 1889 0.19 000 036 004 0.00 506 946 10034 4407 173 5420 0.00 0.10

S12GL10MR 66.51 19.00 0.14 000 034 003 000 493 944 10040 4352 166 5482 0.00 0.08
S12GL10MR2 65.57 1900 013 001 037 000 001 501 9.36 9945 4405 180 5415 0.02 0.00
S12GL10MR4 66.75 1883 0.18 000 035 003 008 498 930 10050 44.10 171 5419 0.14 0.08
S12GL10R 6598 1903 018 000 035 001 000 5.66 8.54 99.75 4934 169 4898 0.00 0.03
S12GL10R2 6647 1909 014 001 036 002 000 49 935 10043 4400 175 5424 000 0.05
S12GL10R3 6662 1892 013 000 038 002 000 513 9.08 10027 4534 186 52.80 0.00 0.05
S12GL10R4 66.21 1904 0.18 000 038 0.11 004 5.13 924 10033 4492 184 5324 0.07 0.29
S12GL10MR3 66.59 1854 014 001 036 001 006 4.66 9.56 99.92 4180 178 5642 0.11 0.03

S18E 6630 1851 015 001 033 004 001 513 9.13 9962 4532 161 53.07 0.02 0.11
SI19E 6552 1866 0.16 003 037 005 003 495 9.26 99.02 4401 1.82 5417 0.05 0.13
SI1GLIC 6566 1915 017 000 041 004 000 536 9.04 99.82 4647 196 5157 0.00 0.10
SIGLIMC 66.15 1908 018 000 040 004 001 501 938 10025 4394 194 5412 0.02 0.10
S1GLIMC2 6623 1898 0.13 000 036 003 000 503 9.24 100.01 4448 176 53.76 0.00 0.08
SIGLIMR 6701 1893 0.16 000 038 004 000 503 949 101.04 4380 183 5437 0.00 0.10

S1GLIMR2 66.50 1884 0.16 001 039 002 0.00 499 936 10028 4391 190 54.19 0.00 0.05
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Appendix 1. Sanidine compositions—Continued.

Oxide wt pct or

feldspar mol pet Si0;  A0; Fe03 MgO CaO  SfO  BaO Na0 K0  Toul Ab An Or  Celsian Sr-Feldspar
PST101m10—Continued

SIGLIR 67.02 1921 016 000 036 0.03 005 S.13 891 10086 4584 178 5238 0.09 0.08
S10GL71 66.11 1850 0.18 0.02 038 006 006 5.09 9.33 99.72 4450 1.84 5367 0.11 0.16
S$20GL23C 6685 1887 016 000 040 000 006 5.13 929 10075 4475 193 5332 011 0.00
S20GL23R 6681 1875 017 000 037 000 008 5.29 8.81 10029 4685 181 5134 0.14 0.00
S2IMPIE 66.55 1853 020 000 040 0.04 0.10 533 9.14 10031 46.09 191 5200 0.17 0.10
S21MP11 6564 1858 0.15 001 044 0.08 0.11 497 9.18 99.17 44.17 216 5367 0.20 0.21
S21IMPIME 6586 1852 0.19 001 038 005 0.04 5.07 9.23 9935 4466 1.85 5349 0.07 0.13
S2IMPIME2 6649 1866 0.16 001 038 0.07 0.04 517 9.13 100.12 4540 184 5275 007 0.18
S2IMPIMI 6591 1870 0.15 001 038 0.06 0.14 492 9.21 9948 4397 188 5415 025 0.16
S22GL25C 6639 1897 019 000 040 010 004 496 925 10030 4402 196 5402 007 0.27

S22GL25MC 6630 19.00 017 000 042 009 004 507 9.34 10042 4429 203 5368 0.07 0.24
S22GL25MC2 66.10 1884 016 000 038 012 005 5.13 947 10024 4434 181 53.85 0.09 0.31
S22GL25MR 66.82 19.18 017 000 037 013 000 494 923 10083 44.04 182 5414 0.00 0.35
S22GL25MR2 66.13 19.06 0.6 000 039 0.11 007 521 928 10041 45.18 187 5295 0.12 0.29
S$22GL25MR3 6597 1890 015 000 042 009 009 503 940 100.05 4394 203 5403 0.16 0.24
S22GL25MR4 66.53 1892 017 000 037 010 003 497 947 10054 4358 1.79 5463 0.05 0.26
S22GL25MRS5 6654 19.11 016 000 043 010 006 5.8 924 10082 4506 207 5288 0.1 0.26

S$22GL25R 66.61 19.11 014 000 036 007 006 5.13 950 10098 4430 172 5398 0.10 0.18
S22GL25R2 66.70 1907 0.17 000 036 0.11 0.04 4.87 9.51 100.84 4300 176 5524 0.07 0.29
S23PU6I 6639 1881 0.5 000 034 003 0.05 523 8.81 99.80 46.64 1.68 51.69 0.09 0.08
S23PU6MR 6722 19.02 020 000 034 007 003 5.3 899 101.00 4567 167 52.66 0.05 0.19
S23PU6R 66.58 1897 0.15 000 030 007 002 509 929 10048 44.77 146 53.77 0.04 0.18
S30MR 6647 1835 016 002 035 006 008 529 9.04 9982 4628 169 5203 0.4 0.16
S30R 6573 1856 0.6 000 037 000 0.02 556 8.78 99.18 48.18 177 5005 0.04 0.00
S33PUTI 6662 1897 0.18 000 036 008 007 520 925 10072 4528 173 5299 0.12 0.21
S33PU7R 6732 1880 016 001 037 006 008 504 9.08 10092 4493 182 5325 0.4 0.16
S34R 66.62 1883 0.19 000 036 007 009 493 945 10055 4345 175 5480 0.16 0.18
S40PU4R 6743 1951 018 000 049 007 007 755 485 100.16 6856 246 2898 0.3 0.19
S40PU4R2 6745 19.06 019 000 053 005 004 839 420 9990 7330 256 2414 0.7 0.13
S6E 6575 1874 0.18 001 044 004 001 527 8.75 99.20 4676 2.16 51.08 0.02 0.11
S8GL281 67.17 1877 018 000 035 005 0.03 4388 940 10084 4335 172 5494 0.05 0.13
S8GL28MI 6698 1886 0.16 001 033 002 006 474 946 10061 4252 164 5584 0.1l 0.05
S8GL28MR 6643 1878 0.15 000 034 003 006 5.10 935 10023 4458 164 5378 0.11 0.08
S8GL28R 67.17 1888 0.15 000 031 005 003 522 9.05 100.87 4601 151 5248 005 0.13
S9GL29E 66.96 1881 016 000 034 002 008 5.12 9.15 10064 4520 166 53.14 0.14 0.05
S9GL291I 66.65 1883 019 000 036 005 006 503 934 10052 4422 175 54.03 0.11 0.13
S9GL29MI 66.74 1876 0.19 001 034 011 0.08 5.17 931 10072 4502 164 5334 0.14 0.29
SO9GL29MR 6632 1859 020 000 038 004 002 498 9.30 99.83 4404 186 5411 0.04 0.11
S9GL29R 6685 1877 0.4 001 035 0.01 0.10 548 8.26 99.97 4933 174 4892 018 0.03
S9GL29R2 66.07 1840 0.18 002 036 003 0.03 581 8.43 9932 5028 1.72 48.00 0.05 0.08
PST101mé64

S10MSIC 67.03 1917 012 000 041 006 0.02 464 8.87 10033 4335 212 5453 0.04 0.17
S10MS1C2 6795 1914 011 000 037 0.07 001 464 923 101.52 4250 1.87 5563 0.02 0.19
S10MSIR 67.12 1887 0.14 000 035 008 0.03 4.73 9.14 10046 4325 1.77 5498 0.06 0.22
Sic 67.15 1878 011 000 035 010 003 466 935 10053 4234 176 5590 0.06 0.27
S2C 6720 1868 012 000 036 010 0.14 452 928 10040 4176 184 5641 0.26 0.28
S3C 6684 1870 020 000 040 007 006 526 920 10075 4560 192 5248 0.11 0.18
S3R 6722 1893 019 000 038 007 006 545 879 101.08 47.63 184 5054 0.1 0.18
S4C 6738 1853 020 000 038 008 007 5.15 954 10133 4426 180 5394 0.12 0.21
S4R 67.15 1875 017 000 039 006 013 514 927 101.07 4487 1.88 5325 023 0.16
S5R 6693 1881 021 000 043 004 006 540 9.19 101.08 4622 203 5175 0.10 0.10

S6R 67.13 1911 020 000 040 008 000 545 9.05 10142 46.88 190 5122 0.00 0.21



FELDSPAR GEOCHEMISTRY OF FOUR MIOCENE IGNIMBRITES IN CALIF. AND ARIZ. 77

Appendix 1. Sanidine compositions—Continued.

Oxide wt pct or

feldspar mol pet Si0; A0 Fey03 MgO  CaO SrO BaO Na,0 K0 Total Ab An Or  Celsian Sr-Feldspar
PST101m64—Continued

S7C 6692 1939 0.8 000 041 0.08 0.04 536 889 101.27 46.87 198 5115 0.07 0.21
S7R 6770 1890 018 0.00 038 006 0.08 5.29 9.29 10188 4556 1.81 5264 0.14 0.15
S8R 66.74 1874 020 0.00 042 005 005 531 921 10073 4577 200 5223 009 0.13
S9C 66.89 1874 021 000 042 007 000 552 8.69 10054 4813 202 4985 0.00 0.18
S9R 6744 1906 016 001 042 0.07 0.10 548 899 101.73 47.13 200 50.87 0.7 0.18

Cook Canyon tuff—Basal fallout deposits (Tccb)

PST008m2

SIMP1PU4I 6390 1965 026 000 065 026 202 423 935 10032 3938 334 5727 3.80 0.72
S1IMP1PU4I2 6497 1996 024 000 069 024 197 429 948 101.84 3933 350 57.18 3.65 0.66
SIMPIPU4AMI 6463 1971 026 000 071 025 204 429 9.27 10117 39.79 364 5657 3.82 0.69
SIMP1PU4R 6436 1973 024 000 066 024 205 4.22 938 100.88 39.23 339 5738 3.85 0.67
SIMP1PU4R2 6452 1984 029 000 071 023 191 424 935 101.08 3932 3.64 57.04 3.58 0.64
S2MP2PU41 6392 1992 030 000 081 028 243 440 898 101.03 4091 416 5493 457 0.78
S2MP2PU4I 6458 1980 025 000 075 027 240 430 9.11 10146 40.16 387 5597 4353 0.75
S2MP2PU4MI  64.00 1974 032 000 062 034 228 441 934 101.05 4047 314 5639 4.23 0.93
S2MP2PU4R 6491 1942 025 000 049 022 1.34 427 9.80 10070 38.86 246 58.68 246 0.60

Cook Canyon tuff—Ignimbrite? (ig?)

PST102m2 (CCT?)
SIGLIR 6428 1970 024 000 064 0.24 201 421 936 100.68 3924 339 5737 3.80 0.67
Tuff unit A of Fort Rock Creek rhyodacite unit

PST005

S10PU24C 6471 1938 0.11 000 027 023 098 3.18 11.75 100.60 28.75 135 69.90 1.79 0.62
S10PU24R 6337 1930 0.12 000 020 029 199 315 1147 99.89 29.15 1.02 6983 3.72 0.80
S12GL19I 6394 1958 0.13 000 015 035 251 310 1126 101.001 2927 0.78 6995 4.79 0.99
S12GL19R 6461 1928 011 0.00 0.18 0.36 1.64 304 1165 100.87 2814 092 7094 3.07 1.00
$13C 6338 1945 010 000 028 0.26 163 322 11.62 9993 2922 140 6938 299 0.71
S13R 6353 1922 010 000 022 030 1.89 320 11.53 9999 2934 111 6955 3.50 0.82
S1GL3E 63.00 1929 0.11 000 0.19 030 191  3.07 11.76 99.62 28.13 096 7090 3.54 0.82
S1GL3I 63.80 1939 010 001 022 0.26 128 321 11.77 100.06 2898 1.10 69.92 234 0.70
S2GLSC 6397 1942 011 001 026 0.28 166 320 1161 100.54 29.14 131 6955 3.05 0.76
S2GL5SR 6441 1898 0.13 0.00 0.16 020 031 330 1219 99.69 2893 077 7030 0.55 0.52
S31 63.77 1921 0.10 0.00 020 031 192 3.03 1149 10002 2832 1.03 7065 3.63 0.87
S4GL15I 6594 1873 009 0.00 0.13 014 031 324 1226 10086 2848 063 7089 0.55 0.37
S4GL15R 6481 1899 008 000 020 021 075 323 1222 10050 28.38 097 7065 133 0.55
SSE 64.16 19.15 0.15 000 029 030 152 344 11.15 100.17 3146 147 67.08 2381 0.82
S51 6440 19.18 0.10 0.00 021 0.28 1.14 328 1190 10048 29.22 103 69.75 205 0.75
S6GL161 6345 1934 011 000 022 032 202 300 1142 99.89 2821 1.14 7065 3.84 0.90
S6GL16R 6421 1939 0.12 0.00 021 0.29 183 322 1156 100.83 2943 106 69.51 3.38 0.79
S7GL17E 65.00 1914 012 000 022 024 089 3.18 11.77 10057 2879 110 7011 1.63 0.65
S7GL171 6339 1960 012 000 026 027 253 313 1129 10059 29.25 134 6941 478 0.75
S8GL18E 65.14 1926 011 0.00 020 028 078 335 1190 101.02 2967 098 6935 140 0.74
S8GL18I 6483 1898 0.14 000 024 0.27 090 3.18 11.84 100.38 2864 1.19 7016 1.64 0.73
S9PU231 63.81 1950 0.12 0.00 026 0.31 159 328 1159 10046 29.69 130 69.01 291 0.84

Fallout tuff deposits (ft,)

PST025

S1GL4R 6350 1919 0.1 000 023 031 1.87 319 1151 9991 2934 112 6954 348 0.82

S2GLSR 6476 1892 009 00! 021 021 074 322 1220 10036 2840 098 70.62 1.32 0.55
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Appendix 1. Sanidine compositions—Continued.

Oxide wt pct or

feldspar mol pet Si0 A0, Fe03 Mg0 CaO SO  Ba0 Na0 K,0  Toal Ab An Or  Celsian Sr-Feldspar
Wild Horse Mesa Tuff (Twhm)

Lower member

S(LM)L 6647 19.06 0.17 nd 0.30 nd nd 7.19 6.44 99.63 6196 143 36.61 nd nd

S(LM)m 6686 19.15 0.14 nd 030 nd nd 6.83 697 10025 5891 143 3966 nd nd

Middle member

S(MM)1 66.79 19.06 0.18 nd 0.22 nd nd 6.98 6.74 10007 6045 1.05 3850 nd nd

S(MM)m 66.52 19.03 020 nd 0.27 nd nd 6.63 7.27 9992 5738 129 4133 nd nd

S(MM)u 66.50 19.14 0.17 nd 0.25 nd nd 6.61 743 10001 5703 1.19 4177 nd nd

Upper member

S(UM) 67.09 19.08 040 nd 026 nd nd 737 6.32 10052 63.09 123 3568 nd nd

S(UM)I 66.61 19.19 036 nd 0.26 nd nd 729 634 100.14 6276 124 3600 nd nd

S(UM)u 67.34 18.65 0.32 nd 0.18 nd nd 6.65 6.43 99.57 6051 090 3859 nd nd

S(UM)t 65.71 20.10 030 nd 1.09 nd nd 6.27 7.52 101.01 5299 5.10 4192 nd nd
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Oxide wt pct or

feldspar mol pot Si0;  AlO3 FeyO3 MgO CaO  SrO BaO Na,O0 K;0 Total Ab An Or Celsian  Sr-Feldspar
Peach Springs Tuff—Layer 1 (Tpsl,)

PST045cm5

P11GL131 6439 2181 023 001 354 004 005 892 151 10050 7515 1648 837  0.09 0.10
P11GL13R 6526 2167 022 000 310 002 0.03 879 183 10093 7508 1463 1028 0.05 0.05
PI12CCIGLS2E  63.89 21.74 028 0.00 339 000 000 861 142 9933 7541 1641 818 000 0.00
PI2CCIGLS2E2 6438 2195 028 000 341 000 000 886 150 10038 7552 16.06 841 0.00 0.00
P12CC1GL521 6460 2206 029 000 38 000 0.00 870 138 10083 7431 1794 776 0.00 0.00
P13GL171 6523 2176 026 000 333 000 000 88 153 10098 7568 1572 860 0.00 0.00
P13GL17MI 6494 2161 027 000 313 003 0.00 893 168 10059 7590 1470 940 0.00 0.08
P13GL17R 6562 2107 027 000 270 000 000 874 185 10024 7634 13.03 1063 0.00 0.00
P14E 60.02 2466 0.51 000 746 023 0.3 630 168 10099 5465 3576 959 0.23 0.60
P141 59.67 2474 064 001 723 025 015 641 143 10053 5649 3521 829 0.27 0.66
P15GL211 63.58 2256 030 0.00 438 000 000 876 128 10086 7286 20.13 7.00 0.00 0.00
P15GL21IR 65.10 2151 025 000 312 000 000 88 1.69 10053 7575 1474 951 0.00 0.00
P16GL231 6496 2204 027 000 338 000 000 869 144 10079 7553 1623 823 0.00 0.00
P16GL2312 64.57 2153 026 000 329 0.04 0.0l 871 149 9990 7568 15.80 852 0.02 0.10
P16GL23I3 6527 2186 024 003 334 0.06 004 877 143 101.04 7589 1597 814 007 0.16
P16GL23R 6593 2122 026 000 252 000 000 894 191 10078 77.14 12.02 10.84 0.00 0.00
P17PU12E 6136 2391 052 001 673 0.1 003 726 091 10085 6271 3212 517 005 0.28
P17PU121 61.64 2298 045 011 561 011 013 686 156 9945 6244 2822 934 024 0.30
P19C 5609 2695 062 006 972 013 010 544 099 10010 4746 46.86 568 0.18 0.34
P19R 5778 2567 064 007 822 020 009 597 147 10011 5201 3957 843 0.6 0.52
P1E 6348 2190 030 000 376 000 000 858 125 9927 7474 1810 7.16 0.00 0.00
P11 64.06 2203 031 000 383 001 001 866 129 10019 7449 1821 730 0.02 0.03
P20GL341 6559 2128 025 000 272 000 003 867 200 10054 7546 13.08 1145 0.05 0.00
P20GL34R 6535 21.06 025 000 300 001 000 875 190 10032 7506 1422 1072 0.00 0.03
P21PU14E 64.51 2146 024 000 3.07 0.04 0.1 866 162 9962 7582 1485 933 0.02 0.10
P21PU141 6496 2166 029 000 332 001 001 887 169 10081 7506 1553 941 0.02 0.03
P22CC2PUISC 5892 2447 065 002 675 065 031 658 142 99.78 5852 33.17 831 0.56 1.73
P22CC2PUISR  59.06 24.13 0.61 002 638 056 027 656 166 9925 5869 31.54 977 049 1.50
P23CC2PUISR 6238 2237 045 000 403 039 074 746 253 10036 6572 19.62 14.66 1.32 1.03
P26PU19C 5794 2537 047 003 795 033 029 616 137 9990 5378 3835 787 0.51 0.86
P26PUI19IMC 58.06 2534 047 002 794 036 028 610 136 9994 5359 3855 786 050 0.95
P26PUI9IMC2 5759 2661 054 002 868 032 021 573 113 10083 50.84 4256 6.60 0.38 0.85
P26PU19MC3 5810 2584 053 0.03 859 030 020 604 127 10089 5197 4084 719 035 0.77
P26PUISMC4 5778 2562 047 002 825 026 025 610 116 9991 5340 3991 668 044 0.68
P26PU19MR 5888 2469 048 001 693 025 025 631 178 9958 5579 33.86 1035 045 0.66
P26PU19MR?2 59.24 2491 042 001 7.19 026 031 627 158 100.18 5557 3521 921 0.56 0.69
P26PUI9R 58.60 2526 040 002 732 024 038 634 155 10013 5559 3547 894 0.67 0.63
P26PU19R2 6454 2035 033 000 230 016 054 630 519 9970 5735 1157 31.08 099 0.44
P26PU19R3 64.17 2031 032 000 201 014 065 650 554 9964 57.75 9.87 3238 1.17 0.37
P26PU19R4 5859 2477 046 003 702 032 026 631 158 9935 56.19 3455 926 047 0.85
P27PU 141 65.02 2147 028 000 316 0.02 000 893 169 10056 7575 1481 943 0.00 0.05
P27PU14MR 65.18 21.16 022 000 276 000 000 892 182 10006 76.62 13.10 1028 0.00 0.00
P27PU14R 6536 2120 024 000 29 001 000 895 190 10056 75.83 13.58 1059 0.00 0.03
P29GL301 6472 2187 026 000 354 000 000 902 144 10086 75.65 1641 795 0.00 0.00
P29GL30R 6550 21.10 025 000 303 0.00 000 861 172 10021 7542 1467 991 0.00 0.00
P30CCIGLS2E 6481 21.75 029 000 357 000 0.00 873 148 10064 7477 1690 834 0.00 0.00
P30CC1GL521 65.02 2178 028 000 321 0.00 000 882 154 10065 7599 1528 873 0.00 0.00
P32GLSE 6547 2170 049 000 338 000 000 842 177 10123 7352 1631 10.17 0.00 0.00
P34PUIR 6487 2159 024 000 332 002 000 867 158 10029 75.10 1589 9.00 0.00 0.05
P4E 64.19 2138 026 000 314 004 006 853 174 9935 7476 1521 1003 0.11 0.10
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Appendix 2. Plagioclase compositions—Continued.

Oxide wt pct or

feldspar mol pet 8i0, Al)O3 FepO03 MgO CaO SO Ba0  Na0 K0 Total Ab An Or Celsian  Sr-Feldspar
Peach Springs Tuff—Layer 1 (Tpsl,;)—Continued
PST045cm5—Continued
P41 6128 2362 033 000 522 018 022 820 08 9990 7038 2476 486 038 0.46
PSE 6459 2129 030 000 294 004 000 891 174 9981 7629 1391 980 0.00 0.10
P51 6450 2179 023 000 363 005 002 877 150 10048 7456 1705 839 0.03 0.13
P7E 6234 2336 027 000 534 011 014 834 091 10080 70.15 2482 504 024 0.28
PSE 5989 2455 049 001 708 021 010 690 120 10044 5947 3372 681 017 0.54
P8I 5879 2534 041 000 766 021 0.19 657 117 10035 5677 3658 665 0.33 0.54
PSME 5923 2493 043 002 745 030 014 682 122 10054 5809 3507 6.84 024 0.76
P8MI 5904 2496 039 003 729 030 015 666 124 10005 5789 3502 7.09 026 0.78
PST045cm45
PI13E 62.19 2330 018 000 501 009 0.09 839 103 10027 7088 2339 573 015 0.23
P131 6107 2381 015 000 591 013 012. 756 093 9967 6610 2855 535 021 0.34
P14GL16I 6476 2178 008 000 352 002 000 878 131 10025 7577 1679 744 0.00 0.05
P14GL16R 6474 2147 005 000 294 000 007 876 164 9969 7642 1417 941 0.12 0.00
P15E 6452 2173 012 000 294 000 004 904 165 10003 7693 1383 924 007 0.00
P15I 6494 2162 011 000 312 003 006 891 148 10027 7676 1485 839 0.10 0.08
P16GL20E 6491 2119 009 000 274 000 000 947 176 100.16 7799 1247 954 0.00 0.00
P16GL20I 63.64 2219 012 000 395 001 002 862 123 9978 7423 1880 697 0.3 0.03
P16GL20ME 6488 2137 008 000 29 002 002 900 162 9995 7691 1398 9.11 0.03 0.05
P17GL20E 6454 2158 009 000 29 001 003 875 173 99.70 7593 1419 9.88 0.05 0.03
P17GL201 6259 2275 011 000 433 002 003 830 095 99.09 7334 2114 552 005 0.05
PIPUIE 6436 2162 011 000 325 004 000 900 152 99.89 7630 1523 848 0.00 0.10
PIPUII 6511 2195 007 000 321 002 003 912 154 101.04 7659 1490 851 0.05 0.05
P1PU1I2 6478 218 027 000 331 006 000 900 156 10084 7591 1543 866 0.00 0.15
PIPUIMI 6482 219 010 000 311 001 003 885 153 10035 7646 1485 870 0.05 0.03
P20GL301 6382 21.69 009 000 330 006 006 909 141 9953 7677 1540 7.83 0.10 0.15
P20GL30MR 64.14 2154 007 000 301 000 000 890 162 9928 7653 1430 9.17 0.00 0.00
P20GL30R 6427 2108 009 000 268 001 004 896 187 9899 7677 1269 1054 0.07 0.03
P231 6234 2345 028 001 508 004 002 848 092 10061 7131 2360 509 0.03 0.10
P27GL38I 6383 2199 013 000 341 000 001 895 130 9961 7656 1612 732 0.02 0.00
P27GL38MI 6471 2169 011 000 330 002 001 883 129 9997 7677 1585 738 0.02 0.05
P27GL38MR 6470 2134 012 000 292 002 003 881 169 9964 7637 1399 964 0.05 0.05
P27GL38R 6532 2117 014 000 281 003 007 904 179 10039 7680 13.19 1001 0.12 0.08
P29CC3E 6414 2212 012 000 376 000 006 870 121 10010 7517 1795 6.88 0.10 0.00
P29CC31 6421 2243 010 000 376 003 005 870 128 10056 7487 1788 725 0.09 0.08
P2E 6445 2158 009 000 306 001 001 897 154 9971 7684 1448 868 002 0.03
P2E2 65.13 2143 009 000 287 003 006 914 171 10045 7712 1338 949 0.10 0.08
P32E 6359 2274 015 000 407 000 003 871 109 10038 7460 1926 6.14 0.05 0.00
P321 6406 2212 008 000 360 000 007 912 122 10028 7656 1670 674 0.12 0.00
P4E 6269 2284 014 000 445 005 006 844 107 9974 7274 2119 6.07 0.10 0.13
P4E2 6477 2213 013 000 336 004 007 891 145 1008 7602 1584 814 0.12 0.10
P4l 6278 2282 012 000 437 004 004 863 105 99.84 7354 2058 589 0.07 0.10
PSE 5852 2560 046 000 791 021 019 654 136 10080 5540 37.02 7.58 033 0.53
PsI 5695 2619 045 003 876 027 010 602 110 9988 5197 4179 625 0.17 0.70
P5MI 5827 2599 045 001 852 023 013 605 109 10074 5272 4103 625 0.23 0.60
P7E 6407 2177 011 000 325 001 001 896 148 9966 7639 1531 830 0.02 0.03
P71 6353 2205 009 000 401 001 003 869 111 9953 7468 19.04 628 0.05 0.03
P8CCIE 6442 2199 012 000 341 000 007 897 129 10027 7665 1610 725 0.12 0.00
P8CCI1l 63.13 2276 011 000 428 005 005 875 101 10014 7428 2008 564 0.09 0.13
P9CCIE 6486 2147 009 000 299 003 001 880 171 9994 7601 1427 972 0.02 0.08
P9CCII 6406 2183 011 000 341 001 000 902 146 9990 7602 1588 810 0.00 0.03
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Appendix 2. Plagioclase compositions—Continued.
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Oxide wt pct or

feldspar mol pet Si0;  Al)O3 FeyO3 MgO CaO SO BaO Na,0O K0 Total Ab An Or Celsian  Sr-Feldspar
PST045cm45—Continued
PSCCIME 6475 2138 008 000 281 000 001 884 168 9954 7688 1350 961 0.02 0.00
P9CCIMI 6434 2172 012 000 335 001 0.02 910 142 10006 7656 1558 7.86 0.03 0.03
PSCCIMI2 6472 2164 011 000 314 000 0.02 918 149 10030 77.17 1459 824 0.03 0.00
Peach Springs Tuff—Ignimbrite (Tpsig)
PST101m2
P10E 5526 2730 052 005 979 033 017 555 080 9977 4832 47.10 458 030 0.86
P11GL1C 6199 2323 028 000 497 007 007 826 095 99.84 71.01 2361 537 0.12 0.18
P11GLIMC 6298 2298 026 002 467 004 008 832 1.07 10042 7170 2224 6.07 0.4 0.10
P11GLIMR 63.84 2203 027 001 344 003 004 872 144 9982 7538 1643 819 0.07 0.08
P11GL1R 65.15 21.18 017 000 262 000 004 895 195 10007 7662 1239 1098  0.07 0.00
P12GL2E 6455 2131 019 000 297 000 005 871 179 9957 7555 1424 1022 0.09 0.00
P12GL2I 63.84 2248 021 000 397 002 003 877 121 10052 7458 1866 6.77 0.05 0.05
P12GL2MI 63.74 2222 026 000 387 000 005 858 128 9998 7422 1850 7.28 0.09 0.00
P12GL2MI2 6411 2182 020 000 336 002 002 871 150 9975 7539 1607 854 003 0.05
P12GL2R 6452 2155 018 000 301 000 000 88 176 99.88 7583 1425 992 000 0.00
P14GL8C 6374 2207 024 001 356 003 002 883 133 9982 7565 1685 1750 0.03 0.08
P14GL8R 6582 21.09 017 001 240 002 007 897 208 10063 7690 1137 1173 0.12 0.05
P18CCI1GL291 6224 2304 020 000 492 002 007 823 098 9970 7099 2345 556 0.12 0.05
P18CCIGL29MI 6331 2243 024 001 417 000 0.08 868 115 10006 7393 1963 644 0.14 0.00
PI18CCIGL29MR 65.02 21,59 017 002 3.10 000 0.03 867 168 10027 7547 1491 962 005 0.00
PI18CCIGL29R 6451 2126 025 003 283 000 003 882 18 99.59 7598 1347 1054 0.05 0.00
P19GL27E 6434 2112 020 000 291 001 003 89 170 9926 7667 1376 957 0.05 0.03
P19GL271 5851 2540 026 001 760 012 013 705 057 9966 6065 36.13 323 0.23 0.31
P19GL27MI 60.19 2421 027 001 626 012 0.09 777 074 9965 6632 2953 416 016 031
P19GL27MR 6453 2199 024 002 346 002 007 880 148 10061 7531 1636 833 0.12 0.05
P19GL27MR2 6331 2293 028 003 450 004 005 851 114 10078 7245 2117 639 009 0.10
P20GL34C 6162 2336 027 002 499 010 016 867 097 10017 7186 2285 529 0.27 0.25
P20GL34MC 62.14 2338 028 0.03 49 008 013 829 099 10022 7116 2324 559 0.23 0.21
P20GL34MC2 6262 2291 027 000 440 003 007 858 116 10005 7287 2065 648 0.12 0.08
P20GL34MC3 6298 2247 025 004 430 001 007 858 120 9989 73.05 2023 672 0.12 0.03
P20GL34MR 63.88 2217 026 001 361 002 008 885 146 10035 7497 1690 814 0.14 0.05
P20GL34MR2 6328 2227 026 001 390 002 004 885 130 9992 7462 1817 721 007 0.05
P20GL34R 6475 2131 021 001 294 006 009 869 175 99.81 7579 1417 1004 0.16 0.16
P20GL34R2 61.88 2407 024 001 557 019 023 792 0.81 10091 68.68 26.69 4.62 040 0.49
P21GL39I 59.24 2504 032 002 725 010 009 729 058 9993 6243 3431 327 0.16 0.26
P21GL39MI 59.57 2520 028 000 707 011 011 735 0.64 10033 6294 3346 361 0.19 0.28
P21GL39MI2 6129 2337 031 005 506 001 004 818 092 9923 7063 2414 523 007 0.03
P21GL39MR 6498 2162 020 003 307 000 001 892 157 10039 7657 1456 887 002 0.00
P21GL39R 6490 2149 018 000 295 002 004 864 179 10001 7547 1424 1029 0.07 0.05
P22MPIPUI3E 6647 2000 0.18 000 161 001 000 7.70 494 10090 65.03 751 2745 0.00 0.03
P22MPIPU13E2 65.65 20.89 021 001 230 001 000 851 285 10043 73.01 1090 1609 0.00 0.03
P22MP1PU13I 65.77 2095 022 002 255 0.01 000 889 219 10060 7572 1200 1227 0.00 0.03
P8GLAE 6546 21.11 015 001 270 0.00 003 869 196 10009 7575 13.01 1124 0.05 0.00
P8GLAI 6524 2178 016 004 308 003 004 873 1.67 10077 7571 1476 953 007 0.08
P8GLAMI 6421 2217 023 002 350 000 007 890 144 10054 7554 1642 804 0.12 0.00
P8GLAMI2 64.18 2198 028 001 349 001 002 871 136 10004 7552 1672 776 004 0.03
P8GLA4R 6405 2226 016 000 390 0.00 003 854 133 10027 7381 1863 756 0.05 0.00
P9CCIR 6374 2167 023 002 331 003 007 877 153 9936 7557 1576 867 0.12 0.08
PST101m10
P14PU1I 6391 2194 027 000 355 000 001 892 130 9990 7600 1671 729 002 0.00
P14PUIMI 6412 2177 025 000 337 000 000 879 141 9970 7591 16.08 801 0.00 0.00
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Appendix 2. Plagioclase compositions—Continued.

Oxide wt pct or

feldspar mol pet Si0,  AlO3 Fey03 MgO  CaO  SrO BaO  Na,0 K0 Total Ab An Or Celsian  Sr-Feldspar
PST101m10—Continued

P14PUIMI2 64.15 2178 027 0.00 326 0.00 0.01 8.88 149 99.83 76.15 1545 8.4l 0.02 0.00
P14PUIMR 6442 2172 025 000 282 002 002 868 1.89 99.82 7560 13.57 10.83 0.04 0.05
P14PUIMR2 65.15 2107 023 000 271 0.00 0.04 8.87 198 10005 76.01 1283 1116 0.07 0.00
P14PUIMR3 6537 2130 024 000 283 000 000 872 183 10029 7591 13.61 1048 0.00 0.00
P14PUIR 6479 2097 024 000 252 000 004 904 1.64 99.23 7853 1210 937 0.07 0.00
P16l 6420 2213 028 000 356 000 004 887 139 10048 7548 1674 7.78 0.07 0.00
P16R 65.10 21.70 0.21 000 312 000 002 917 156 10088 7693 1446 8.61 0.03 0.00
P22GL16E 6563 2159 025 000 284 000 000 88 173 10091 7663 1354 9.82 0.00 0.00
P22GL161 64.00 2225 025 000 374 000 004 866 137 10031 7447 1777 1775 0.07 0.00
P25E 65.11 2181 029 000 293 000 000 901 168 10083 7678 13.80 942 0.00 0.00
P251 6499 2190 023 000 328 001 004 894 148 10086 7624 1546 830 0.07 0.03
P26E 5552 2763 056 006 1018 034 0.0 539 070 10048 4697 49.02 4.01 0.18 0.89
P261 5592 2759 056 005 1030 033 007 566 058 101.06 4824 4851 325 0.12 0.84
P29E 64.88 2128 0.23 000 287 000 004 895 188 10013 76.02 1347 10.51 0.07 0.00
P291 6456 2175 029 000 327 003 007 876 157 10028 7552 1558 890 0.12 0.08
P311 6356 2192 025 000 341 000 000 881 129 99.23 7632 1632 1735 0.00 0.00
P31R 6548 2142 025 002 281 003 001 899 157 10058 77.66 1341 892 0.02 0.08
P32E 57.20 2650 047 006 879 028 007 630 055 10021 5469 4217 3.14 0.12 0.73
P321 56.63 2662 041 004 908 033 010 6.08 071 10000 5257 4339 4.04 017 0.85
P33GL22E 65.17 2161 024 001 280 000 000 893 178 10053 76.66 13.28 10.05 0.00 0.00
P33GL22E2 6434 2187 025 0.01 321 000 0.1 916 159 10044 7646 1481 8.73 0.02 0.00
P33GL221 6526 2167 025 001 287 000 000 891 1.86 10084 7603 13.53 1044 0.00 0.00
P33GL2212 6497 2152 023 000 280 000 002 900 179 10033 7676 1320 10.04 0.03 0.00
P34CC3E 6472 2134 026 000 283 000 000 866 1.81 99.63 7587 13.70 1043 0.00 0.00
P34CC3I 62.62 2309 027 001 460 000 005 865 097 10025 73.12 2149 539 009 0.00
P37TMPIE 64.89 2161 0.25 000 29 004 004 887 180 10041 76.09 1375 1016 0.07 0.10
P37MP1I 6467 2155 020 000 29 001 008 917 161 10026 7729 1379 893 0.14 0.03
P41E 56.50 2610 059 019 893 027 014 615 067 99.53 5336 4282 382 025 0.70
P411 5625 2678 052 003 898 018 0.1 580 103 99.69 5070 4338 592 019 0.47
P431 6507 21.72 023 000 292 000 006 914 171 10087 7694 1358 947 0.10 0.00
P43MI 6421 2169 0.21 000 316 001 002 897 158 9985 7630 1485 884 0.03 0.03
P43R 65.15 2161 022 000 264 002 001 897 184 10046 77.07 1253 1040 0.02 0.05
P44PUSC2 63.50 2246 025 000 371 0.03 0.05 873 127 10000 7516 1765 7.19 0.09 0.08
P44PUSMC 6480 2216 0.23 000 324 000 000 910 154 101.06 7645 1504 851 0.00 0.00
P44PUSR 64.85 2151 023 001 266 0.00 000 924 191 10040 7722 1228 1050 0.00 0.00
P44PU5SR 6485 2151 0.23 001 266 000 000 924 191 10040 7722 12.28 1050 0.00 0.00
P50E2 6560 2150 0.25 000 268 003 000 879 182 10067 76.65 1291 10.44 0.00 0.08
P501 6444 2173 022 000 331 0.02 001 889 149 10012 7599 1563 838 0.02 0.05
P50ME2 65.53 21.17 0.21 000 266 004 006 885 191 10044 7645 1270 1086 0.10 0.10
P50MI 65.34- 2177 022 000 298 004 000 870 169 10074 7593 1437 970 0.00 0.10
P5CC2E 63.73 2148 023 000 314 000 004 900 159 99.21 7639 1473 8.88 0.07 0.00
P5CC2I 6451 2170 022 000 318 000 008 893 160 10023 76.06 1497 897 0.14 0.00
P5CC2MI 6490 2149 0.1 000 289 000 003 9.15 176 10043 76.86 1341 9.73 0.05 0.00
P8CC4C 61.17 2356 030 000 518 003 001 8.16 0.83 99.23 7054 2474 472 0.02 0.08
P8CC4MC 6299 2333 028 000 482 003 006 856 099 10106 7208 2243 549 0.10 0.08
P8CC4MC2 6198 2372 032 000 534 004 010 827 082 10058 7032 2509 459 0.17 0.10
P8CC4AMR 6503 2169 023 000 301 0.01 001 895 168 10060 7637 1419 943 0.02 0.03
P8CC4MR2 6334 2299 026 000 448 000 005 859 101 10073 7323 21.11 5.66 0.09 0.00
P8CC4R 6504 2159 023 000 280 002 000 922 166 10055 7774 13.05 921 0.00 0.05
PST101m64

P11CC2C 6275 2362 027 000 545 000 000 831 082 10122 70.06 2539 455 0.00 0.00
P11CC2R 66.17 2139 024 000 263 000 000 932 156 10131 7898 1232 870 0.00 0.00
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Appendix 2. Plagioclase compositions—Continued.

Oxide wt pct or

feldspar mol pet Si0;  AlO3 FeO3 MgO CaO SO BaO Nay0O K0 Total Ab An Or Celsian  Sr-Feldspar
PST101m64—Continued

P12CCIC 6154 2422 029 000 595 0.0 0.16 707  0.65 99.98 6555 3048 3.97 0.30 0.28
P12CC1C2 60.64 2466 0.26 000 655 012 020 6.81 054 99.79 63.14 3356 3.29 0.37 0.33
P12CCIR 66.17 2102 0.17 000 246 0.01 0.09 813 198 10003 7533 12.60 12.07 0.17 0.03
P12CCIR 65.71 21.09 0.16 000 277 003 001 825 1.52 99.51 7653 1420 9.28 0.02 0.08
P12CCIR2 66.63 2126 020 000 301 000 007 817 139 10072 76.02 1548 851 0.13 0.00
P12CCIR2B 6581 2135 020 000 287 001 004 797 157 99.83 7527 1498 9.76 0.08 0.03
P13CCiIC 64.03 2224 021 000 412 001 000 770 1.04 9934 7223 2136 642 0.00 0.03
P13CCIR 65.55 2170 0.20 000 298 0.04 000 790 168 10005 74.16 1546 1038 0.00 0.11
P1C 65.89 21.19 0.18 000 269 005 0.07 793 1.87 99.87 7448 13.96 11.56 0.13 0.14
PiR 6572 2103 0.18 000 279 000 0.04 796  1.65 99.37 75.18 1456 10.25 0.08 0.00
P2C1 6479 21.62 0.19 000 316 0.02 004 791 1.38 99.13 7488 1653 8.59 0.08 0.06
P2C2 65.17 2188 0.22 000 351 003 0.08 825 130 10044 7469 1756 174 0.15 0.08
P2R 6648 2152 0.19 000 271 002 001 835 144 10071 7735 13.87 878 0.02 0.06
P3R 5845 2605 047 000 838 017 0.19 557 083 10013 51.83 43.09 508 036 0.47
P4R 60.50 2478 046 000 7.12 023 0.15 6.25 059 100.11 5911 37.21 3.67 0.29 0.65
P5C 64.64 2287 023 000 425 003 003 782 1.03 10090 7210 21.65 6.25 0.06 0.08
P5R 66.32 2190 022 000 291 005 006 834 149 101.28 7631 1471 8.97 0.11 0.14
P6C 55.12 28.60 0.33 0.00 1056 0.21 0.03 554 039 10080 47.63 5017 221 0.05 0.54
P6R 59.57 2587 0.31 002 804 029 010 6.82 054 101.56 58.70 3824 3.06 0.17 0.75
P7C 6531 2149 025 000 330 0.00 0.02 895 126 10058 77.14 1572 7.4 0.03 0.00
P7R 66.06 2095 0.22 000 241 0.00 0.05 930 1.69 10067 79.19 11.34 947 0.09 0.00

Cook Canyon tuff—Basal fallout deposits (Tccb)

PST008m2

P11PUSC 5696 2641 046 001 889 030 007 6.06 074 9991 52.88 4287 425 0.2 0.78
P11PUSR 5821 2496 049 004 742 033 015 676 099 9934 5872 3562 566 0.26 0.86
P12PUSI 5489 2736 054 003 1019 036 009 530 055 9931 4693 4986 320 0.16 0.95
P12PUSR 58.50 25.10 049 001 741 031 006 664 103 9955 5818 3588 594 0.1l 0.81
P13GLSC 58.14 2609 050 002 840 039 018 626 083 100.79 5468 4055 477 032 1.02
P13GLSMC 5970 2520 043 002 743 041 015 675 103 101.14 5853 3560 588 0.26 1.06
P13GL5MC2 5976 2525 036 001 737 032 014 679 101 10102 5890 3533 576 025 0.83
P13GLSMR 5958 2512 045 002 719 039 014 649 102 10040 5829 3568 6.03 025 1.05
P13GL5MR2 5830 2494 045 003 732 036 014 673 094 9921 59.07 3550 543 0.25 0.94
P13GL5R 59.15 2559 041 002 765 040 010 664 094 10089 57.81 36.81 538 0.18 1.04
P14PU6C 5849 2610 033 000 819 027 006 637 085 10064 5561 3951 488 0.11 0.70
P14PU6MC 5878 2566 040 000 803 031 007 631 083 10039 5587 3929 484 013 0.82
P14PU6MC2 59.02 2524 036 001 750 038 010 675 099 10036 5846 3590 564 0.18 098
P14PU6MC3 5760 2652 040 000 859 038 012 614 073 10048 5402 4176 423 021 1.00
P14PU6MC4 5839 2591 065 001 823 036 007 633 084 10077 5538 3979 483 0.12 094
P14PU6MR 56.64 2594 046 001 821 033 010 631 082 9881 5542 3984 474 0.18 0.87

P14PU6MR2 5801 2554 040 000 803 034 011 653 086 9983 56.62 3847 491 019 0.88
P14PU6MR3 5689 2661 043 003 887 033 012 605 070 10003 53.01 4295 404 021 0.86
P14PU6MR4 5832 2557 038 000 7.8 037 014 641 085 99838 56.66 3839 494 025 0.98

P14PU6R 5603 2656 038 003 885 030 010 612 070 99.08 5335 4263 401 018 0.78
P14PU6R2 5712 2646 039 003 906 031 007 601 066 10010 5249 4372 379 012 0.81
P16GL8C 5729 2664 040 000 894 034 007 608 071 10047 5293 4301 407 012 0.89
P16GL8R 60.18 2482 036 000 666 033 014 701 113 10062 6131 3219 650 025 0.86
P17GLSC 5553 2723 042 003 951 040 009 578 059 9957 50.60 46.00 340 0.16 1.05
P17GLIMC 56.89 2638 046 002 883 039 013 603 070 99.84 53.03 4292 405 023 1.03
P17GLSMC2 5631 2705 042 001 936 039 015 601 063 10034 51.82 4460 357 026 1.01
P17GLSMR 5898 2550 039 002 767 031 012 671 093 10064 5804 3666 529 021 0.80
P17GL9R 5818 2580 049 001 791 034 010 642 086 100.11 56,53 38349 498 0.18 0.90

P18PUYR 5942 2511 038 002 733 037 016 670 097 10045 5883 3557 5.60 028 0.97
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Appendix 2. Plagioclase compositions—Continued.

Oxide wt pct or

feldspar mol pet §i0p  Al03 Fe;03 MgO  CaO  SrO BaD Na0 K0 Total Ab An Or Celsian  Sr-Feldspar
Cook Canyon tuff—Basal fallout deposits (Tccb)
PST008m2—Continued
P19GLI11E 57.38 2641 046 002 907 036 014 601 066 10051 5246 4375 379 025 094
P19GL11I 5602 2749 051 004 998 036 006 534 053 10033 4766 4922 311 01 0.96
P5GLIC 5812 2586 043 001 804 033 0.5 644 083 10022 5635 3887 478 027 0.86
P5GLIR 5947 2435 035 002 692 035 010 669 1.07 99.32  59.64 34.09 6.28 0.18 0.93
P6GL2C 5841 2592 045 001 811 037 016 638 075 10057 5619 3947 435 0.28 0.97
P6GL2MC 5576 2759 042 002 1017 034 006 543 054 10033 4761 4928 312 011 0.89
P6GL2MR 5479 2885 043 0.04 1106 040 009 495 047 101.09 4353 5375 272 016 1.05
P6GL2MR2 56.08 2821 045 0.02 1048 039 010 536 056 101.65 4653 5027 320 0.8 1.01
P6GL2R 58.38 2546 045 000 773 038 009 671 094 100.13 5784 3682 533 016 0.98
P7MP1PU4I 6224 2318 042 000 506 022 018 7.0 199 10030 6307 2516 1178 0.33 0.59
P8MP2PU4E 6259 2262 039 000 400 038 055 679 328 10059 60.85 19.81 1934 1.00 1.02
P8MP2PU4I 6224 2310 038 000 466 031 018 765 191 10043 6663 2243 1094 032 0.81
P9PU4AC 60.63 2403 042 000 589 031 011 726 138 10004 6356 2849 795 0.19 0.81
P9PU4R 61.83 2306 043 000 498 037 041 738 183 10030 6510 2428 1062 0.73 0.98
Cook Canyon tuff—Ignimbrite (ig)
PST025m13
P11PU3C 5703 2659 043 001 839 036 015 640 079 100.14 5538 40.12 450 0.26 0.93
P11PU3R 5921 2516 036 000 707 036 014 679 102 10011 5973 3437 590 025 0.95
P12PU3I 5842 2483 039 002 696 032 015 7.03 117 9929 6036 3303 6.61 026 0.82
P12PU3R 59.08 2474 035 000 665 032 020 697 119 9948 6099 3216 685 035 0.84
P15PUSC 5649 2651 044 001 899 034 015 581 062 9936 5194 4441 365 027 0.91
P15PUSR 5944 2438 037 000 650 031 020 7.04 114 9937 6185 3156 659 0.36 0.81
P16PU7TC 6097 2439 033 000 6.01 03T 026 732 127 10085 6378 2894 728 046 081
P16PUTMC 59.58 2502 035 001 642 034 023 7.06 116 10017 6209 3120 671 041 0.89
P16PUTMC2 6035 2478 037 000 643 033 016 713 123 10078 62.04 3092 7.04 028 0.86
P16PUTMR 5983 2468 038 001 652 029 023 7.08 118 10020 61.78 3144 677 041 0.76
P16PU7R 5924 2515 040 000 7.04 035 016 677 103 10015 5971 3431 598 029 0.92
P17PU7C 58.04 2521 037 000 755 029 0.19 6.62 094 99.22 5802 3656 542 0.34 0.76
P17PUTR 5815 2531 043 000 735 036 014 651 094 99.19 5818 3630 553 025 0.96
P1PUIC 5869 2513 040 000 7.5 029 013 678 095 9952 5970 3479 550 0.23 0.76
PIPUIMR 60.71 24.10 0.37 000 563 028 024 746 140 10019 6491 27.07 802 0.42 0.73
P1PUIR 61.13 2344 039 000 500 027 029 741 169 99.63 6566 2448 985 052 0.72
P2GL3R 5892 2477 044 001 673 032 017 694 111 9941 6093 3265 641 030 0.84
P5GLSE 56.74 2633 042 001 - 882 034 009 592 076 9943 5242 4316 443 016 0.90
P5GLS5I 58.07 2538 038 000 754 035 013 651 097 9932 5754 3682 564 023 0.93
P5GLSME 5746 2584 042 000 798 031 010 649 080 9940 56.80 3859 461 018 0.81
P5GL5MI 5753 2604 036 001 832 030 015 635 - 078 99.83 5541 4012 448 026 0.78
P6CC1GL6E 56.50 26.18 053 000 839 029 012 6.18 074 9894 5467 41.02 431 021 0.77
P7CC1GL6E 5634 2620 042 001 836 033 0.5 637 074 9892 5550 4025 424 026 0.86
P8E 5973 2473 039 000 666 032 0.18 670 118 9990 60.05 3299 696 033 0.86
P8I 5582 2767 049 002 1010 036 018 538 051 10053 47.62 4941 297 032 0.95
PSME 58.18 2579 037 000 790 035 007 644 082 9994 5676 3848 476 0.12 0.92
P8MI 5583 2693 049 001 937 040 013 587 060 9962 5130 4525 345 023 1.05
P9GL7C 60.37 2358 037 000 556 029 025 757 1.56 99.55 64.87 2633 8.80 0.43 0.74
POGL7TR 6035 2388 036 000 574 026 021 748 138 9966 6471 2744 785 037 0.67
PST102m2 (ig?)
PIPUIR 5903 2483 043 001 675 033 0.6 695 113 9962 6092 3266 642 030 0.83
P2GL2R 5642 2624 044 000 838 034 015 639 075 9911 5549 4026 423 026 0.87
P3GL3R 58.17 2530 042 000 740 038 016 6.54 096 99.33 58.12 36.40 5.48 0.27 0.97
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Appendix 2. Plagioclase compositions—Continued.
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Oxide wt pct or

feldspar mol pet Si0, ALO3 FeyO3  MgO CaO SrO BaO Na,O K0 Total Ab An Or Celsian  Sr-Feldspar
PST136m1 (ig?)
PIGLIR 5821 2538 045 001 737 036 015 653 095 9941 5818 3630 553 025 0.96
P2PUIR 6074 2409 034 000 565 028 023 745 138 100.16 6491 27.08 802 042 0.72
P3PU2R 59.78 2464 039 001 650 030 024 7.0 119 100.15 61.80 3140 679 042 0.77
Tuff unit A of Fort Rock Creek rhyodacite unit
PST00S
P13PU14C 56.87 2697 023 000 884 045 000 615 048 9998 54.18 43.04 278 000 1.19
P13PU14R 60.39 25.14 0.21 000 690 040 0.1 7.11 068 100.84 6253 3353 393 0.02 1.05
P14PU16I 6189 2398 0.18 001 514 023 009 846 103 10100 7063 2371 566 0.15 0.57
P14PUI6R 61.54 2400 0.19 000 505 032 011 813 097 10029 7034 2414 552 0.19 0.83
P15GLS8I 62.61 23.07 021 0.00 456 020 0.11 857 1.08 10040 7262 2135 6.02 0.19 051
PI15GL8R 62.17 2359 0.21 000 488 033 015 860 105 10099 7174 2250 576 025 0.82
P16PU18C 61.70 2371 0.1 000 514 038 0.11 805 095 10024 6991 2467 543 0.19 10.99
P16PU18SR 6227 2318 0.18 000 464 028 004 807 1.05 99.73 7126 2264 6.10 0.07 0.74
P17GLI12R 6206 2322 017 000 481 025 003 822 110 9987 7085 2291 624 005 0.64
P18PU21E 6203 2318 0.18 001 461 033 013 861 112 10019 7239 2142 620 022 0.83
P19PU21C 58.15 2674 022 002 844 032 011 622 0.65 100.87 5499 4123 378 0.20 0.85
P19PU21C2 57.13 2626 027 000 756 047 009 694 056 9929 6042 3637 3.21 0.16 1.22
PI9PU2IMC 60.65 2407 020 000 544 034 011 802 0.89 9973 69.07 2589 504 0.19 0.88
P19PU21R 59.76 2491 020 000 636 034 013 782 0.78 10030 66.00 2966 433 0.22 0.86
P20PU21IC 59.58 2506 0.19 000 641 038 016 763 077 10017 6533 3033 434 028 0.97
P20PU21IMC 5990 2454 0.18 001 573 037 010 797 084 99.65 68.18 27.09 473 017 0.95
P20PU21MC2 6230 23.15 020 000 465 022 010 858 1.20 10040 71.86 21.52 6.61 0.17 0.55
P20PU21MR 62.03 2383 0.18 0.00 507 034 0.05 817 1.02 10069 70.17 2406 576 0.09 0.87
P20PU21R 62.13 2346 0.19 0.00 481 036 009 851 1.06 10061 71.72 2240 588 0.15 091
P21C 6427 2248 016 000 367 014 006 913 117 101.08 7654 17.00 645 0.10 0.35
P2IMC 6438 2219 016 000 340 012 004 937 129 10095 7745 1553 17.02 0.07 0.30
P21MC2 6441 2204 017 000 325 010 009 913 142 10061 7698 1514 7.88 0.15 0.25
P2IMR 6325 2311 020 000 429 025 0.07 851 116 100.84 73.09 2036 6.55 0.12 0.64
P21R 6255 2317 020 000 443 028 0.10 863 1.17 10053 7284 2066 650 0.17 0.71
P24PU23E 6237 2337 017 001 469 043 021 827 115 100.67 71.18 2231 6.51 0.37 1.11
P24PU231 6234 2364 023 000 483 025 016 833 1.04 100.82 7130 2285 586 0.28 0.64
P25PU24E 6271 2308 0.17 000 435 020 010 88 124 10070 7335 1990 675 0.17 0.50
P25PU241 61.89 2286 020 000 4.10 038 0.13 856 1.18 9930 73.78 1953 6.69 023 0.98
P25PU24ME 6376 2238 016 000 351 035 013 834 148 10011 7411 17.24  8.65 0.23 0.93
P26PU23E 6270 23.15 0.21 000 449 019 008 848 1.12 10042 7249 2121 630 0.14 0.49
P2PU3E 61.66 2400 017 000 522 025 010 839 092 10071 7062 2428 510 0.17 0.63
P2PU3I 61.84 2367 018 000 468 029 007 843 100 10016 7221 2215 564 0.12 0.74
P3GLA4I 5788 26.15 022 000 777 040 010 7.12 054 100.18 6050 3648 3.02 0.17 1.02
P3GL4R 60.82 2373 0.21 000 497 037 0.16 833 096 9957 71.15 2346 539 028 0.95
P7PUTC 58.64 2623 020 000 759 046 004 7.20 054 10089 61.28 3570 3.02 007 1.17
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P2GL2R 59.68 24.89 0.21 000 636 034 013 781 078 10020 66.00 29.66 433 0.22 0.86
Wild Horse Mesa Tuff (Twhm)
P(LM)m 6593 2068 0.12 nd 172 nd nd 9.84 1.57 99.86 83.20 805 875 nd nd
P(MM)t 5291 2884 0.55 nd 1162 nd nd 471 034 9842 4127 5626 248 nd nd







Introduction to the Area South of I-40 and North of I-10,
Calif. and Ariz.

By Jane E. Nielsonl, Keith A. Howard!, and Allen F. Glazner?

The stratigraphic columns in the area between
Interstate Highways 10 and 40 are from localities in an
east-trending belt from the central part of southeastern
California near Barstow to west-central Arizona. The area
encompasses parts of the southern Basin and Range
physiographic province, including the southeastern Mo-
jave Desert and Colorado River valley in California, and
the Transition Zone to the Colorado Plateau in Arizona
(fig. 1; also see Duebendorfer and others, this volume,
fig. 1). Tertiary rocks in the region are characterized by
marked lithologic heterogeneity and stratigraphic and
structural complexity. Interpretations of the regional Ter-
tiary stratigraphy in parts of the area are in Bassett and
Kupfer (1964), Eberly and Stanley (1978), and Carr
(1991). Field guides to Tertiary rocks in the area include
ones by Frost and Martin (1982), Hazlett (1986), Nielson
and Glazner (1986), Howard and others (1987), and
Dokka and others (1988).

Highly extended terranes of Miocene age underlie the
western and central parts of this area. These terranes are
part of a belt of “core complexes” of the North American
Cordillera, which trend from southern Canada to northern
Mexico (Coney, 1980). The western extensional terrane
has been called the Central Mojave extensional complex
(Dokka, 1986), Mojave Rift (Dokka and others, 1988), or
Mojave extensional belt (Dokka, 1989). The eastern exten-
sional terrane has been called the Colorado River exten-
sional corridor (Howard and John, 1987). Less-extended
areas lie between the two terranes, and to the east of the
Colorado River valley.

Late Cretaceous thrust faulting, metamorphism, and
plutonism in the area were followed by a time of relative
tectonic quiescence during most of the Paleogene, which
lacks a depositional record. Oligocene(?) and lower Mio-
cene nonmarine strata rest nonconformably on Proterozoic
and Mesozoic gneiss and granite and local outcrops of Pa-
leozoic strata. These lowest Tertiary deposits are largely
terrigenous sedimentary and volcanic rocks deposited dur-
ing extensional tectonism. Upper parts of the Tertiary sec-
tions are related to younger strike-slip faulting and

lyus. Geological Survey, Menlo Park, CA 94025
2 University of North Carolina, Chapel Hill, NC 27514

compression, local alluvial deposition, estuarine flooding,
and establishment of the throughgoing Colorado River.

STRUCTURAL SETTING

Principal Tertiary extensional structures of the region
are west- or southwest-tilted fault blocks that are underlain
by mostly east- to northeast-dipping, undulating detach-
ment fault systems (for example, Carr and Dickey, 1980;
Carr and others, 1980; Dickey and others, 1980; Davis and
others, 1980; Howard, Goodge, and John, 1982; Howard,
Stone, and others, 1982; Dokka, 1986; 1989; Howard and
John, 1987; Glazner and others, 1989). The tilt of the fault
blocks is opposite to the largely northeast direction of
upper-plate transport on the detachment faults. Transfer
faults that trend parallel to the direction of extension have
segmented the extended terranes (Dokka, 1986; Hileman
and others, 1990; Nielson and Beratan, 1990; Simpson and
others, 1991). Aggregate fault displacements of about 40
km in the central Mojave Desert and more than 50 km in
the Colorado River valley suggest extension on the order
of 100 percent (Reynolds and Spencer, 1985; Howard and
John, 1987; Glazner and others, 1989; Spencer and Rey-
nolds, 1989a).

The Mojave extensional belt exposes a detachment
fault north of Barstow, Calif, in the Waterman Hills
(Glazner and others, 1989). Tilted faulted blocks above the
projection of this fault can be traced downdip as far east
as the Ship Mountains, Calif. They are cut by younger
northwest-striking strike-slip faults (Dokka, 1986; Dokka
and others, 1988; Glazner and others, 1989). The detailed
stratigraphy of Miocene volcanic and sedimentary rocks in
these ranges is known from the Cady Mountains (Glazner,
1988), Newberry Mountains, and several ranges near Bar-
stow, Calif. (Dibblee, 1968; Burke and others, 1982;
Woodburne and others, 1990). Most tilting and extension
in this terrane occurred between 23 and 18.5 Ma (Dokka,
1986; Glazner, 1988; Hileman and others, 1990; Walker
and others, 1990), before eruption of the Peach Springs
Tuff of Young and Brennan (1974).

The detachment faults of the Colorado River exten-
sional corridor lie between the Old Woman Mountains of
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Figure 1. Locations and mountain ranges of the region covered by chapter 2; broken lines depict approximate boundaries of the extensional terranes. Distribution of the
Bouse Formation shown in topical paper by Buising (this vol.).
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California and the Hualapai Mountains in the Transition
Zone of Arizona. The faults are exposed in the uplifted
cores of several mountain ranges—from north to south-
east, these are: the Sacramento (McClelland, 1982; Spen-
cer and Turner, 1983), Chemehuevi (John, 1987), Whipple
(Davis and others, 1980), and Riverside Mountains in Cal-
ifornia (Carr and Dickey, 1980), and the Rawhide, Buck-
skin, Harcuvar, and Harquahala Mountains of Arizona
(Reynolds and Spencer, 1985; Spencer and Reynolds,
1989a, b; DeWitt and others, 1988; Richard, this volume;
Spencer and Reynolds, this volume). Extension-related
tilting of the Tertiary sections in these ranges occurred be-
tween 20 and 14 Ma (Eberly and Stanley, 1978; Suneson
and Lucchitta, 1983; Davis and others, 1980; Howard,
Stone, and others, 1982; Nielson and Beratan, 1990; Naka-
ta and others, 1990), and rapid cooling from uplift in the
range cores had a similar age span (Davis, 1988; Davis
and Lister, 1988; Foster and others, 1990; Richard and
others, 1990; Bryant and others, 1991).

STRATIGRAPHY

Large lateral variations of Miocene sedimentary and
volcanic sections are observed between and even within
mountain ranges, and tilted sections range in age from Oli-
gocene(?) to middle Miocene, with volcanic rocks locally
predominant (Hazlett, 1990; Howard and others, this vol-
ume). The reconstructed thicknesses of overlying lower and
middle Miocene sections commonly are between 1 and 3
km but may be thicker locally. The bulk of the stratigraphic
sequences consist of locally derived nonmarine epiclastic,
volcanic, and evaporite rocks. The lower Miocene Peach
Springs Tuff is widespread across the entire region and is
found in most of these sections (Glazner and others, 1986;
Gusa and others, 1987; Wells and Hillhouse, 1989). Except
for this marker unit, the sections exhibit large lateral varia-
tions in facies and in the proportion of sedimentary to vol-
canic rocks. These variations reflect deposition in small
basins or subbasins (Suneson and Lucchitta, 1983; Dunn,
1986; Knoll and others, 1986; Hileman and others, 1990;
Nielson and Beratan, 1990; Carr, 1991).

Upper Miocene to Quaternary lacustrine, estuarine, flu-
vial, and alluvial fan deposits are slightly tilted to untilted.
Many of these materials were deposited in closed basins,
but particularly in the Colorado River valley, the younger
rocks record a transition to the throughgoing drainage sys-
tem of the present day (Suneson and Lucchitta, 1983; Buis-
ing and Beratan, this volume; Nielson, this volume).

SEDIMENTARY ROCKS

The lowermost Tertiary deposits commonly are Oli-
gocene or Miocene arkosic conglomerate and grus that

nonconformably overlie deeply weathered pre-Tertiary
metamorphic and plutonic rocks. Lower and middle Mio-
cene strata above the basal arkose consist predominantly
of nonmarine fluvial and alluvial arkosic to tuffaceous
sandstone, siltstone, conglomerate, and lesser lacustrine
carbonate units (Beratan, this volume; Buising and Bera-
tan this volume; Buising, this volume; Fedo, this vol-
ume; Lucchitta and Suneson, this volume; Miller and
Leach, this volume). Landslide or avalanche breccia and
megabreccia deposits are nearly ubiquitous in the sec-
tions (Suneson and Lucchitta, 1983; Dunn, 1986;
Howard and others, 1987; Miller and John, 1988; Sher-
rod, 1988; Fedo, this volume). The younger Bouse For-
mation comprises fine-grained clastic and evaporite rocks
(gypsum, carbonate rocks) ascribed to an estuarine envi-
ronment (Metzger and Loeltz, 1973; Buising, 1990, this
volume).

IGNEOUS ROCKS

Lower and middle Miocene volcanic rocks are pre-
dominantly of intermediate compositions, including basal-
tic andesite, andesite, dacite, and latite. Basalt and
rhyolite also are present locally. Lava and pyroclastic ma-
terials were erupted from central volcanic complexes in
the Mojave extensional belt (Dibblee, 1964; 1966; 1967a,
b; Glazner, 1988; Howard, this volume), and from linear
dikes and small aligned volcanic edifices that are pre-
served as plugs in and near the Colorado River extension-
al corridor (Suneson and Lucchitta, 1983; Lukk, 1982;
Hazlett, 1990; Nielson and Nakata, chap. 2, this volume).
The source of the voluminous Peach Springs Tuff has not
yet been identified, but probably was located near or north
of Needles, Calif. (Hillhouse and Wells, 1991).

Exposures of deeper crustal levels reveal early Mio-
cene dike swarms and local plutons of Oligocene to early
Miocene age in many ranges (Dibblee, 1966; Dibblee
and Bassett, 1966a, b; Davis and others, 1982; John,
1982; Nakata, 1982; Howard and John, 1984; Spencer,
1985; Dokka, 1986; Wright and others, 1986; Howard
and others, 1987; Bryant and Wooden, 1989; Anderson
and Cullers, 1990; Foster and others, 1990; Richard and
others, 1990; Nakata and others, 1990; Howard, this vol-
ume). The dike swarms account for as much as 16 per-
cent by volume or 2 km in thickness in some ranges
(Nakata, 1982).

Late Miocene and younger volcanic rocks are less
abundant than the earlier ones and consist largely of basalt
and locally rhyolite. In the Castaneda Hills, rhyolite flows
and intrusions are dated between 15 and 10 Ma, and basalt
flows are as young as 8 Ma (Suneson and Lucchitta, 1979,
1983). Basalt flows were erupted intermittently in the area
throughout the Neogene and into Holocene time (Miller,
1989).
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RELATIONSHIP OF SEDIMENTARY AND
VOLCANIC ROCKS TO TERTIARY
EXTENSION

The Tertiary sections of the central Mojave and Colo-
rado River extensional corridor comprise unconformity-
bounded sequences of sedimentary and volcanic rocks. At
least two (synextension and postextension) sequences are
identifiable throughout the region (Eberly and Stanley,
1978; Suneson and Lucchitta, 1983; Glazner, 1988; Sher-
rod, 1988; Hileman and others, 1990; Walker and others,
1990). Lower to middle Miocene strata record episodes of
sedimentation and volcanism that probably occurred con-
temporaneously with movement along major detachment
and transfer faults (Nielson and Beratan, 1990; Simpson
and others, 1991). Within the synextensional sequences,
local angular unconformities define two stages of deposi-
tion in the east part of the central Mojave and west part of
the Colorado River extensional terranes (Howard, Stone,
and others, 1982; Hileman and others, 1990; Hazlett,
1990, this volume). Three synextensional Miocene se-
quences are distinguished locally in the central part of the
Colorado River extensional corridor (Nielson and Beratan,
1990; Beratan, this volume; Lucchitta and Suneson, this
volume; Miller and John, this volume).

The lower Miocene sedimentary and volcanic rocks
represent the fillings of depositional basins, many bounded
by high-angle faults, that formed during movement on un-
derlying detachment faults. These basins received coarse
clastic detritus and eruptive rocks (Suneson and Lucchitta,
1983; Knoll and others, 1986; Sherrod, 1988; Nielson and
Beratan, 1990; Knoll, this volume; Lucchitta and Suneson,
this volume; D. Miller, this volume; Yarnold, this volume).
Flows of lava and pyroclastic ejecta dammed and modified
the local depositional systems in some localities (Hazlett,
1990; Nielson and Beratan, 1990). High-level intrusions
engulfed older sedimentary deposits in areas of abundant
volcanism (Nielson and Beratan, 1990).

Abundant clastic sedimentation followed the major
early Miocene volcanism in both the Mojave and Colora-
do River extensional terranes (Suneson and Lucchitta,
1983; Miller and Johin, 1988; Fedo, this volume). Land-
slide breccia, immature locally derived sharpstone con-
glomerate, and lacustrine and playa facies commonly are
present in Tertiary stratigraphic sections of the Colorado
River extensional corridor. Rocks of these depositional en-
vironments suggest a landscape of basins bounded by fault
scarps of substantial local relief.

Many of the lower and middle Miocene sections show
systematic decreases in stratal tilt upsection, suggesting
deposition in active growth-fault basins. Waning and end-
ing of tectonic extension is recorded by younger Miocene
strata that are relatively undeformed and that overlie the
tilted Miocene rocks.
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Cenozoic Stratigraphy of the Lead Mountain and
Valley Mountain Areas, Eastern Bullion Mountains,
Southeastern Calif.

By Keith A. Howard'

INTRODUCTION

Tertiary rocks are rare in the south-central Mojave
Desert. Consequently the Tertiary record is known from
widely separated and fragmentary sections. Early Cenozo-
ic erosion in the region was followed by early Miocene
tectonic extension. Faulting continued into Quaternary
time along northwest-striking right-slip faults and east-
striking left-slip faults (Dibblee, 1967; Dokka, 1986;
Dokka and Travis, 1990). This report describes Cenozoic
stratigraphy in the adjoining Lead Mountain and Valley
Mountain 15-minute quadrangles, an area between Amboy
and Twentynine Palms, Calif. (fig. 1). Mesozoic granitoids
underlie much of the eastern Bullion Mountains, which are
centrally located in this area, and locally derived Quater-
nary alluvium and windblown sand occupy the floors of
intervening valleys. Fragmentary sections of Tertiary
rocks, which crop out at Lead Mountain in the north and
at Valley Mountain in the south, likely represent separate
depocenters.

LOWER MIOCENE ROCKS

The oldest Tertiary rocks known in the area are of ear-
ly Miocene age (col. 2-A, pl. 2). A basanite flow (43 per-
cent Si0y) overlies and intrudes Jurassic granite at Valley
Mountain; the basalt has a K-Ar age of 22.7+0.7 Ma

(whole rock) (J.K. Nakata, written commun., 1986). At"

Lead Mountain, amygdaloidal basalt (which proved un-
dateable) and unstudied clastic sedimentary rocks range
from steeply dipping to overturned and are the lowest Ter-
tiary units exposed; they nonconformably overlie Jurassic
quartz monzonite. Clasts of the basalt occur in locally ex-
posed arkosic sharpstone conglomerate that is intruded by
an irregular dacite stock.

The stock occupies the core of a volcanic complex,
more than 5 km across, of dacite to rhyodacite dikes,

'U.S. Geological Survey, 345 Middlefield Road, Menlo Park, CA
94025

glassy flows, breccia, and tuff, and local dacite-clast con-
glomerate. The complex is several hundred meters thick in
aggregate; it underlies most of Lead Mountain and is in-
terpreted as the remnants of a volcano. The layered rocks
dip from 10° to 60° and are more faulted than the intru-
sive rocks in the complex. The intrusive and layered rocks
contain abundant phenocrysts of plagioclase, less abundant
biotite, and local hornblende or quartz. Two analyzed
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Figure 1. Map showing geographic and geologic features
discussed in text.
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dacite flows and a rhyolite flow contained from 67 to 73
percent SiO,. J.K. Nakata (written commun., 1985) ob-
tained K-Ar ages of 20.8+0.5 Ma from hornblende in one
flow and 20.1+1.0 Ma from biotite in another. The volcan-
ic center may be related to a swarm of lithologically and
chemically similar plagioclase-phyric dikes (68 percent
Si0,) that intrudes pre-Tertiary rocks now in the eastern-
most Bullion Mountains, 10 to 25 km southwest of Lead
Mountain (Miller and others, 1982; Howard and John,
1984).

UPPER TERTIARY AND QUATERNARY DEPOSITS

Three deposits of conglomerate and gravel are as-
signed to the upper Neogene. The most prominent is a se-
quence about 500 -m thick of boulder and cobble
conglomerate and interbedded sandstone on the southeast
flank of Lead Mountain. The conglomerate unit dips from
10° to 30° and rests on an irregular surface eroded on de-
formed dacite of the Lead Mountain volcano. A clast as-
semblage of dacite, quartz monzonite, muscovite granite,
and rarer wollastonite marble suggests a source in the
easternmost Bullion Mountains, 5 to 20 km to the south-
east. Restoration of several kilometers of right slip along
the northwest-trending Ludlow fault zone (Bishop, 1963)
would place the conglomerate and this inferred eastern
source in closer proximity. Such a restoration would also
bring the dacite dike swarm and the Lead Mountain volca-
no closer together.

Clasts from now-isolated sources also characterize the
other two upper Neogene conglomerate units, both of
which are preserved as high-level perched gravel beds on
bedrock hills in the Valley Mountain quadrangle. Gravel
that caps a flat summit in the Pinto Mountains 7 km south-
east of Twentynine Palms rests on Proterozoic gneiss and
consists of angular clasts of the gneiss and also of white
quartzite for which the nearest source is 15 km distant.
The other gravel forms a faulted patch that rests on Juras-
.sic metavolcanic rocks 12 km east of Valley Mountain. It
consists of angular to subrounded boulders of likely Mio-
cene flow-banded rhyolite, spherulitic rhyolite, crystal-rich
dacite, and friable quartz sandstone. The source for the
clasts is unknown.

Deformed Pleistocene sedimentary rocks crop out
along young fault zones in the southern Bullion Moun-
tains and also in the east-trending Twentynine Palms val-
ley between the Bullion and Pinto Mountains. The
deposits in the Bullion Mountains consist of arkosic
sandstone and locally derived gravel. The deposits near
Twentynine Palms were described and subdivided by
Bacheller (1978; see also Moyle, 1961; Bassett and
Kupfer, 1964; Dibblee, 1968). The sedimentary rocks of
Campbell Hill contain a Rancholabrean fauna and are

more than 370 m thick. They consist of sand, bedded
clast-supported gravel, and lacustrine silt, marl, and clay.
Clasts derived from the San Bernardino Mountains indi-
cate eastward transport of sediment along the modern
valley. The Campbell Hill unit interfingers abruptly
southward with fanglomerate, breccia, and arkosic sand-
stone adjacent to the Pinto Mountains, where lenses of
brown and green sandstone are present. Bacheller (1978)
suggested that an ash bed found within a section of green
sandstone low in the sequence correlates with the ~0.7-
Ma Bishop Tuff, based on petrographic and chemical
similarities. He found that clast assemblages of Jurassic
quartz monzonite and Proterozoic gneiss in the fanglom-
erate align with bedrock sources if several kilometers of
Quaternary left slip are restored along the east-trending
Pinto Mountain fault zone.

Basalt cinder cones and flows near Lead Mountain
range from Pliocene(?) to late Quaternary in age. The older
cones, west of Lead Mountain, are dissected by erosion.
An 8-km-long flow of basalt (49 percent SiO,;) derived
from a cone on the south flank of Lead Mountain has a K-
Ar age of 0.36+0.04 Ma (whole rock) (J.K. Nakata, written
commun., 1985). Holocene(?) basalt at Amboy Crater
northeast of Lead Mountain overlies playa deposits of
Bristol dry lake, according to Bassett and Kupfer (1964).
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Cenozoic Deposits in the Lava Hills and Southern Bristol

Mountains, Southeastern Calif.

By David M. Miller!

INTRODUCTION

Cenozoic strata are widespread in the southern Bristol
Mountains and Lava Hills of the east-central Mojave
Desert (fig. 1). Described here are deposits in the Bagdad
and western part of the Cadiz 15-minute quadrangles,
where a sequence of continental sedimentary and volcanic
rocks rests nonconformably on Mesozoic granitoids. Most

U.S. Geological Survey, Mail Stop 975, 345 Middlefield Road,
Menlo Park, CA 94025

Cenozoic deposits lie in or near the Lava Hills, so I will
refer to the study area as the Lava Hills region.

Previous studies of Cenozoic deposits in the Lava
Hills region are few in number. Bassett and Kupfer (1964)
described many rock types from their reconnaissance in
the central Mojave Desert, and Dibblee (1980) provided a
regional synthesis of the Cenozoic deposits in the Mojave
Desert. More detailed studies of Cenozoic rocks nearby
(Marble Mountains—Glazner and Bartley, 1990; northern
Bristol Mountains—Brady, this volume; Cady Moun-
tains—Glazner, 1988; Van Winkle Mountain—Miller and
others, 1985; Bullion Mountains—Howard, this volume)
established an early Miocene age for thick deposits of
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continental sedimentary and volcanic rocks, many of
which lie in complex structural basins. Miller and others
(1982) briefly described the Cenozoic sequences of the
Lava Hills and adjacent mountains, and they suggested
that a distinctive tuff containing conspicuous blue sanidine
in that area correlates with the Peach Springs Tuff of
Young and Brennan (1974), a correlation since proven by
chemical and stratigraphic (Glazner and others, 1986),
mineralogic (Gusa and others, 1987), and paleomagnetic
(Wells and Hillhouse, 1989) studies. Wilshire and Nielson-
Pike (1986) described late Tertiary (upper Pliocene) to
Pleistocene alkali basalts in the southern Lava Hills.

Miocene deposits (col. 2-B, pl. 2) include lacustrine
limestone and siltstone; fluvial sandstone, sedimentary
breccia, and conglomerate; and volcanic lava flows, tuff,
tuff breccia, and ignimbrite. Volcanogenic rocks are more
voluminous than sedimentary rocks and range from older
than 22 Ma to about 18 Ma. Volcanic rocks range from
basaltic andesite to rhyolite in composition. Basaltic ande-
site and dacite are present throughout the section of rocks,
whereas rhyolite is restricted to the upper part of the
section.

STRUCTURAL FRAMEWORK

The Mojave Desert is bounded on the north by the
Garlock fault and on the southwest by the San Andreas
fault (fig. 1). The western Mojave Desert contains north-
west-trending ranges, many of which are bounded by
youthful dextral-slip faults (the Mojave tectonic block of
Fuis, 1981). In contrast, the eastern Mojave Desert con-
tains irregular ranges of generally north trend and only
sparse late Cenozoic faults (Sonoran tectonic block). The
transition zone between these tectonic blocks lies east of
the Lava Hills region but may include the Bristol
Mountains,

Much of the western Mojave Desert underwent crustal
extension in the early Miocene, as shown by tilted lower
Miocene strata and abundant normal faults (Dokka, 1986,
1989; Glazner and others, 1989). Thick deposits of coarse
clastic sediment appear to be spatially and temporally re-
lated to the region of crustal extension, as does volcanism.
Extension apparently ceased prior to eruption of the 18.5-
Ma Peach Springs Tuff, and deformation of the unit
records middle Miocene to Holocene dextral motion on
faults related to the San Andreas fault system (Wells and
Hillhouse, 1989; Dokka and Travis, 1990).

Two main sets of faults cut Cenozoic deposits in the
Lava Hills region (Miller, 1988). Orientations of the fault
sets overlap, making them difficult to distinguish in many
cases, but unambiguous examples of each set exist. The
older set consists of northwest-striking normal faults con-

temporaneous with or slightly postdating deposition of
early Miocene strata. The younger set consists of north-
west-striking dextral slip faults of late Miocene, Pliocene,
and early Pleistocene age.

Normal faults crop out in the Lava Hills and in a few
places in the Bristol Mountains (fig. 1). They are a north-
west- to west-striking, moderately dipping set with consis-
tent down-to-the-north separation. A thick section of
Miocene strata in the Lava Hills dips from 30° to 55°
southwest into these normal faults. In the Bristol Moun-
tains, strata at the top of the Miocene section are generally
flat lying, except near dextral faults, but lower strata have
dips as much as 30°.

Well-exposed angular unconformities within several
Miocene sections indicate tilting during deposition. Avail-
able evidence indicates that normal faulting accompanied
deposition of strata in the Lava Hills and of the lower sec-
tion in the Bristol Mountains; these rocks range in age
from older than 22 Ma to about 19 Ma, as described
below. I interpret the normal faults as part of the central
Mojave Desert Miocene extensional terrane. In the Bristol
Mountains, as well as at Van Winkle Mountain (Miller and
others, 1985) and in the Marble Mountains (Glazner and
Bartley, 1990) to the east, minor normal faulting took
place in a corridor along the margin of a more highly ex-
tended terrane to the west and south.

Strike-slip faults in the Lava Hills region strike north-
west, and some are parallel to normal faults. Throughout
the Mojave tectonic block, similarly oriented faults consis-
tently show dextral separation and appear to be late Mio-
cene to Holocene (Dibblee, 1961; Garfunkel, 1974; Dokka
and Travis, 1990). In the Lava Hills region, fault splays
suggest dextral separation (fig. 2). The faults postdate the
Peach Springs Tuff and cut sediments as young as middle
or late Pleistocene but do not cut Holocene deposits. Re-
storing offset along the south Bristol Mountains fault
(fig. 2) using several lithologic types, principally Mesozoic
granitoids, yields about 6.5 km of slip.

Separations on other strike-slip faults in figure 2 can-
not be constrained fully by local geologic relations. Using
satellite imagery, Ford and others (1990) described a
prominent lineament in the Lava Hills that they named the
Broadwell Lake fault; their field checks suggested strike-
slip movement. My mapping showed that several parallel
northwest-striking faults are joined by others with easterly
strikes. 1 conclude that the Broadwell Lake fault is one of
a system of faults. Offset on the system is poorly con-
strained because dip-slip movement would distort apparent
strike offset of moderately dipping features such as vol-
canic strata and their basal nonconformity. Map relations
(fig. 2) indicate about 6 km of right separation if the faults
are of strike-slip origin; however, some or all of these
faults may be strictly normal faults. Throughout the Lava
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Hills region, Miocene strata commonly are tilted and rotat-
ed near strike-slip faults, suggesting local accommodation
during faulting (Wells and Hillhouse, 1989).

MIOCENE STRATA

Miocene sedimentary and volcanic rocks form thick
sequences with few widely distributed markers for distin-
guishing internal subdivisions; the sequences were depos-
ited on Mesozoic granitoids. Thick-bedded to virtually
unbedded tuff breccia and volcanogenic sedimentary rocks
make up much of the sections; these strata are interbedded
with basaltic andesite to dacite lavas. One section is
capped by a distinctive felsic volcanic sequence of rhyo-
lite and rhyodacite lava and pyroclastic rocks.

LAVA HILLS

The thickness of lower Miocene strata exposed in the
Lava Hills is more than 1.5 km. The thickest section is
conveniently divided into upper and lower parts by a
marker interval of distinctive dacite lavas. In an area
where the dacite flows are missing, a group of basaltic an-
desite lava flows provides a convenient marker at about
the same stratigraphic position. The lower section is about
700 m thick, and approximately 500 m of strata lie above
the dacite flows. The top of the upper section is truncated
by faults.

Above the basal nonconformity, the lower section in
most places consists of tuff breccia, although lacustrine
marl is present locally. Upsection, thin-bedded fluvial
sandstone and conglomerate, and thick limestone beds, are
interbedded with mainly tuffaceous rocks. The tuffaceous
rocks are generally thick bedded, complex, and of various
origins. Pumiceous (lapilli and bomb) tuff breccia is most
common; tuffaceous sandstone and siltstone of lacustrine
origin also are common. Possible air-fall tuff is uncom-
mon. Some breccia beds are probably of sedimentary ori-
gin, but tuffaceous components are ubiquitous, making
genetic interpretations difficult. Breccia beds contain clasts
as large as 2 m in mainly matrix-supported deposits. Tuff
breccia units commonly have mixed-clast assemblages of
dacite and basaltic andesite.

The marker interval between the lower and upper sec-
tions comprises dacite and basaltic andesite lava flows.
The composite thickness of dacite flows is 225 to 335 m.
Two widespread dacite flows are nearly aphyric and dis-
play a pronounced jointing parallel to bedding. A plagio-
clase porphyry nearby contains plagioclase, hornblende,
and biotite. The aphyric flow was fed from a system of
probable dikes in the Lava Hills. The basaltic andesite of
Black Ridge (col. 2-B, pl. 2) contains olivine and plagio-
clase in a black aphanitic matrix and is about 140 m maxi-

mum thickness. Abundant dikes of similar composition in
the Black Ridge area mark an extrusive center. The dacite
and basaltic andesite yield K-Ar ages about 22 Ma
(table 1). The age of 22.4+0.3 Ma for M82BR-27 was ob-
tained from the freshest materials, and I consider it the
best age for this part of the section. Ages for adjacent
units, of 22.1+0.6 Ma for the dacite (M84LH-106) and
22.1x1.3 Ma for the basaltic andesite (M81LH-58), are in
close agreement.

The upper section consists of dacite tuff breccia and
tuffaceous sediment. Breccia deposits are more common
and lacustrine and fluvial sediments are rare, compared to
the lower section.

Strata in the Lava Hills are tilted almost uniformly.
No internal unconformities were observed, and systemat-
ic changes in dips upward in the section are evident in
only one fault block, in which dips change from ~50° at
the base to ~30° near the top. This block is apparently
undisturbed by strike-slip faults, suggesting that tilting
occurred both during and following deposition of the
sequence.

BRISTOL MOUNTAINS

Sections of Miocene strata in the Bristol Mountains
have slightly tilted lower parts and nearly horizontal upper
parts. Several minor angular unconformities are present in
the upper part of the tilted section. Near the south Bristol
Mountains fault, even the younger strata are tilted, proba-
bly by deformation associated with strike-slip movement.
Structurally and stratigraphically similar sections are
found to the east at Van Winkle Mountain and the Marble
Mountains (Miller and others, 1985; Glazner and Bartley,
1990). The Miocene sections in the Bristol Mountains are
thinner compared to ones in the Lava Hills (about 350 m
total compared to 1,500 m).

The lower section of tilted strata in the Bristol Moun-
tains is about 250 m thick. In many places basal beds are
lacustrine marl, which is draped over a few meters of relief
in the underlying granitoid rocks. Successively overlying
tuff breccia, tuffaceous sandstone, conglomerate of fluvial
and lacustrine origin, and mudflow and debris-flow deposits
are similar to those in the Lava Hills. Dacite lava flows
within this section also are similar to those in the Lava Hills
in that they contain hommblende, biotite, and plagioclase
phenocrysts. Pumice clasts in many tuff breccias contain the
same phenocryst assemblage as the dacite lava, suggesting a
similar source. Toward the top of this tuffaceous sequence
the beds angularly overlie older beds, creating a decreasing
dip upward, to nearly horizontal in many places.

The upper, nearly horizontal part of the sequence is
about 100 m thick and consists of several distinctive lava
and ash flows, most of them rhyolitic. The lowest unit is
prominently flow-banded siliceous rhyolite, about 30 m
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Table 1. K-Ar ages of volcanic rocks in Lava Hills and Bristol Mountains.

1 Latitude Longitude R 2 ‘“’Armd Percent Calculated age Assigned age
Sample No. ™) W) Rock type Material dated (Wt pen) 10_1 1 mollg 40 Afrad (Ma)2 ™ a)3
Lava Hills
MSILH-58 34°4027" 115°56'36" Basaltic andesite Whole rock 1.57 4.60 53.8 20.2+2.6 22.1£13
545 62.8 23.9+2.6
M82BR-27 34°39'31" 115°55'34" Dacite Biotite 8.38 0.276 79.5 22.7+0.6 22.420.3
0.267 63.1 22.0+0.6
MB84LH-106 34°38'38" 115°57'35" do Biotite 8.38 0.268 67.7 22.1+0.6
Bristol Mountains
M82BR-103 34°41'19" 115°48'30" Dacite Whole rock 1.60 4.03 46.4 17.4x1.3 17.0£0.7
3.81 325 16.5+1.3
M82BR-34 34°44'03" 115°55'42" Flow-banded Plagioclase 1.50 547 522 25.1+8.4
rhyolite
BH82BR-28 34°43'37" 115°50'49" Rhyodacite flow Plagioclase 0.55 1.24 9.94 15.5+4.5 16.2+1.9
1.33 143 16.8+3.4
M82BR-21 34°42'58" 115°55'34" Basaltic andesite Whole rock  2.13 5.71 54.5 18.6+1.5 17.4+0.8
498 54.7 16.2+1.5
M81BR-41 34°45'38" 115°49'59"  Peach Springs Feldspar 3.50 9.11 823 18.0+0.5
Tuff
MB80OBR-85 34°3529" 115°44'58" do Sanidine 9.07 0.258 78.5 19.6+0.6 19.6+0.3
0.257 69.7 19.5+0.5
MS8OBR-85 34°3529" 115°44'58" do Biotite 8.66 0.251 57.0 20.1+0.5 20.110.5
BH82BR-39 34°44'55" 115°57'39" do Sanidine 9.16 0.223 67.8 16.9+0.4 16.7+0.1
0.221 49.9 16.7+0.4
0.218 79.5 16.5+04

ISample preparation and analytical work were done at U.S. Geological Survey; Martha A. Pernokas and John K. Nakata,

analysts. K,O analyses by P. Klock, S. Neil, and D. Vivit.

2K-Ar ages were calculated using the constants for the radioactive decay and abundance of 40K recommended by the Interna-
tional Union of Geological Sciences Subcommission on Geochronology (Steiger and Jiger, 1977). These constants are: A,=0.580x

10771, 2=4.962x10"'"%r", and “°K/K q,=1.167x10~* mol/mol.

3Assigned ages are means weighted by inverse of the variance; errors are standard errors of the mean.

thick, that is exposed across much of the central Bristol
Mountains and continues east to Van Winkle Mountain. The
rhyolite contains sparse, generally altered sanidine and bi-
otite phenocrysts and is marked by a prominent black basal
vitrophyre. It is overlain by a phenocryst-rich rhyodacite
lava flow that contains feldspar, biotite, and hornblende, all
typically altered. The rhyodacite flow is about 20 m thick
and crops out mainly in the area traversed by Interstate 40.
Overlying the rhyodacite flow is well-bedded rhyolite to
rhyodacite air-fall tuff and a locally exposed ash-flow unit,
which ranges from tuff to lapilli tuff. The air-fall tuff is
white and yellow, typically has graded beds, and locally is
cross-bedded. It varies greatly in thickness, filling in low-
lying areas to depths of 20 m in many places and locally up
to 100 m. Phenocrysts of hornblende, biotite, and sanidine
in this unit indicate that it may be related compositionally to
the underlying rhyodacite.

The uppermost flow in the upper sequence is the Peach
Springs Tuff. It is typically 30 to 50 m thick, densely weld-

ed, and distinguished by blue sanidine and minor biotite,
hornblende, and sphene. Locally, olivine basalt flows lie
above and below the Peach Springs Tuff (col. 2-B, pl. 2).
Near Amboy, unwelded tuff that contains identical phenoc-
rysts overlies the welded Peach Springs, making a total
thickness of about 90 m.

Lava flows in the upper sequence of the Bristol
Mountains probably had local sources. The flow-banded
rhyolite probably issued from an area of several domes
with similar composition and fabric. These domes lie be-
tween 1 and 3 km west-northwest of Black Ridge, near
Interstate 40 (fig. 2). Thicknesses of rhyodacite lava and
related overlying air-fall tuff increase toward the struc-
turally complex central Bristol Mountains (Casey, 1981),
indicating a source in that direction. In contrast, the
source area for Peach Springs Tuff was probably east of
the Bristol Mountains, near the California-Arizona State
line (Nielson and others, 1990; Hillhouse and Wells,
1991).
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Isotopic ages determined on lava flows in the Bristol
Mountains are difficult to interpret because only altered
minerals were available from many units. Lavas closely
underlying the 18.5+0.2 Ma-Peach Springs Tuff (Nielson
and others, 1990) yielded K-Ar ages of 25.1x8.4,
17.4+0.8, and 16.2+1.9 Ma (table 1). On the basis of field
relations, I interpret these data as the emplacement ages of
lavas of the upper section—probably from 20 or 19 Ma—
shortly before eruption of the Peach Springs Tuff at 18.5
Ma. Dacite breccia, associated with dacite flows lower in
the section, has a K-Ar age of 17.0+0.7 Ma (whole rock);
this age is incompatible with its stratigraphic position. The
unit is lithologically similar to 22.4-Ma dacite in the Lava
Hills, and 20.2-Ma dacite in the Marble Mountains
(Glazner and Bartley, 1990). The widely varying ages for
the Peach Springs Tuff (table 1) probably are due to con-
tamination from lithic material (M80BR-85), complicated
by incomplete release of radiogenic Ar from sanidine in
analysis (Nielson and others, 1990).

COMPOSITION OF VOLCANIC ROCKS

Phenocrysts and limited geochemical analyses show
that the volcanic rocks range from basaltic to rhyolite
compositions, with SiO, contents varying from 55 to 76
percent SiO, (all analyses reported as volatile-free). Oliv-
ine-bearing rocks are basaltic andesite and mafic andesite
(fig. 3; table 2). Hornblende-biotite-plagioclase rocks are
63 to 66 percent SiO, dacite. Sanidine-quartz rocks are 72
to 76 percent SiO,. Most dacite and rhyolite samples have
high K,O content, making them high-K dacite and high-K
rhyolite in the classification of Ewart (1979). Rhyolites
show K,0 much greater than Na,O, whereas Na,O is
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greater than K,O for dacite and basaltic andesite. No evi-
dence of ultrapotassic metasomatism, such as described by
Glazner (1988) in the Cady Mountains, is known from the
Bristol Mountains. However, several rocks exhibit unusual
oxide abundances, most probably due to alteration that in-
troduced clays and calcite. Initial 875r/80sr isotopic com-
positions of three volcanic rocks from the Lava Hills
region were reported by Glazner and O’Neill (1989): two
basaltic andesite samples have ratios of 0.7065 and
0.7068, and dacite is 0.7081. These values reflect contami-
nation of the magmas by radiogenic crustal rocks.

DEPOSITIONAL ENVIRONMENT

Miocene deposits record tectonic sedimentary basins
near the edge of the Mojave extensional terrane. Deposits
in the lower section of the several structural blocks in the
Lava Hills indicate initial lacustrine and fluvial conditions,
suggesting that early basins were broad and had fairly uni-
form depositional environments. Several volcanic erup-
tions produced breccia and tuff breccia, most probably
from a dacitic extrusive center in the Bullion Mountains to
the south (Howard, this volume). Dacite lavas erupted
across wide areas at the same time. Although some fault-
ing was probably concurrent with volcanism, the region
was broken by numerous faults and tilted as small tectonic
blocks, only after the presently exposed rocks were
deposited.

Units of the lower sequence in the Bristol Mountains
also indicate early deposition in shallow lakes. Lacustrine
environments were succeeded by rapid subaerial deposi-
tion of coarse volcaniclastic rocks, probably in tectonically
subsiding basins. Strata in the upper Miocene sequence of
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Figure 3. Geochemistry and classification scheme for representative volcanic rocks of the
Lava Hills and Bristol Mountains, calculated on anhydrous basis. Classification modified

from Ewart (1979).
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Table 2. Chemical analyses, in weight percent, of lower Miocene volcanic rocks.

[Sample preparation and analytical work were done at U.S. Geological Survey, T. Frost, P. Klock, A.J. Bartel, K. Syewart, and J. Taggart,

analysts. Rb, St, Nb, Zr, and Y analyses in parts per million]

Sample No. MB84BR-109 MB84BR-110 M84BR-114 gj\il-ab]:;lldifi MB84LH-106 MB84LH-107 MB4LH-108
Rock unit Basaltic andesite  Rhyolite tuff  Rhyodacite flow thyolite Porphyritic dacite Aphyric dacite Basaltic andesite
Si0, 56.6 65.3 633 70.8 63.8 613 547
TiO, 1.31 0.17 0.62 0.13 0.72 1.09 1.45
ALO, 16.5 118 15.9 12.8 16.2 17.2 16.3
Fe,0, 1.89 0.75 1.78 0.57 274 431 2.00
FeO 4.55 0.35 1.78 0.33 1.10 0.49 5.84
MnO 0.09 0.04 0.05 0.04 0.05 0.04 0.12
MgO 414 0.40 2.14 0.21 2.40 1.25 5.56
Ca0 6.90 537 4.18 0.92 4.50 428 7.34
Na,0 3.76 227 349 244 401 3.87 3.61
K,0 1.81 4.44 3.02 5.26 238 249 1.63
P,0; 0.29 0.06 0.16 0.04 0.17 022 0.30
LOI 1.16 8.68 2.93 5.46 1.30 255 0.81
TOTAL 99.00 99.63 99.35 99.00 99.37 99.09 99.66
H,0* 0.45 428 2.10 438 0.76 1.01 0.61
H,0" 0.52 0.99 0.61 0.90 0.47 1.46 0.28
CO, 0.27 330 0.12 0.06 0.09 0.06 0.16
Rb 72 66 44

St 735 720 590
Nb 13 13 22
Zr 156 182 195

Y 14 15 22

the Bristol Mountains were tilted during deposition, indi-
cating the tectonic origin of the basin. Sparse paleocurrent
information indicates west- and southeast-directed fluvial
currents.

The wide distribution of lava and ash flows in the
upper part of the Bristol Mountains sequence indicates
low physiographic relief following extensional tectonism.
The flow-banded rhyolite probably issued from west of
Black Ridge and flowed north and east as far as Van Win-
kle Mountain. This suggests that the Lava Hills region,
which was the site of a subsiding basin during extension
and deposition of the lower part of the sequence, had been
elevated relative to areas farther east before the upper part
was deposited.

UPPER MIOCENE TO QUATERNARY
DEPOSITS

A section, greater than 20 m thick, of bouldery con-
glomerate that I interpret as alluvial fan deposits, lies dis-
cordantly across tilted Miocene strata in the Lava Hills

and Bristol Mountains. In most places, the bouldery con-
glomerate unit carries abundant rounded flow-banded rhy-
olite clasts in a sand-sized matrix. Most of the deposit is
clast supported; clast provenance points to south and
southeast-directed current flow. Bedding in the conglom-
erate deposits is crudely defined by grain-size variations
and is close to horizontal in the Bristol Mountains but
dips as much as 15° southwest in exposures between the
Bristol Mountains and Lava Hills. Locally near the Lava
Hills, bedding dips northeast. This tilting, plus the loca-
tion of exposures adjacent to late Miocene and Pliocene
strike-slip faults, suggests that the conglomerate formed
in shallow basins caused by faulting. From all these rela-
tions I infer a late Miocene and Pliocene age for the
conglomerate.

The conglomerate deposits are overlain by upper Plio-
cene and Quaternary alluvial fan deposits. These alluvial
fan units are (1) highly dissected, oxidized alluvium (prob-
ably of uppermost Pliocene to early Pleistocene age); (2)
moderately dissected deposits with abundant pedogenic
calcite and well-developed desert pavement surfaces (mid-
dle to late Pleistocene); and (3) active fans (Holocene).
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Alkali basaltic cinder cones and lava flows near Dish Hill
and at Amboy Crater are interbedded with alluvium of
units 1 and 2. Dish Hill volcanic rocks are dated at
1.9+0.2 and 2.1x0.2 Ma (Wilshire and Nielson-Pike,
1986). Fine-grained deposits of Bristol Lake (playa depos-
its of fig. 2) lap onto the flows that emanated from these
cinder cones.
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Stratigraphy of the Southern Ship Mountains and
Little Piute Mountains, Southeastern Calif.

By Martin A. Knoll!

Tertiary strata consisting of both siliciclastic and vol-
canic rocks are found within the southern Ship and Little
Piute Mountains, which lie on either side of the Old Wom-
an Mountains horst (fig. 1). Siliciclastic rocks are predom-
inantly conglomerate and sandstone, with minor siltstone
and local breccia units. Basaltic andesite is the most com-
mon of the volcanic rocks, which range from rhyolite to
basalt in composition (Miller and others, 1987; Miller,
1689). Among the volcanic strata of both ranges is the
Peach Springs Tuff of Young and Brennan (1974), a felsic
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Figure 1. Map showing location of geographic features discussed
in text.
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ignimbrite emplaced about 18.5+0.2 Ma (Nielson and oth-
ers, 1990).

Tertiary stratigraphic sequences in both mountain
ranges are characterized by an overall pattern, from oldest
to youngest, of (1) conglomerate and sandstone, (2) mafic
to intermediate volcanic rocks, (3) Peach Springs Tuff,
and (4) conglomerate and sandstone (cols. 2-C and 2-D,
pl. 2; see also Knoll and others, 1986; Knoll, 1988). Al-
though the sequences are similar in both the Ship and Lit-
tle Piute Mountains, the Peach Springs Tuff is the only
stratigraphic unit that can be correlated with certainty be-
tween the two ranges. A K-Ar age of 19.4+0.5 Ma (bi-
otite) (J.K. Nakata, written commun., 1985) from a dacite
clast in the basal conglomerate of the Piute Mountains,
located approximately 10 km northwest of the Little Piute
Mountains (fig. 1), is the only other meaningful age from
middle Tertiary rocks in the immediate vicinity. The con-
glomerate cannot be reliably correlated between the Piute
and Little Piute Mountains, but the Peach Springs Tuff
caps both sections.

Rock fragments within the Tertiary sedimentary units
are of local provenance and were derived primarily from
metamorphic and igneous rocks of the adjacent Old Wom-
an and Piute Mountains (fig. 1) as they were uplifted and
denuded. Provenance and paleocurrent directions indicate
that sediment was shed east and west from the uplifted
source into basins of the Little Piute and Ship Mountains,
respectively. This sediment was deposited mainly on coa-
lescing alluvial fans and braid plains that emanated from
the Old Woman-Piute Mountains-highland.

A moderate angular unconformity is found within the
Tertiary sequence of the Ship Mountains (col. 2-C, pl. 2).
The unconformity is marked by a landslide breccia and
represents about 15° of rotation, thus indicating a major
episode of faulting before eruption of the Peach Springs
Tuff. No pre-Peach Springs faulting is recorded in the Lit-
tle Piute Mountains.
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Geologic Framework of Middle Tertiary Strata,
Northern Sacramento Mountains, Southeastern Calif.

By Christopher M. Fedo!

GEOLOGIC SETTING

The Sacramento Mountains, which lie approximately
10 km west of Needles, California (fig. 1), form a roughly
north-northwest-trending range situated in the Colorado
River extensional corridor (Howard and John, 1987).
Characteristics typical of metamorphic core complexes
(Coney, 1980) are well developed here. The northern core
of the range is underlain by a complex of Precambrian
through Mesozoic(?) plutonic and metamorphic rocks,
which is unexamined in detail. A prominent, middle Terti-
ary, east-striking dike swarm intruded the older rocks
about 19 Ma (Spencer, 1985). A thick sequence of pre-
dominantly felsic pyroclastic flows and sedimentary rocks
is locally found in fault contact on the plutonic and meta-
morphic complex (col 2-E, pl. 2). Exposures of a basal
contact between Tertiary sections and older rocks are not
presently known in the Sacramento Mountains.

The Sacramento Mountains detachment fault system is
the dominant structural feature in the area (Spencer and
Turner, 1983; Spencer, 1985). Two strands of the system
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Figure 1. Map showing geographic features discussed in text.
SMDF, Sacramento Mountains detachment fault, generalized
from Spencer (1985).

define three plates in the Sacramento Mountains: a lower
plate consisting of the Precambrian through Mesozoic
rocks, a middle plate consisting of Tertiary pyroclastic
flows and less abundant volcaniclastic, carbonate, and silic-
iclastic sedimentary rocks, and an upper plate consisting of
tilted Tertiary boulder breccia and conglomerate, sandstone,
and mudstone capped by flat-lying lava flows (nomencla-
ture of Spencer, 1985). Strata of the middle and upper
plates are variably tilted against the detachment faults, rela-
tions that indicate episodes of postdepositional rotation.
However, the position of these structures on the stratigraph-
ic column has no temporal significance (col. 2-E, pl. 2).

TERTIARY STRATA
MIDDLE PLATE

Middle-plate rocks in the northemm Sacramento Moun-
tains have not been well studied. Spencer and Turner
(1983) provide the most detail about these rocks and the
following is a summary of their findings. Eight mappable
units, totaling about 300 m in stratigraphic thickness, form
the middle plate. Pyroclastic flows comprise the major
lithotype of the plate.

Lowermost strata consist of tuffaceous sandstone and
conglomerate locally interbedded with limestone, chert,
siltstone, and tuff. These lower units are overlain by a
thick section of felsic tuff. One welded tuff that contains
phenocrysts of adularescent sanidine and sphene character-
istic of the widespread Peach Springs Tuff of Young and
Brennan (1974) yielded a K-Ar age of 18.5+0.2 Ma (bio-
tite) (Spencer, 1985). The Peach Springs Tuff has an ac-
cepted age of 18.5+0.2 Ma (Nielson and others, 1990). A
sequence of interbedded volcaniclastic sedimentary rocks
and volcanic-lithic tuff completes the middle-plate section.

UPPER PLATE
FACIES ASSOCIATIONS

Upper-plate rocks crop out over an area of 50 km? as
discontinuous, highly faulted sections that expose a thick
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(approximately 1 km) predominantly sedimentary rock se-
quence. Deposits related to a single basin lie in structural
juxtaposition against middle- and upper-plate rocks. No
basal contact is exposed in the area. The rocks are divisible
into three distinct facies associations: (1) fluvial-dominated
alluvial fan, (2) lacustrine, and (3) gravity- dominated al-
luvial fan.

The fluvial-dominated alluvial fan association is char-
acterized by crudely stratified sandy conglomerate (facies
Gm of Miall, 1977), gravely sandstone, and less abundant
matrix-rich conglomerate. The clast assemblage is heterog-
enous but is dominated by debris that resembles nearby
Precambrian plutonic and metamorphic rocks. Scattered
clasts of muscovite and two-mica granite resemble Creta-
ceous plutons that crop out in the nearby Old Woman
Mountains (Miller and Bradfish, 1980). The clast assem-
blage also contains locally abundant sandstone and
limestone that were probably derived intrabasinally. Sedi-
mentary characteristics are consistent with origin in an ex-
pansive mid-alluvial fan setting.

The lacustrine association consists of two variants:
one dominated by a mixture of green claystone, mudstone,
and siltstone with less abundant green graded sandstone
and matrix-rich conglomerate and carbonate, and the other
dominated by grayish-orange and maroon, plane-bedded,
disorganized and crossbedded sandstone and siltstone. The
fine-grained green strata record deposition of clastic detri-
tus under quiet-water conditions, with the coarser grained
interbeds representing turbidity and debris flows that tra-
versed the lake. The grayish-orange and maroon sandstone
and siltstone have characteristics of lacustrine-margin sand
flats, an environment where sheet floods on distal alluvial
fans flow into the lake along its margin (Hardie and oth-
ers, 1978; Hubert and Hyde, 1982).

The gravity-dominated alluvial fan association is dom-
inated by poly- and monolithologic, cobble to boulder,
matrix- and framework-supported conglomerate and brec-
cia. Clasts are exclusively Precambrian granitoid and
gneiss. Locally, layers of monolithologic breccia display
crackle and jigsaw brecciation, indicating that they moved
as coherent masses. Such features are typical of large
rock-avalanche deposits (Yarnold and Lombard, 1989) and
debris-flow deposits that are expected to form near the
margins of a tectonically active basin (for example, Niel-
son and Beratan, 1990).

BASIN EVOLUTION

Basin-formation events in the northern Sacramento
Mountains are poorly constrained, although inferences
based on facies distribution patterns are possible. Lacus-
trine associations intimately mixed with basin-margin as-
sociations at the southwest end of the basin permit the
interpretation that the basin opened as an asymmetric half

graben (Morley, 1989). Such a configuration is consistent
with regional trends that show northeast-directed extension
along northeast-dipping detachment faults (Wust, 1986).
Upper-plate rocks are younger than the 18.5-Ma Peach
Springs(?) Tuff of the middle plate. Sedimentation began
prior to 14.6:0.9 Ma (K-Ar whole rock, Spencer, 1985),
the age of an interbedded lava flow near the middle(?) of
the section.

Most strata in the upper plate form a homocline that
dips west-southwest. Stratal tilts vary slightly and there
are neither obvious faults nor evidence for unconformities
in the west-southwest-tilted deposits, suggesting that the
basin filled during a phase of relative tectonic quiescence,
followed by an episode of block faulting. A pronounced
angular unconformity is exposed at high elevations in the
area, where gently dipping conglomerate (less than 50 m
thick) overlies tilted strata of the basin. These perched
rocks represent paleovalley filling following block faulting
of the main body of strata. The entire sequence is capped
by nearly flat-lying lava flows, one of which has a K-Ar
age of 14.6£0.2 Ma (whole rock) (Spencer, 1985). The
nearly synchronous age of dipping and flat-lying strata in-
dicates that a significant amount of sedimentation and tilt-
ing can occur quickly during crustal extension.
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Tertiary Stratigraphy of the Central Sacramento Mountains,
Southeastern Calif.

By Julia M.G. Miller! and Brad R. Leach?

INTRODUCTION

The Sacramento Mountains lie on the west side of the
Colorado River, west and southwest of Needles (fig. 1).
This report describes Tertiary rocks exposed west and
southwest of Eagle Peak in the central part of the range,
approximately 17 km southwest of Needles, Calif. Geolog-
ic studies in this area have been done by Collier (1960),
McClelland (1982, 1934) and Leach (1985). Spencer and
Turner (1983), Spencer (1985), and Fedo (this volume) de-
scribe correlative rocks in an adjacent area to the north.

The Sacramento Mountains are situated within the
Colorado River extensional corridor (Howard and John,
1987), a zone of extreme continental extension. They
comprise a metamorphic core complex (Coney, 1980) in
which Proterozoic to Mesozoic plutonic and metamorphic
rocks constitute the autochthonous rocks (Schweitzer and
Simpson, 1989). Three stacked and undulating low-angle
normal or detachment faults displace the overlying alloch-
thonous units. The structurally lowest Sacramento Moun-
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Figure 1. Map showing location of geographic features discussed
in text. SMDF, Sacramento Mountains detachment fault, general-
ized from Spencer (1985).

tains detachment fault moved last (McClelland, 1982).
Tertiary strata are exposed in the upper two allochthonous
plates. The lower volcanic and sedimentary sequence lies
between the lower or middle and the upper detachment
faults, and the upper sedimentary sequence is bounded at
its base by the upper detachment fault (McClelland, 1982,
1984; Leach, 1985).

LOWER VOLCANIC AND SEDIMENTARY
SEQUENCE

Mafic and silicic flows and tuff are interbedded with
carbonate and volcaniclastic sedimentary rocks and locally
lie nonconformably on Proterozoic and Mesozoic crystal-
line rocks (col. 2-F, pl. 2). Elsewhere the Tertiary rocks
are bounded at their base by a detachment fault. These
strata total about 400 m thick. An angular unconformity
separates the sequence into two parts. Average dips below
the unconformity are 52°, whereas dips above it average
31° (Leach, 1985).

The lowest 72 m of section below the unconformity is
composed of plagioclase-rich, porphyritic andesite with
minor interbeds of volcaniclastic sedimentary rocks over-
lain by locally vesicular basalt. Medium-bedded, chert-rich
limestone caps the basalt. Although the thickness varies,
the limestone is about 14 m thick and contains rare ostra-
codes, peloidal structures, ooids, algal structures, and clas-
tic debris. Above it is very thin to thin-bedded dolomitic
limestone containing ostracodes. This unit is probably
about 15 m thick but is profoundly deformed, most likely
due to both soft-sediment and tectonic deformation. It is
locally rich in magnesite and includes a small magnesite
deposit that was once commercially operated (Vitaliano,
1950). ‘

Tuffaceous sandstone 50 to 60 m thick overlies the
unconformity. It is well bedded in western exposures but
poorly bedded in eastern areas, and it locally contains con-
glomerate 6 to 9 m thick. A K-Ar age of 18.2+0.5 Ma
(biotite) was obtained for a lithic-rich tuff within this
sandstone unit (Simpson and others, 1991). Dolomitic
limestone 33 m thick overlies and interfingers with the tuf-
faceous sandstone. It is cherty and fossiliferous, containing
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ostracodes, peloids, gastropods, charophyte algae, some
petrified wood, and some concentrically laminated algal
structures; it also shows soft-sediment deformation.

Tuff breccia and lithic tuff overlie the carbonate rocks
and thin eastward from about 35 to 9 m. Locally the unit
includes large (1-3 m) deformed slivers of limestone that
commonly are aligned along a northwest-southeast trend.
In western exposures calcareous sandstone, about 18 m
thick and containing some conglomeratic and tuffaceous
layers, overlies the tuff; in eastern outcrops a porphyritic
basalt 20 to 30 m thick is found at the same stratigraphic
level. Capping the sequence in all locations is a resistant
pinkish to orange-weathering crystal-lithic tuff. This tuff
contains adularescent sanidine and sphene and is probably
equivalent to the Peach Springs Tuff of Young and Bren-
nan (1974). About 15 m of tuff is exposed but the top of
the unit is truncated by the upper detachment fault.

UPPER SEDIMENTARY SEQUENCE

Monolithologic breccia at the exposed base of the
upper sedimentary sequence is composed of gneiss clasts
most likely derived from the Fenner Gneiss of Hazzard
and Dosch (1937), a Proterozoic augen gneiss exposed ex-
tensively in the Old Woman and Piute Mountains, about
25 km farther west. The breccia is generally structureless
and probably 50 to 100 m thick. It is overlain by conglom-
erate containing abundant granite clasts as well as clasts of
gneiss, basalt, and limestone. Clast imbrication in the con-
glomerate shows paleocurrent transport toward the north
or northeast. A large debris flow, 10 m thick and filling a
channel, is exposed in one spectacular outcrop. The granit-
ic debris is derived from a pluton in the Stepladder Moun-
tains, which now is exposed 8 km southwest of these
conglomerate outcrops. Gypsiferous shale and silty lime-
stone more than 20 m thick overlie the conglomerate.

A sandstone unit at least 46 m thick is exposed on the
west flank of Eagle Peak. It is composed of siltstone to
sandstone with minor shale and conglomerate. Sedimenta-
ry structures include ripple marks, load structures, and
sole marks near the base of the unit; channels, rip-up
clasts, parallel lamination and some cross lamination are
found nearer the top. Zones of dense plant roots in some
upper beds suggest some paleosol development. The strati-
graphic position of this unit is uncertain because all its
contacts are faults. We assign the sandstone unit to the up-
per sedimentary sequence on the basis of the general simi-
larity of depositional setting and topographic level
between it and the breccia and conglomerate that else-
where form the upper sedimentary sequence.

The upper sedimentary sequence most likely correlates
with similar breccia, conglomerate, and sandstone exposed
in the Crestview Wash area about 8 km to the north. The
age of units in Crestview Wash is constrained by an inter-

bedded basalt, which is 14.6x0.9 Ma (K-Ar, whole rock)
(Spencer, 1985; Fedo, this volume). The upper sedimenta-
ry sequence is unconformably overlain by Quaternary
gravel deposits or locally faulted against the rhyolite of
Eagle Peak.

RHYOLITE OF EAGLE PEAK

Extrusive and intrusive phases of rhyolite are present
at Eagle Peak. McClelland (1984) described the relations
as intrusive; however, at the spectacular exposure in Eagle
Pass, Simpson and others (1991) have established that the
rhyolite was extruded over the exhumed surface of the
Sacramento Mountains detachment fault. The rhyolite is
14.3+0.4 Ma on the basis of K-Ar ages from sanidine and
biotite (Simpson and others, 1991). The top contact of the
rhyolite is unexposed but must represent an unconformity.

GEOLOGIC HISTORY AND
DEPOSITIONAL ENVIRONMENTS

Carbonate rocks in the lower volcanic and sedimentary
sequence record marginal lacustrine deposition in an inter-
montane basin. Both charophyte algae and ostracodes are
good indicators of fresh water conditions. Dolomitization in
the lower volcanic and sedimentary sequence was probably
penecontemporaneous with deposition, associated with sea-
sonal fluctuations of lake level (Leach, 1985). Lacustrine
deposition initially developed on a surface mantled by ba-
salt and andesite lava flows, then increasing volcanic activi-
ty nearby led to deposition of pyroclastic debris, which was
reworked in the lake. Later the basin was dominated by -
subaerial pyroclastic deposition that culminated when the
Peach Springs(?) Tuff blanketed the area.

Breccia and conglomerate in the upper sedimentary
sequence record very proximal alluvial fan deposition with
some crude fining upward. Gypsiferous siltstone could
record playa lake deposition between channels areas. The
presence of large Stepladder Mountain-derived granite
clasts suggests 4 to 7 km of tectonic’ transport of these
rocks, allowing for 1 to 3 km of sedimentary transport
down the alluvial fan (Leach, 1985). The fault-bounded
sandstone records distal alluvial fan or fluvial deposition.

Emplacement of the rhyolite of Eagle Peak about 14.3
Ma was the last Tertiary magmatic event in the region and
followed the last movements on the detachment faults.
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Tertiary Stratigraphy of the Chemehuevi Mountains,
Southeastern Calif. and Western Ariz.

By Julia M.G. Miller! and Barbara E. John®

INTRODUCTION

The Chemehuevi Mountains straddle the Colorado
River in southeastern California and western Arizona (fig.
1). Disrupted exposures of Tertiary stratified rocks encircle
the range. Those on the northern and eastern flanks are
described here; others occur in the Sawtooth Range
(Howard and others, this volume) and the southern
Chemehuevi Mountains. Previous geologic mapping and
description of these deposits may be found in Coonrad
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Figure 1. Map showing location of Chemehuevi Mountains and
other features named in text. CDF, Chemehuevi detachment fault
(dashed line); DEF, Devils Elbow fault (heavy line), from John
(1987b).

(1960), Coonrad and Collier (1960), John (1987b), and
Miller and John (1988).

The Chemehuevi Mountains lie within the Colorado
River extensional corridor, a region of extreme crustal ex-
tension (Howard and John, 1987). The area is character-
ized by moderately to steeply tilted fault blocks that lie
above regionally developed low-angle normal or detach-
ment faults (Davis and others, 1980). Tertiary volcanic and
sedimentary rocks lie both nonconformably and in fault
contact above Proterozoic gneisses and granites in the
hanging walls of two detachments faults, the Chemehuevi
and Devils Elbow faults (fig. 1) (John, 1987a, b). The Ter-
tiary rocks are divided into four sequences, from oldest to
youngest (col. 2-G, pl. 2): (1) deformed lower Miocene
mafic and intermediate lava and interstratified sedimentary
rocks, (2) the Peach Springs Tuff of Young and Brennan
(1974), (3) a deformed thick middle Miocene alluvial fan
sequence of conglomerate, breccia, and sandstone with
thin interbedded mafic and silicic flows and tuffs, and (4)
undeformed sedimentary deposits of late Miocene to Plio-
cene age. The Miocene section is estimated to be at least 2
to 3 km thick. The lower three of these sequences proba-
bly correlate directly to those of Nielson and Beratan-
(1990), in the adjacent Mohave Mountains of Arizona.

LOWER VOLCANIC AND SEDIMENTARY
SECTION

The lowest Tertiary rocks consist of an undated se-
quence about 500 m thick assigned to the early Miocene.
The section consists of mafic and intermediate flows, brec-
cia, and laharic deposits, with interstratified conglomeratic
sedimentary strata. The rocks crop out in numerous fault-
bounded blocks along the Colorado River and are best ex-
posed in the area around The Needles and River Island in
Arizona. Volcanic units are lithologically variable but
commonly include andesitic to dacitic laharic deposits low
in the section, basalt and plagioclase-phyric (“jackstraw™)
andesitic or latitic flows at intermediate levels, and fine-
grained mafic flows high in the section. Locally, volcanic
agglomerate composed of andesitic to dacitic clasts and
ranging in thickness from a few meters to over 100 m is
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found at the base. Sedimentary interbeds include arkosic
sandstone, shale, and pebble conglomerate a few meters
thick near the base of the volcanic section. High in the
section the interbeds include volcanic-clast tuffaceous con-
glomerate that contains clasts of volcanic and gneissic
rocks and are as thick as 140 m.

PEACH SPRINGS TUFF

The Peach Springs Tuff of Young and Brennan (1974)
lies concordantly or in slight discordance above the basal
volcanic and sedimentary sequence. The tuff fills a chan-
nel; its thickness ranges from less than 2 m over topo-
graphic highs to greater than 160 m at The Needles. Over
a paleohigh near the Colorado River gaging station, a thin
section of tuff rests directly on basal agglomerate of the
underlying sequence. The upper part of the tuff is com-
monly cut by massive travertine veins (as wide as 40 cm),
and in places the upper surface shows 2 to 3 m of sharp
local relief or is capped by caliche-supported conglomer-
ate. These relations suggest a period of hot-spring activity,
weathering, and erosion prior to deposition of the overly-
ing sediment.

Outcrops of the Peach Springs Tuff in the Chemehu-
evi Mountains are correlated with other parts of the re-
gionally extensive unit on the basis of petrography,
geochronology, and magnetization. A sample from the
westernmost Chemehuevi Mountains yielded a K-Ar age
of 18.1+0.6 Ma (sanidine) (Howard and others, 1982),
thus overlapping the more precisely determined age of
18.5+0.2 Ma (Nielson and others, 1990).

UPPER SEDIMENTARY SEQUENCE

The Peach Springs Tuff is overlain by a sequence of
monolithologic breccia, conglomerate, sandstone, rare
shale, and intercalated silicic tuff and basaltic flows. Lo-
cally, bedded conglomerate lies with angular discordance
(as great as 35°) on the underlying tuff; elsewhere the sed-
imentary section is disconformable or slightly discordant
to the tuff.

The sedimentary sequence typically is 1 to 2 km thick.
It is best exposed in three geographically distinct areas
that contain similar stratigraphic sections. Massive to
poorly bedded matrix-rich pebble and cobble breccia is
predominant at the base of each section and contains
mostly volcanic and gneissic clasts; monolithologic land-
slide megabreccia deposits composed of Proterozoic
gneiss and granite or of Miocene volcanic rocks are
present locally. In some sections monolithologic breccia at
the base is overlain by progressively more polylithologic
and better bedded breccia and conglomerate.

Pebble and cobble conglomerate with crude horizontal
stratification is interbedded with the matrix-rich breccia
and conglomerate and becomes more abundant upsection.
This conglomerate is the most abundant sedimentary
facies in the sequence; it contains rare channels and sand-
stone lenses. The conglomerate locally contains fining-
and coarsening-upward sequences from 0.5 to 20 m thick.
Monolithologic breccia lenses composed of volcanic,
gneissic, or granitic debris are also found locally. Sand-
stone interbeds contain planar bedding, ripple marks, des-
iccation cracks, camel tracks, graded bedding, and poorly
sorted, matrix-rich sandy beds. Siltstone interbeds with
clay partings are rarely present.

Clasts within the conglomerate show an inverted stra-
tigraphy: older conglomerate contains debris derived from
the hanging wall of the Chemehuevi fault, such as Protero-
zoic and Miocene rocks including the Peach Springs Tuff.
Younger conglomerate is dominated by Mesozoic granit-
oid rocks derived from the footwall. In the Trampas Wash
area the conglomerate can be subdivided into (from oldest
to youngest) volcanic-clast, gneiss-clast, and granite-clast
conglomerate on the basis of the predominant clast types.

Interstratified basalt flows and rhyolite tuff exist local-
ly in the section. The basalt flows contain phenocrysts of
olivine, plagioclase, and pyroxene, are locally amygdaloi-
dal, and generally are about 5 m thick but locally tens of
meters thick. Thin (less than 3 m thick), partly reworked,
lithic- and biotite-rich rhyolitic tuff beds are found
throughout the stratigraphic sequence. Work is in progress
to date some beds of rhyolitic tuff and the thick basalt.
This basalt texturally resembles a basalt exposed 1.5 km
southwest of the Chemehuevi Mountains that has a K-Ar
age of 14.5+1.0 Ma (whole rock) (Howard and others, this
volume).

In the central Chemehuevi Mountains, basalt plugs
and local flows, one of which has a K-Ar age of 11.6x1.2
Ma (whole rock) (J.K. Nakata, oral commun., 1984; see
John, 1987a), intrude or overlie and fuse cataclasite in the
Chemehuevi detachment fault zone, indicating that move-
ment had ceased on the Chemehuevi fault by late Miocene
time.

UNDEFORMED PIEDMONT GRAVELS
AND BOUSE AND CHEMEHUEVI
FORMATIONS

Undeformed sediment lies with angular discordance
on the section just described. The lowest sediment is local-
ly derived, matrix-supported conglomerate that underlies
the Bouse Formation (Metzger and Loeltz, 1973). The
Bouse Formation, assigned to the upper Miocene and Plio-
cene, has been described in the area by Metzger and
Loeltz (1973) and Buising (this volume). It consists of ba-
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sal marl 0.2 to 8 m thick and an overlying unit as much as
15 m thick of interbedded clay and silt with fewer inter-
beds of sand.

Overlying the Bouse are locally derived piedmont
gravels and Pliocene(?) and Pleistocene alluvial deposits
of the Colorado River. The piedmont gravels are lithologi-
cally similar to pre-Bouse conglomerate. Some upper
Pleistocene, mostly fine-grained alluvial deposits were
considered by Metzger and others (1973) to be equivalent
to the Chemehuevi Formation as defined by Longwell
(1936).

GEOLOGIC HISTORY

The distribution of rock types within the Tertiary sec-
tion exposed in the northern and eastern Chemehuevi
Mountains implies that at least moderate relief existed
throughout the time of deposition. The basal section lies
unconformably above deformed and metamorphosed Prot-
erozoic gneiss and granite. Stratigraphic relationships
below the Peach Springs Tuff imply local relief of hun-
dreds of meters with little tilting. Eruption of the Peach
Springs Tuff coincided with (1) initiation of major block
tilting related to crustal extension in the region, (2) devel-
opment of numerous unconformities and syndepositional
fault scarps, and (3) generation of a huge volume of detri-
tus shed into small basins.

The upper sedimentary sequence records alluvial fan
deposition interrupted by a period of lacustrine conditions.
The overall crude upward fining from very proximal fan
facies to proximal and mid-fan facies is consistent with
accumulation during retreat of a mountain front or lower-
ing of source area relief. Interbedded landslide megabrec-
cia and 10- to 20-m-thick coarsening-upward sequences
suggest some syndepositional faulting.

Clast assemblages in the alluvial fan sequence record
progressive unroofing of both the hanging wall and foot-
wall to the Chemehuevi detachment fault system. Con-
glomerate in the lower Trampas Wash area clearly records
breaching of the Chemehuevi detachment fault, and dis-
tinctive clasts within the youngest conglomerate beds dis-
placed by the Chemehuevi fault constrain later movement
on the fault to less than 5 km (Miller and John, 1988).
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Cenozoic Stratigraphy of Northern Chemehuevi Valley
and Flanking Stepladder Mountains and Sawtooth Range,
Southeastern Calif.

By Keith A. Howardl, Peter P. Christiansen2, and Barbara E. John?

INTRODUCTION

Northern Chemehuevi Valley and its flanking ranges
expose Neogene stratigraphic sections in which uncon-
formities and synorogenic clastic sedimentary rocks are re-
lated to tectonic extension. The area lies within the
Colorado River extensional corridor, which is character-
ized by fault blocks tilted southwestward in the Miocene
above regional detachment faults (Howard and John,
1987). The originally east-dipping detachments faults were
domed to the surface on the east side of Chemehuevi Val-
ley in the Chemehuevi metamorphic core complex (Frost
and Okaya, 1986; John, 1987a).

The Stepladder Mountains on the west side of north-
ern Chemehuevi Valley and the Sawtooth Range on the
east side (fig. 1) expose fragmentary sections of Miocene
lava flows and pyroclastic and epiclastic deposits (Cook-
sley, 1960; Coonrad, 1960a, b; Bishop, 1963; Christian-
sen, 1987; Howard and others, 1982; Howard 1991; John,
1982, 1987b).

Cenozoic rocks in the area can be divided into three
sequences bounded by angular unconformities: a lower vol-
canic sequence of early Miocene age, a middle sequence of
Miocene sedimentary rocks and basalt flows, and an upper,
postorogenic sequence of surficial deposits of late Mio-
cene(?) to Holocene age (col. 2-H, pl. 2). The lower volcan-
ic sequence rests nonconformably on Proterozoic gneiss,
dips southwesterly at moderate to high angles, and predates
most extension-related tilting. The middle sequence exhib-
its moderate southwesterly dips indicating deposition dur-
ing tilting, whereas the upper sequence is undeformed.

LOWER VOLCANIC SEQUENCE

The lower volcanic sequence consists largely of ande-
sitic and dacitic flows, tuff, and breccia and is capped in
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94025
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most places by the Peach Springs Tuff of Young and Bren-
nan (1974). In the Stepladder Mountains, the section is
faulted and is several hundred meters thick; the Peach
Springs Tuff is absent. A basal flow of basanite (rock clas-
sification of Le Bas and others, 1986) in the northern
Stepladder Mountains with a K-Ar age of 21.7+0.5 Ma
(whole rock) (M.A. Pernokas and J.K. Nakata, written
commun., 1984) rests in probable nonconformity on
weathered Proterozoic gneiss. Dacitic tuff breccia that
overlies the basalt contains pumice from which J.K. Naka-
ta (written commun., 1984) obtained K-Ar ages of
20.9+0.5 Ma (biotite) and 19.9+0.5 Ma (plagioclase).
Abundant plagioclase phenocrysts characterize several
hundred meters of overlying cream, tan, or pink porphyrit-
ic dacitic flows, flow breccia, tuff breccia, and debris
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Figure 1. Map showing location of geographic features discussed
in text.
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flows. Dark vesicular andesite overlies and interfingers
with the dacite. It is overlain in turn by 50 to 100 m of
poorly bedded matrix-supported lahar diamictite, conglom-
erate, and thin tuff interbeds that together form the upper-
most part of the sequence.

In the southern Stepladder Mountains, the lower sev-
eral hundred meters of exposed section is dominated by a
series of flows, flow breccia, and debris flows of composi-
tions that include pyroxene andesite, hornblende andesite,
and dacite. An east-striking andesite dike cuts nearby
basement rocks. Some of the andesite contains orthopy-
roxene as well as clinopyroxene. Interfingering with the
andesitic rocks are poorly sorted andesitic debris-flow de-
posits, representing lahars, that are about 200 meters in
total thickness. These lahars are associated with local
channel lenses of sandy conglomerate with wavy bed
forms. The foregoing units are overlain by dacitic to rhyo-
lite porphyry flows with-brecciated margins, which merge
into discordant shallow intrusive bodies and a swarm of
east-striking feeder dikes. Abundant plagioclase and biotite
phenocrysts characterize the porphyry, and minor horn-
blende or pyroxene occur less commonly.

The Sawtooth Range exposes a conformable section
about 700 m thick of dacitic and andesitic flows, flow
breccias, tuffs, and agglomerate, all capped by the Peach
Springs Tuff. These rocks rest on Proterozoic gneiss and
granite. Dips range from 40° to 90°, depending on local
structure.

The base of the section in the Sawtooth Range is var-
ied and locally includes (1) welded andesitic ash-flow tuff
units a few meters thick that contain plagioclase and horn-
blende, (2) bedded dacitic tuff a few meters thick that con-
tain plagioclase, biotite, and sanidine, and (3) pyroxene
andesite flows. As much as 500-600 m of boldly outcrop-
ping porphyritic dacitic flows dominate the overlying sec-
tion, including massive rocks at Snaggletooth that were
earlier mapped as intrusive (Coonrad, 1960a; Bishop,
1963). This dacitic unit weathers light tan, pale violet, or
cream colored. Abundant 2- to 3-mm plagioclase pheno-
crysts and phenocryst clusters characterize the unit, and
varied amounts of phenocrysts as long as 3 to 8 mm of
biotite, hornblende, and sparser clinopyroxene phenocrysts
are present. Interfingered with these lower units are pink-
ish dacitic tuff breccia as thick as 330 m and an overlying
500-m-thick lens of gray volcanic breccia containing a
mix of clasts. The tuff breccia is biotite and plagioclase
phyric. The mixed-clast breccia includes glassy breadcrust
andesite blocks.

Up to 250 m of dark, commonly platy andesite and
trachyandesite flows overlie and interfinger with the por-
phyritic dacitic unit. These flows are aphyric to poorly phy-
ric with homblende, pyroxene, and biotite. Thin (1-2 m)
andesitic breccia containing a mix of clasts locally forms
the uppermost part of the section below the Peach Springs
Tuff.

A section 110 m thick of the Peach Springs Tuff over-
lies the andesitic rocks concordantly or with small angular
discordance. The tuff is crystal-rich rhyolite consisting
here of a lower pink-weathering welded part and an upper
part of white, unwelded lithic tuff. Flattened pumice lapilli
are recrystallized and replaced by cristobalite and chalce-
dony. The Peach Springs Tuff in the Sawtooth Range
yielded a K-Ar age of 18.1+0.6 Ma (sanidine) (Howard
and others, 1982) and is correlated with the regionally ex-
tensive ash-flow tuff dated as 18.5+0.2 Ma (Nielson and
others, 1990). Paleomagnetic results from the Sawtooth
Range confirm this correlation (Wells and Hillhouse,
1989).

The interfingering porphyritic dacitic rocks in the
Sawtooth Range and andesitic rocks in the Stepladder
Mountains are similar, and they are also similar to rocks in
the Turtle Mountains and Mopah Range south of the Step-
ladder Mountains (Carr and others, 1980; Howard and oth-
ers, 1982; Hazlett, 1986, 1990, this volume; Nielson and
Turner, 1986; Nielson and Nakata, this volume). The simi-
larities suggest that the pre-Peach Springs sections are part
of a shared volcanic field, fed in part by the east-striking
dikes in the southern Stepladder Mountains and by dikes
and necks exposed in the Turtle and Mopah Ranges (see
Hazlett, this volume; Nielson and Nakata, this volume).
The sections in the Sawtooth Range and Stepladder Moun-
tains are 20 km apart and are inferred to have been closer
before being dismembered and tilted along east-dipping
normal faults. The K-Ar ages determined for the Steplad-
der Mountains rocks and the age of the Peach Springs Tuff
suggest that the lower volcanic sequence in the Sawtooth
Range and Stepladder Mountains ranges in age from about
22 to 18.5 Ma.

MIDDLE SEQUENCE OF SEDIMENTARY
ROCKS AND BASALT

A ridge-capping sequence more than 50 to 100 m
thick of gently dipping olivine basait to andesite flows and
interleaved tuff and tuffaceous sandstone overlies the more
highly faulted lower volcanic sequence in the Stepladder
Mountains, on an angular unconformity of 20° to 30°. To
the north the capping basalt unit laps across the lower se-
quence to rest directly on Cretaceous granodiorite and
Proterozoic gneiss. The capping basalt unit therefore post-
dates some but not all of the Miocene tilting and faulting.
Where the unit overlies gneiss in an inselberg in the west-
ern Stepladder Mountains, a basaltic trachyandesite yield-
ed a K-Ar age of 18.1+0.6 Ma (whole rock) (Howard and
others, 1982). Similar capping basalts to the south in the
Turtle Mountains and western Whipple Mountains have
yielded K-Ar whole-rock ages of 14.920.3 and 17.0£0.4
Ma, respectively (Carr and others, 1980; Nielson and Na-
kata, this volume).
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Two isolated exposures of rocks considered to be sim-
ilar in age to the capping basalt crop out near the Saw-
tooth Range. Shale at least 5 to 8 m thick and holo-
crystalline olivine basalt overlying it occur 5 km south of
Snaggletooth. The shale is cherty to dolomitic and con-
tains distorted laminae and possible silicified wood. The
unconformably(?) overlying basalt dips about 10° and has
a K-Ar age of 14.5+1.0 Ma (whole rock) (M.A. Pernokas,
written commun., 1982). Westerly dips suggest that these
rocks were involved in late tilting related to the Miocene
extension.

The second exposure consists of folded sedimentary
rocks that dip 20° to 30° westerly and rest nonconform-
ably or in fault contact on Proterozoic gneiss and granite
at a site 5 km north-northwest of Snaggletooth. A basal
breccia of Tertiary dacitic clasts is overlain by about 100
m of volcanic-clast conglomerate, which is in turn over-
lain by a similar thickness of landslide megabreccia con-
taining large boulders of Tertiary volcanic rocks and
Proterozoic gneiss and granite. The sedimentary rocks are
inferred to correlate with conglomerate and breccia in
McClelland’s (1982) fault plate “C” in the Sacramento
Mountains 15 km to the north. The section in the Sacra-
mento Mountains was also described by Leach (1985), by
Miller and Leach (this volume), and by Spencer and Turn-
er (1983), who found it to be interstratified with tilted
basalt and unconformably overlain by flat-lying basalt.
The older basalt has a K-Ar age of 14.6+0.9 Ma (whole
rock) and the younger has a K-Ar age of 14.6+0.2 Ma
(whole rock) (Spencer, 1985).

POSTOROGENIC DEPOSITS

Locally derived piedmont gravel forms the floors of
northern Chemehuevi Valley. The deposit probably ranges
in age from late Miocene(?) to modern. The oldest ex-
posed postorogenic deposit is dissected gravel in the
southern Stepladder Mountains; it contains boulders of
plutonic and metamorphic rocks, although it rests on the
lower volcanic section. Estuarine deposits of the upper
Miocene and Pliocene Bouse Formation, which is exposed
nearby in southern Chemehuevi Valley (Noble, 1931;
Metzger and Loeltz, 1973), probably lies at shallow depth
interbedded with piedmont gravels in northern Chemehu-
evi Valley. This relation is suggested by the presence of
shallow horizontal seismic reflectors (Frost and Okaya,
1986).

GEOLOGIC HISTORY

The stratigraphic sections in and around northern
Chemehuevi Valley suggest an early Miocene history, be-

ginning about 22 Ma, in which local volcanic venting in
and south of the Stepladder Mountains resulted in accu-
mulation of several hundred meters of intermediate lavas,
breccias, tuffs, lahars, and rarer epiclastic sediments. Dep-
osition of the regional Peach Springs Tuff about 18.5 Ma
coincided with the end of this episode and the beginning
of fault-block tilting of the sections. Normal faulting along
east-dipping faults was accompanied by westward tilting
of fault blocks above regional detachment faults. Basaltic
magmatism in the south and west accompanied the tilting,
while synorogenic conglomerate, landslide breccia, and la-
custrine shale were deposited in the north and east. Tilting
and faulting ceased at about 14 Ma after the uplift and
exposure of the Chemehuevi metamorphic core complex
on the east. Postorogenic piedmont gravel began to accu-
mulate in late Miocene time prior to deposition of the
Bouse Formation and has continued through latest Ceno-
zoic time.
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Tertiary Stratigraphy and Structure of the
Northern Turtle Mountains, Calif.

By Jane E. Nielson! and John K. Nakata!

SETTING

The Turtle Mountains, Stepladder Mountains, and
Mopah Range are components of two parallel ranges with
north to northwest trends in the western part of the Colo-
rado River extensional corridor, southeastern California
(fig. 1). They lie west of the Whipple, southwest of the
Chemehuevi, and southeast of the Old Woman Mountains;
the last forms the western margin of the extensional corri-
dor (Howard and others, 1982; Knoll and others, 1986;
Hileman and others, 1990). The sections of Tertiary vol-
canic and sedimentary rocks described here are located
east of the main mass of the Turtle Mountains and be-
tween the Mopah Range to the south and the Stepladder

'U.S. Geological Survey, Mail Stop 975, 345 Middlefield Road,
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Figure 1. Map showing locations and generalized geology of the
Turtle Mountains, Mopah Range, and Stepladder Mountains,
southeastern California.

Mountains to the north (see also Hazlett, this volume).
The main part of the Turtle Mountains is composed pre-
dominantly of mixed Proterozoic gneiss intruded by Prot-
erozoic diorite and granite plutons, and diabase dikes.
These rocks are intruded by Cretaceous granodiorite and
diorite plutons, and quartz rhyolite porphyry dikes
(Howard and others, 1982).

Thin volcanic sections overlie the metamorphic-
plutonic complex in the south part of the main Turtle
Mountains (fig. 1). A section of Tertiary rocks as much as
1 km thick nonconformably overlies the complex of older
rocks in the northern Turtle Mountains (Nielson and Turn-
er, 1986). This section is continuous with that of the
Mopah Range (Hazlett, 1986; 1990; this volume), which
lies south of Gary Wash, a major east-trending drainage
(fig. 1). There is no exposure of either the older rocks or
the basal contact between pre-Tertiary and Tertiary rocks
in the Mopah Range.

STRATIGRAPHY

The section of Tertiary rocks in both the northern Tur-
tle Mountains and Mopah Range comprises a locally ex-
posed basal arkose of Tertiary (Miocene or older) age and
two units of Miocene volcanic rocks that are separated by
an angular unconformity (col 2-I, pl. 2). The volcanic
rocks are overlain locally by Tertiary estuarine and broad-
ly by Tertiary to Quaternary alluvial fan deposits. The
basal arkose is clast-supported and oxidized boulder to
cobble conglomerate, with interbeds of sandstone and ma-
trix-supported conglomerate. Above the basal arkose,
rocks of the lower unit are of early Miocene age; these
include volcanic flows, breccia, air-fall, and ash-flow tuff,
with local thin interbeds of lacustrine shale, sandstone,
and limestone. The volcanic rocks in this section are most-
ly andesitic and rhyolitic in composition, although basalt
flows occur locally. The sedimentary units are mostly de-
rived from volcanic rocks. The upper unit is predominant-
ly basalt flows and cinders of middle Miocene age, with
thin air-fall tuff horizons and thick interbeds of fine-
grained sandstone. These sandstones are of mixed volcanic
and arkosic derivation and locally contain beds of arkosic
conglomerate and breccia.
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Table 1. K-Ar ages of Turtle Mountains and Mopah Range rocks.

Latitude

K,0 4Opr g

1 Longitude . Percent Calculated age . 2
Sample No. ) W) Rock type Material dated (wt pet) 10_” mollg 40 Al (Ma)? Assigned age (Ma)
JP83TM-127 34°24'30" 114° 50'45"  Andesite breccia Plagioclase 0.78 1.81 56.9 15.97
1.86 59.7 16.4 16.0£0.4
BH82TM-86b  34° 26' 40" 114° 48' 30" Basalt flow Whole rock 1.32 322 50.2 16.96
3.22 62.7 16.98 17.0+0.4
JP82TM-128 34°23'45" 114°47 21"  Rhyolite (dike) Biotite 8.42 2.38 55.3 19.55
2.40 49.7 19.68
Hornblende 0.74 2.11 20.8 19.74 19.5+0.5
2.02 16.1 18.90
RT83TM-100  34°23'33" 114°47'26" Rhyolite (dike) Biotite 8.47 241 33.0 19.69
19.7+0.5
Hornblende 0.76 2.33 12.0 212
JP82TM-%4c 34°25'03" 114°49' 21" Homblende Hornblende 0.88 254 258 19.96
andesite flow 255 11.7 19.98 20.0+0.5
RT83TM-99 34°18'33" 114°45'37"  Rhyolite (plug) Biotite 8.65 2.50 61.1 19.99
N. Mopah Pk 20.0£0.5
Hornblende 0.82 217 355 18.32

'Sample preparation and analytical work were done at U.S. Geological Survey, K,0 analyses by M. Dyslin, L. Espos, P. Klock, S. Macpherson,

S. Pribble, and D. Vivit.

2K-Ar ages were calculated using the constants for the radioactive decay and abundance of 40K recommended by the International Union of
Geological Sciences Subcommission on Geochronology (Steiger and Jiger, 1977). These constants are: A,=0.580x107'%r!, kp=4.962x10"°yr", and

AOK/K jora1=1.167x10~4 mol/mol.

MIDDLE MIOCENE AND OLDER ROCKS

Volcanic rock types in the basal part of the lower
unit are lahar and mudflow deposits, andesite lava flows,
and both monolithologic andesite flow and collapse brec-
cia. The strata are intruded by dikes, abundant small
plugs, and local large plugs of identical rock types; the
predominant kind of deposit and the lithology of the
units vary from south to north. Above the andesitic units
are interbedded rhyolite and basalt to basaltic andesite
deposits. These units include repetitive sequences of tuff
(locally ash-flow or surge deposits, bedded air-fall tuff,
and coarse pumice breccia) overlain by rhyolite flows
with vitrophyric bases, flow-banded stony cores, and rub-
bly tops. The flows were fed by local dikes and plugs
that abound in the section immediately north of Gary
Wash. The mafic rocks are massive to brecciated lava
flows and volcaniclastic breccia. Basaltic feeder dikes
also are common in the section.

Potassium-argon ages on rocks of the lower unit
range from 20 to 16 Ma. Ages from two tuffs are
20.2+1.0 and 20.0+0.7 Ma (biotite; Howard and others,
1982), and an andesite flow in this unit has an age of
20.0£0.5 Ma (hornblende: table 1). Two rhyolite feeder
dikes in the predominantly rhyolite-basalt part of the
lower unit produced K-Ar ages from biotite of 19.5+0.5
Ma and 19.7+0.5 Ma (table 1). These ages are very close
to one of 20.0£0.5 Ma determined on biotite from the

north Mopah Peak in the Mopah Range (Hazlett, this
volume). One brecciated flow produced an age of
16.0+0.4 Ma.

Volcanic rocks of the upper unit include basalts that
are solely pyroxene-phyric, and some that contain modal
olivine, In general, the pyroxene-bearing basalts occur
near the base of the unit and are overlain by volumetri-
cally dominant olivine basalt. A whole-rock K-Ar age on
olivine basalt from the northern Turtle Mountains is
17.0+£0.4 Ma (table 1).

The overlap of ages between the upper and lower
volcanic units create an interpretive problem, which is
dealt with differently in the columns for the northern
Turtle Mountains (col 2-1, pl. 2) and the Mopah Range
(col 2-J, pl. 2, Hazlett, this volume). Hazlett resolved the
problem by showing concurrent deposition of the young-
est flows in the lower unit and the earliest flows in the
upper unit. Because there is a distinct angular discor-
dance and erosional surface between lower and upper
units in the northern Turtle Mountains, we question the
validity of the young K-Ar age on a flow breccia that
clearly is in the tilted lower unit and have discarded it.
Therefore, column 2-I (pl. 2) shows a hiatus between
eruption of the lower and upper units.

The Peach Springs Tuff of Young and Brennan
(1974) crops out in the northern Turtle Mountains within
a fault-bounded exposure of conglomerate and mafic
flows. The presence of the tuff could help resolve the
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conflict between stratigraphic interpretations; however,
none of the associated deposits are distinctive enough to
indicate a lower- or an upper-unit context. We have
shown the Peach Springs Tuff within the upper part of
the lower unit (col. 2-1, pl. 2), based on relations in
nearby areas (Carr and others, 1980; Howard and others,
this volume).

LATE MIOCENE(?) AND YOUNGER DEPOSITS

Ubiquitous deposits that overlie the middle Miocene
and older rocks are alluvial plain and fan gravels and
sandstone. Locally these are interbedded with and overlie
finely bedded clastic and evaporite facies of the estuarine
Bouse Formation (Howard and others, 1982; Buising, this
volume). The alluvial deposits that interfinger with the
basal Bouse strata presumably range in age from late Mi-
ocene(?) to Pliocene, and the overlying gravel is likely
Quaternary in age (Carr and others, 1980).

STRUCTURE

Miocene rocks of the northern Turtle Mountains and
Mopah Range generally strike north and northwest and dip
west and southwest. Strata in the lower unit are tilted be-
tween 25° and 40°, although andesite breccias in the lower
part of the unit have dips as great as 65°. Nielson and
Turner (1986) suggested that these units formed on the
slopes of local volcanoes and that as much as 30° of their
tilts are due to original dips. If this is correct, similar beds
that dip in directions other than west or southwest are not
preserved. Tilts on strata of the upper unit range up to 10°
west or southwest.

The Miocene rocks are tilted by myriad faults with
north to northwest strikes and east to northeast dips. Ex-
posed fault planes have dip-slip slickenside striae (Nielson
and Turner, 1986). Most of these faults have offsets on the
order of meters to tens of meters. However, several north-
west-striking faults have considerable stratigraphic throw
and in places juxtapose the upper unit of the Miocene sec-
tion against Proterozoic rocks.

Faults with west-northwest strikes are the youngest
structures in the northern Turtle Mountains. These offset
faults with more northerly trends and may have a strike-
slip component.
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Stratigraphic Section of the Central Mopah Range, Calif.

By Richard W. Hazlett!

The Mopah Range is an eastern spur of the Turtle
Mountains, in southeastern San Bernardino County, Cali-
fornia (fig. 1). This area is shown on the Savahia Peak
7.5-minute and Turtle Mountains 15-minute topographic
quadrangle maps. The main body of the Turtle Mountains
consists of Precambrian and Mesozoic crystalline rocks
(Howard and others, 1982), whereas the Mopah Range
consists of diverse volcanic and sedimentary rocks of Ter-
tiary age. To the west, strata of the Mopah Range dip into
the crystalline rocks along both low- and high-angle faulits.
Presumably the Tertiary rocks overlie the older rocks non-
conformably at depth, as suggested by exposure of a basal
nonconformity at the northern end of the range (Nielson
and Turner, 1986; Nielson and Nakata, this volume). All
rocks are intensely faulted, especially along the eastern
flank of the range. These faults are related to the same late
Tertiary extensional event that produced the nearby Whip-
ple detachment fault (Howard and others, 1982). The
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Figure 1. Map showing location of geographic features discussed
in text.

mean north-northwest strike of faults is subparallel to that
of dikes that intrude the Tertiary section.

The stratigraphic section in the central Mopah Range
is at least 1 km thick, but the base of the section is unex-
posed (col. 2-J, pl. 2). The most complete exposure is in
the drainage basin of Mopah Spring (fig. 1) (Hazlett,
1986). The most abundant rocks in the lower section are
subalkaline clinopyroxene-plagioclase-phyric andesite and
minor alkali-olivine basalt, which form flow stacks up to
several hundred meters in thickness. These flows are over-
lain by pumiceous crystal-lithic dacite tuff and pyroclastic
flow breccia, locally as much as 100 m thick. Dacite, and
minor rhyolite lava flows, individually several tens of me-
ters thick, overlie the tuff, forming the steepest topography
in the field. Dacite plugs and a north-northwest-striking
swarm of dacitic and basaltic dikes intrude the section.

The intermediate and silicic flows and breccia are
overlain unconformably by alkalic to subalkalic olivine-
clinopyroxene-plagioclase-phyric basalt, in flow stacks up
to 200 m in thickness. Locally interbedded with these ba-
salt units in the western Mopah Range are arkosic sand-
stone and crystalline-clast conglomerate of westward
provenance, presumably derived from the main body of
the Turtle Mountains.

Only a few isotopic ages are available from the cen-
tral Mopah Range. A sample of andesite collected by me
at Mopah Spring yielded a K-Ar age of 20.4x0.4 Ma
(whole rock) (J.K. Nakata, oral commun., 1986). This is
the oldest reasonable age obtained for the section. Miner-
alogically similar andesite dated by Dickey and others
(1980) at the southern end of the Turtle Mountains yield-
ed nearly identical ages (20.4+0.5, 20.4=1.2, and 20.8+0.8
Ma). A sample collected by R.D. Turner from a rhyolite
dike in felsic flows near Craik Mine, north of the Mopah
Range, gave a K-Ar age of 19.7x0.5 Ma (biotite) (see
Nielson and Nakata, this volume, North Turtle Mountains
col. 2-I). A hornblende age from the same site is 21.2x1.1
Ma (Nielson and Nakata, this volume). Biotite and horn-
blende separates from a sample collected by R.D. Turner
atop the northern Mopah Peak plug gave K-Ar ages of
20.0+0.5 and 18.3+0.8 Ma, respectively (Nielson and Na-
kata, this volume). Finally, one of the capping basalt
flows in the central Mopah Range has a K-Ar age of
17.020.4 (whole rock), and an age of 16.0+0.4 Ma was
determined from an andesite flow breccia underlying the
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capping basalt unconformity (Nielson and Nakata, this
volume). Though tenuous, this evidence suggests that the
unconformity developed diachronously. Ages have also
been obtained from lava flows sampled at the southern
and northern end of the Mopah Range and in nearby, pos-
sibly related volcanic terranes (Carr and others, 1980;
Dickey and others, 1980; Howard and others, 1982; Niel-
son and Turner, 1986). These isotopic ages suggest that
nearly all the volcanic and sedimentary strata in the
Mopah Range were deposited between 21 and 16 Ma.
Given the small number of ages listed above, the chrono-
logical representation of the Mopah Range section includ-
ed with this article should be regarded as only roughly
constrained.
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Stratigraphic and Structural Correlation of Tertiary Strata
of the Mohave Mountains and Aubrey Hills, Ariz.

By Jane E. Nielson!

SETTING

The Mohave Mountains and Aubrey Hills of Arizona
are located in the Colorado River extensional corridor
(Howard and John, 1987), east of the Whipple and
Chemehuevi Mountains and west of the faulted margin of
the Colorado Plateau. The geology of the Aubrey Hills is
continuous with that of the southern Mohave Mountains.
Northeast-striking faults divide the Mohave Mountains
and Aubrey Hills into three structural areas (fig. 1, from
north to south): the Yucca Mine area, the Crossman Peak
area, and the Aubrey Hills-Standard Wash area (Nielson,
1986; Nielson and Beratan, 1990).

Rocks in all three structural areas consist of slightly
deformed to undeformed Proterozoic and Mesozoic plu-
tonic rocks that are intruded by Proterozoic diabase sills,
and are nonconformably overlain by Tertiary sedimentary
and volcanic deposits. Swarms of Tertiary dikes, which lo-
cally form as much as 30 percent of exposures, intrude
gneiss and granite in the central part of the range (Howard
and others, 1982; Nakata, 1982). Tilted, predominantly
Miocene, sedimentary and volcanic rocks occur along the
west, north, and south margins (Pike and Hansen, 1982).

STRATIGRAPHY

The stratigraphy of the three structural areas of the
Mohave Mountains is shown as two columns (cols. 2-
Ka,b, pl. 2). Stratigraphic correlation between the areas is
shown in figure 2.

Miocene deposits in the Mohave Mountains comprise
four unconformity-bounded sequences, on the basis of
stratigraphic and structural relations (Nielson, 1986; Niel-
son and Beratan, 1990) (fig. 2). The sequences, numbered
I to IV from oldest to youngest, are composed of locally
derived epiclastic and volcanic rocks and the Peach
Springs Tuff of Young and Brennan (1974); detailed char-
acterizations of the sequences are in Nielson and Beratan

1U.S. Geological Survey, Mail Stop 975, 345 Middlefield Road,
Menlo Park, CA 94025

(1990). Sequences I to III of the Mohave Mountains corre-
spond directly to the lower Miocene sequences distin-
guished in the Chemehuevi Mountains by Miller and John
(this volume). Between the fault-bounded areas the rocks
in each sequence are generally similar but have distinctive
differences in both lithology and the character of interven-
ing unconformities (Nielson and Beratan, 1990).

In all the areas the basal strata of sequence I are local-
ly exposed arkosic conglomerate and sandstone of proba-
ble pre-Miocene (Oligocene?) to earliest Miocene age,
deposited on deeply weathered pre-Tertiary rocks. Con-
glomerate clast types reflect variations of the underlying
complex of older rocks. The basal arkose is overlain by
sedimentary rocks of mixed arkosic and volcanic deriva-
tion, tuff and tuff breccia, local monolithologic megabrec-
cia, and variable volumes of lava flows and sills. Mafic
flows and sills of the lowermost part of sequence I are
distinctive porphyries characterized by clinopyroxene and
flow-aligned (“jackstraw” or “turkey-track™) plagioclase
phenocrysts. In all areas, sequence I is capped by a unit of
white silicic air-fall tuff that is locally interbedded with or
intruded by basalt. )

Proportions of epiclastic to volcaniclastic sedimentary
rocks and volcanogenic units in sequence I vary from
mostly volcanic in the Yucca Mine and northern Crossman
Peak areas to about equal abundances of volcanic and sed-
imentary units in the Aubrey Hills-Standard Wash area
(fig. 2). Dikes are ubiquitous in the sections, and some can
be traced into the flows that they feed. Where sills are
abundant, they commonly invaded, dismembered, and
partly to wholly incorporated sedimentary strata. Units
correlative with sequence I in the Aubrey Hills-Standard
Wash area also occur west of the study area, in Whipple
Wash (Frost, 1983; Beratan, 1990).

Sequence II is composed mostly of intermediate to si-
licic flows, flow breccia, and welded tuff, principally the
Peach Springs Tuff. Sequence IIl consists of sedimentary
units that locally are interbedded with sparse fragmental
volcanic rocks or basalt flows; megabreccia and large
landslide deposits occur locally. The sequence is dominat-
ed by arkosic-volcaniclastic conglomerate, sandstone, and
subordinate finer grained clastic rocks and limestone.
Sparse lava flows, lahar, and tuff are interbedded locally
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with the sedimentary strata. Clasts derived from the Peach
Springs Tuff commonly occur in sequence III conglomer-
ate. Sequence IV includes rhyolite and basalt lava flows
intercalated with sandstone and conglomerate, and it is
equivalent in age and stratigraphic position to the fan-
glomerate of Osborne Wash of Carr and Dickey (1980).
Sequence IV is overlain conformably by younger
(upper Miocene and Pliocene) deposits of the Colorado
River valley, which include estuarine-lacustrine epiclastic
and evaporite strata (Bouse Formation) and river gravels.

UNCONFORMITIES

Unconformities form the upper and lower boundaries
of all the sequences identified in the study area. The char-
acter of the unconformity between sequences I and II var-

ies significantly between the Crossman Peak area and
other parts of the Mohave Mountains. An angular uncon-
formity of at least 40° separates sequences I and II in the
Crossman Peak area (col. 2-Ka, pl. 2). The unconformity
is developed on the eroded surface of sequence I strata
and intrusions; on the basis of K-Ar ages, Nielson and Bé-
ratan (1988; 1990) estimated the age between 21.5 and
19.9 Ma. In the Yucca Mine and Aubrey Hills-Standard
Wash areas, sequences I and II are separated by an angular
discordance of only about 10°, which developed before
deposition of the Peach Springs Tuff. At most sites this
unconformity is not obvious, but at one locality in the
Yucca Mine area it can be observed directly. Where con-
tacts between sequences II and III are exposed, there is
always a marked angular unconformity. An angular uncon-
formity also occurs between sequence IV and older rocks
wherever contacts are exposed.
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Figure 1. Locations and generalized geology of the Mohave Mountains and Aubrey Hills, Arizona.
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STRATIGRAPHY OF THE YUCCA MINE AND
AUBREY HILLS-STANDARD WASH AREAS

Tertiary sections of the Yucca Mine and Aubrey Hills-
Standard Wash areas are highly similar in stratigraphy, as
well as in their unconformable relations (col. 2-Kb, pl. 2).
Sequence I in both areas includes rare rhyolite flows and
bedded tuff in addition to mafic and intermediate lava
flows. Most lava flows and sills in the middle and upper
units of sequence I are sparsely phyric, microphyric, or
aphyric and probably were mafic (basalt?) compositions
that are altered to quartz latite (Nielson and Beratan,
1990). Rare rhyolite flows with perlitic bases interfinger
with the mafic flows. These silicic rocks are relatively un-
altered, compared to the mafic lavas (Pike, 1983).

In the Aubrey Hills-Standard Wash area, two vol-
canic tuff and breccia units are interbedded with “jack-

straw” porphyry flows. Breccia in the lower tuff unit
yielded an age of 23+2.4 Ma (Beratan, 1990) by fission-
track dating of zircon. This is the oldest age determined
on any unit in the Mohave Mountains area. The distinc-
tive upper tuff breccia is thick and strongly welded in
the Aubrey Hills but becomes thinner and is only slight-
ly welded to unwelded to the north and east in Standard
Wash. Ages on biotite in fresh-appearing rhyolite flows
in sequence I of both Standard Wash and the Yucca
Mine area range from 20.5+1.6 to 19.2+0.5 Ma (Nakata
and others, 1990). A whole-rock age from a mafic flow
in the Yucca Mine area is 19.8+0.6 Ma (Nakata and oth-
ers, 1990).

A boulder-bearing sandstone in the upper part of se-
quence I in the Aubrey Hills-Standard Wash area contains
clasts of undeformed porphyritic granite as much as 3 m
in diameter in a matrix of fine quartz sand and silicic
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Figure 2. Correlation of Tertiary sequences I through IV between parts of the Mohave Mountains and
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volcanic ash. Clast sizes decrease from the general vicinity
of the Crossman Peak fault (fig. 1) south toward the
Aubrey Hills. Underlying conglomerate units are finer
grained; thus, large boulders were not previously shed
from this source. In the northwest part of the Aubrey Hills,
sequence I is capped by a rhyolitic unit, which includes
biotite-rich rhyolite flows and blocky rhyolite monolitho-
logic breccia deposits that probably were derived from
collapse of volcanic domes or spires. The unit pinches out
both to the south and northeast.

Sequence II deposits in both the Yucca Mine and
Aubrey Hills-Standard Wash areas consist predominantly
or entirely of the Peach Springs Tuff, which is precisely
dated at 18.5+0.5 Ma by two *%Ar/*?Ar techniques (Niel-
son and others, 1990). Conventional K-Ar ages on Peach
Springs Tuff samples from the Yucca Mine and Standard
Wash areas range from 17.6£0.4 to 18.7+0.7 Ma (Nakata
and others, 1990). In the Yucca Mine area, sequence II
also includes fluvial tuffaceous conglomeratic sandstone
interbedded with a vesicular basalt flow; these units con-
formably underlie a very thick section of the Peach
Springs Tuff. A 60-m-thick section of the Peach Springs
Tuff in the Aubrey Hills marks the location of a paleo-
channel. Two small outcrops of the Peach Springs Tuff are
preserved in Standard Wash.

Sequence III in the Yucca Mine and Aubrey Hills-
Standard Wash areas comprises lacustrine sandstone and
interbedded air-fall tuff. In the Aubrey Hills-Standard
Wash area these units include lenses of limestone. South-
westward, they grade into conglomerate and sandstone
that probably were deposited on alluvial fans (Beratan,
1990). Basalt flows are interbedded with the lacustrine de-
posits—one yielded an age of 14.1+0.3 Ma (whole rock;
Nakata and others, 1990). A northeast-trending series of
plugs that intruded tilted sequence I strata in the Yucca
Mine area produced an age of 15.1+0.4 Ma (plagioclase;
Nakata and others, 1990) and may be coeval with se-
quence III deposits.

Lenses of megabreccia that may be more than 200 m
thick locally are interbedded within the upper part of the
lacustrine rocks. The megabreccia is interpreted as a rock-
fall avalanche deposit (Beratan, 1990). Megabreccia in the
Aubrey Hills contains mylonitic adamellite intruded by a
nonmylonitic quartz diorite-gabbro complex (Beratan,
1990). In the Yucca Mine area a large block of the Peach
Springs Tuff is interbedded with sandstone and air-fall tuff
in the lower part of sequence III.

Sequence IV in the Aubrey Hills-Standard Wash area
consists of a thick bimodal suite including rhyolitic ash-
flow tuff, volcaniclastic breccia, lava flows, and plugs
(Suneson, 1980), which are capped by basalt flows. These
rocks range in age from 8.6+0.3 Ma (whole rock) of cap-
ping basalt flows (Suneson and Lucchitta, 1979, 1983) to
12.7+0.6 Ma (sanidine) on an underlying rhyolitic ash-
flow tuff (Nakata and others, 1990).

STRATIGRAPHY OF THE
CROSSMAN PEAK AREA

In the Crossman Peak area, (col. 2-Ka, pl. 2) sequence
I is predominantly volcanic, with interbedded conglomerate
and sandstone beds that are composed mostly of intermedi-
ate and mafic volcanic clasts. The lower part of sequence I
contains distinctive monolithologic ‘cobble and boulder
breccia lenses that are interpreted as rock-fall avalanche
deposits. A K-Ar whole rock age on a mafic flow in se-
quence I of the northern Crossman Peak area is 21.5 Ma
(W.A. Rehrig, oral commun., 1982). A young age of
17.9+0.7 Ma was derived from fresh basalt near the base of
the section, in the south part of the area (Nakata and others,
1990). This unit may be a sill emplaced in sequence I strata
during later magmatism. A rhyolitic unit that thickens from
south to north caps sequence I in the Crossman Peak area.

The largest and most abundant intrusions occur at the
north end of the Crossman Peak area (Pike and Hansen,
1982). In this area, a mass of dark-colored dikes and plug-
like intrusions, roughly 100 m across in aggregate, invad-
ed interbedded lava flows and sedimentary strata. The
complex of strata and mafic intrusions is intruded in turn
by thin silicic dikes.

Sequence II in the Crossman Peak area comprises a
stack of altered flows and flow breccia, of quartz trachyte
(formerly andesite? and latite?) to rhyolite compositions.
This massive flow stack occurs only near the site of the
most abundant intrusions in sequence I strata. The flows in
sequence II are of local origin and the Peach Springs Tuff
has not been found. The lowermost unit at the northwest
end of the Crossman Peak area yielded a conventional K-
Ar age of 19.9+0.5 Ma on fresh-appearing biotite (Nakata
and others, 1990). An 4OArI39Ar' sequential release age of
20.5£0.5 Ma was determined on hornblende from the
same sample (J.K. Nakata, written commun., 1992). Cap-
ping the unit are silicic tuff and a plagioclase-rich welded
ash-flow tuff, which yielded a K-Ar age of 17.9+0.5 Ma
(plagioclase; Nakata and others, 1990). High precision
4O0Ar%Ar dating of other samples from the Crossman
Peak area confirm that the age of sequence II deposits is
between about 19.7 and 18 Ma (P.B. Gans, oral commun.,
1991). '

Thick sections of rocks with ages younger than late
early Miocene are not known in the Crossman Peak area.
Sequences III and IV are found as isolated remnants of
sedimentary deposits and (or) bimodal volcanic rocks. Se-
quence III units north of Lake Havasu City include gently
tilted sandstone and conglomerate and slightly tilted or un-
tilted rhyolite and silicic tuff, interbedded with basaltic
cinder deposits. A block of vesicular basalt from a cinder
cone that underlies untilted rhyolite tuff produced a K-Ar
age of 15.820.4 Ma (whole rock; J.K. Nakata, written
commun., 1992). A rhyolite flow overlying gently tilted
air-fall tuff yielded an age of 10.9 Ma (plagioclase; W.A.
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Rehrig, oral commun., 1982), equivalent to ages of se-
quence IV units in Standard Wash.

STRUCTURE
ORIENTATION OF STRATA

Dips on upright strata in all sequences are to the south-
west. In all the areas, sequence I basal strata are steeply
tilted to overturned and overlying beds are less steeply tilt-
ed. For example, sequence I strata in the Yucca Mine area
have dips that range from 80° southwest to overturned in
the lower part, and the uppermost units dip 40° to 60°. In
the Aubrey Hills-Standard Wash area, the dips of units in
the lower part of sequence I tend to be steep locally near
faults. Tilted sedimentary units of the magmatic center have
local dips and strikes that are highly variable and the strikes
commonly are discordant to the regional structural trends.

Large variations in dip are typical of units in sequence
II, both within and between structural areas. For example,
dips of the Peach Springs Tuff in the Yucca Mine area
range from 55° to 65°, but locally the beds are vertical or
overturned. In contrast, in the Aubrey Hills-Standard Wash
area the unit dips between 25° and 35°. Individual units of
sequence II in the Crossman Peak area show gentle to mod-
erate dips in all directions, but uppermost units dip between
25° and 35° south-southwest. These variable tilts probably
are due to original dips of locally derived flows deposited
on uneven topography.

Local exposures of sequence III rocks show upsection
lessening of dips, from moderate to gentle. However, mea-
sured dips on some units vary between 12° and 40° with no
evident relation either to faults or stratigraphic position.
Again, this large variability is partly due to tilting and part-
ly to original dips. Sequence IV units in all areas have dips
up to 5° or are horizontal.

FAULTS

The major faults in the Mohave Mountains have vari-
ably sinuous to linear, north-northeast to east-northeast
strikes and moderately low dips (35° to 45°) to either
northwest or southeast (fig. 1). A pair of these faults form
the north and south boundaries of the Yucca Mine area; a
third, the Crossman Peak fault (Howard and others, 1982;
Nielson and Beratan, 1990), forms the southeast boundary
of the Crossman Peak area, and a fourth separates the
Aubrey Hills-Standard Wash area from areas farther to the
south (fig. 1) (Howard and others, 1982).

In both the Yucca Mine and Aubrey Hills-Standard
Wash areas, the Miocene rocks are exposed repeatedly in
four or more tilted blocks with down-to-the-east sense.
The blocks are presumed to be bounded by normal faults

with north to northwest strike and steep east to northeast
dips. These faults are poorly exposed and for the most part
are inferred from stratigraphy. The distance between faults
averages 1 km in the Yucca Mine area and ranges from 1
to 2 km in the Aubrey Hills-Standard Wash area.

FOLDS

Strata of sequences I and II in the Yucca Mine area
have a greater variation of dip than do these units in the
other areas. These rocks are folded into one anticline of
small wavelength and four asymmetric open synclines.
The folds are cut by high-angle normal faults with north-
west strikes, which generally are parallel to strikes of both
strata and fold axes. The variable dips of beds appear re-
lated to asymmetry of the fold limbs and proximity to the
faults. The aggregate thicknesses of strata in sequences I
through III are greater in the west-dipping limb of each
syncline than in the east-dipping limb. Sequences are thin-
nest in the vicinity of the faulted anticlinal axis (Nielson
and Beratan, 1990).

REFERENCES CITED

Beratan, K.K., 1990, Basin development during Miocene detach-
ment faulting, Whipple Mountains, southeastern California:
Los Angeles, University of Southern California, Ph.D. dis-
sertation, 267 p.

Carr, W.J., and Dickey, D.D., 1980, Geologic map of the Vidal,
California, and Parker SW, California-Arizona quadrangles:
U.S. Geological Survey Miscellancous Investigations Map I-
1128, scale 1:24,000.

Frost, E.G., 1983, Structural geology of a portion of the Whip-
ple-Buckskin detachment terrane, southeastern California
and western Arizona: Los Angeles, University of Southern
California, Ph.D. dissertation, 291 p.

Howard, K.A., and John, B.E., 1987, Crustal extension along a
rooted system of imbricate low-angle faults: Colorado River
extensional corridor, California and Arizona, in Coward,
M.P,, Dewey, LF. and Hancock, P.L., eds., Continental ex-
tensional tectonics: Geological Society of London Special
Publication 28, p. 299-311. '

Howard, K.A., Goodge, J.W., and John, B.E., 1982, Detached
crystalline rocks of the Mohave, Buck, and Bill Williams
Mountains, western Arizona, in Frost, E.G., and Martin,
D.L., eds., Mesozoic-Cenozoic tectonic evolution of the Col-
orado River region, California, Arizona, and Nevada (Ander-
son-Hamilton Volume): San Diego, Calif., Cordilleran
Publishers, p. 377-390.

Nakata, J.K., 1982, Preliminary report on diking events in the
Mohave Mountains, Arizona, in Frost, E.G., and Martin,
D.L., eds., Mesozoic-Cenozoic tectonic evolution of the Col-
orado River region, California, Arizona, and Nevada (Ander-
son-Hamilton Volume): San Diego, Calif.,, Cordilleran
Publishers, p. 85-90.



138 TERTIARY STRATIGRAPHY OF HIGHLY EXTENDED TERRANES, CALIFORNIA, ARIZONA, AND NEVADA

Nakata, J.K, Pernokas, M.A., Howard, K.A., Nielson, J.E., and
Shannon, J.R., 1990, K-Ar and fission-track ages (dates) of
volcanic, intrusive, altered, and metamorphic rocks in the
Mohave Mountains area, west-central Arizona: Isochron/
West, no. 56, p. 8-20.

Nielson, J.E., 1986, Miocene stratigraphy of the Mohave Moun-
tains, Arizona, and correlation with adjacent ranges, in Cen-
ozoic stratigraphy, structure and mineralization in the
Mojave Desert: Geological Society of America, Cordilleran
Section, 82d, Los Angeles, Calif., March 1986, Guidebook
and Volume, Field Trips 5 and 6, p. 15-24.

Nielson, J.E., and Beratan, K.K., 1988, Time of detachment
faulting from Miocene sequences, Colorado River extended
terrane [abs.]: Geological Society of America Abstracts with
Programs, v. 20, no. 7, p. A393.

1990, Tertiary basin development and tectonic implica-
tions, Whipple detachment system, Colorado River exten-
sional corridor, California and Arizona: Journal of
Geophysical Research, v. 95, no. B1, p. 599-614.

Nielson, J.E., Lux, D.R., Dalrymple, G.B., and Glazner, A.F,,
1990, Age of the Peach Springs Tuff, southeastern California
and western Arizona: Journal of Geophysical Research,
v. 95, no. B1, p. 571-580.

Pike, J.E., 1983, Composition of Tertiary volcanic rocks, Mohave
Mountains, Arizona [abs.]: Geological Society of America
Abstracts with Programs, v. 15, no. 5, p. 304,

Pike, J.E., and Hansen, V.L., 1982, Complex Tertiary stratigraphy
and structure, Mohave Mountains, Arizona: A preliminary
report, in Frost, E.G., and Martin, D.L., eds., Mesozoic-Cen-
ozoic tectonic evolution of the Colorado River region, Cali-
fornia, Arizona, and Nevada (Anderson-Hamilton Volume):
San Diego, Calif., Cordilleran Publishers, p. 91-96.

Suneson, N.H., 1980, The origin of bimodal volcanism, west-
central Arizona: Santa Barbara, University of California,
Ph.D. dissertation, 293 p.

Suneson, Neil, and Lucchitta, Ivo, 1979, K/Ar ages of Cenozoic
volcanic rocks, west-central Arizona: Isochron/West, no. 24,
p. 25-29.

1983, Origin of bimodal volcanism, southern Basin and
Range province, west-central Arizona: Geological Society of
America Bulletin, v. 94, no. 8, p. 1,005-1,019.

Young, R.A., and Brennan, W.J., 1974, Peach Springs Tuff: its
bearing on structural evolution of the Colorado Plateau and
development of Cenozoic drainage in Mohave County, Ari-
zona: Geological Society of America Bulletin, v. 85, no. 1,
p. 83-90.




Stratigraphic Section of the
Castaneda Hills-Signal Area, Arizona

By Ivo Lucchitta! and Neil H. Suneson

GEOGRAPHIC AND GEOLOGIC
DESCRIPTION

This report discusses a region of west-central Arizona
near the Bill Williams River that is most conveniently re-
ferred to as the Castaneda Hills-Signal area. The area ex-
tends northward from the Bill Williams River to Dutch
Flat, and from the Castaneda Hills at the west margin to
the abandoned mining camp of Signal, on the Big Sandy
River, at the east margin (fig. 1). The area is in the south-
ern Basin and Range province between the lower Colo-
rado River and the Colorado Plateau-Transition Zone.

The stratigraphic information presented in this report
(col 2-L, pl. 2) is derived from detailed mapping at a
scale of 1:24,000 of the entire Castaneda Hills 15-minute
quadrangle and the northwest quarter of the Artillery
Peak 15-minute quadrangle (Lucchitta and Suneson,
1988a, b, 1990, 1991, and in press, a-d).

Intricately dissected hills are typical of the area and
locally are separated by broad alluviated plains and pedi-
ments. Many of the hills (Castaneda Hills, Aubrey Peak,
Eagle Point) are impressively sharp because they consist
of clusters of silicic volcanoes. At the north end of the
area, the intricate hills give way to linear, north-trending
ranges separated by wide valleys that are typical of clas-
sic basin-range topography. The two domains are separat-
ed by the Aubrey lineament (Suneson and Lucchitta,
1979), an important northwest-trending topographic and
geologic boundary.

The Castaneda Hills-Signal area lies near the inter-
section of three distinct geologic terranes. To the south
and west are the metamorphic core complexes of the
Rawhide, Buckskin, and Whipple Mountains. To the
north are ranges (McCracken and Hualapai Mountains)
and basins (Dutch Flat, Big Sandy Valley) typical of the
Basin and Range province. To the east and northeast are
the Colorado Plateau and the Transition Zone. It is this
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location amidst contrasting terranes that makes the area
particularly interesting and useful in attempting to under-
stand the highly extended terranes and their relation to
the neighboring, little-deformed Colorado Plateau.

All three structural elements that form metamorphic
core complexes are exposed in the southern part of the
area. The Rawhide Mountains contain a lower plate com-
posed of lineated, mylonitic, amphibolite-grade quartz-
feldspar gneiss formed by ductile deformation (Rawhide
metamorphic core complex) and an upper plate that has
undergone brittle deformation along closely spaced north-
west-striking faults, which sole in the underlying Raw-
hide detachment fault. This fault separates the two plates;
the fault is planar and gently dipping regionally but un-
dulating in detail.

Rocks and structures of the upper plate crop out over
most of the area and extend to the nearby Colorado Pla-
teau, showing that the upper plate is physically continu-
ous with the plateau. Faults in the upper plate are closely
spaced and dip mostly northeast; the intervening structur-
al blocks show pronounced rotation, mostly to the south-
west; structural relief is modest. To the northeast, fault
spacing progressively increases and the amount of rota-
tion of structural blocks decreases.

Upper-plate faults formed basins of relatively small
extent and depth in which upper Oligocene through Mi-
ocene basalt, rhyolite, and fluviolacustrine sedimentary
strata accumulated. Deposition was synchronous with
movement on the faults. Widely spaced younger basin-
range faults with minor rotation of blocks and consider-
able structural relief crop out along the north edge of the
area. Movement on these faults formed high ranges sepa-
rated by major basins in which hundreds to thousands of
meters of interior-basin deposits accumulated during the
middle and late Miocene. Tectonic activity ended after
the Miocene and integrated drainage networks formed.
Cessation of tectonic activity at the end of the Miocene
allowed establishment of the Colorado River drainage
network, which caused widespread incisement of streams,
the formation of pediments and alluvial fans in piedmont
areas, and local deposition of alluvium along drainages
during the Pliocene and Quaternary.
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METAMORPHIC ROCKS IN THE LOWER
PLATE OF RAWHIDE DETACHMENT
FAULT

Metamorphic rocks underlying the Rawhide detach-
ment fault are fine- to medium-grained, foliated and lineat-
ed mylonitic quartz-feldspar gneiss. The gneiss is locally
chloritic, hematitic, and silicified, with thin bands of ul-
tramylonite. Near the Rawhide detachment fault the unit
includes thin bands of chloritic breccia and microbreccia.
Even though the attitude of foliation planes is variable, the
lineations mostly plunge approximately southwest. Re-
gional studies to the south and southeast suggest that the
protolith consists largely of Precambrian, Mesozoic, and
(or) Tertiary granitic rocks, and Paleozoic(?) clastic and
carbonate rocks (Bryant and Wooden, 1989; Shackelford,
1989).

PRE-TERTIARY ROCKS IN UPPER PLATE
OF RAWHIDE DETACHMENT FAULT

Pre-Tertiary rocks above the Rawhide detachment
fault consist of Mesozoic(?) metavolcanic and metasedi-
mentary rocks, Precambrian(?) gneiss, and the Middle Pro-

terozoic Signal Granite. The metavolcanic rocks include
phyllitic, generally well-foliated porphyritic metadacite(?)
and metatuff(?). The metasedimentary rocks are mostly
quartzite and quartz-sandstone and, more rarely, limestone.
Similar metavolcanic and metasedimentary rocks south of
the Bill Williams River are included within the Buckskin
Formation (Triassic) and Planet Volcanics (Jurassic) of
Reynolds and Spencer (1989). The gneiss consists mostly
of banded quartz-feldspar gneiss, unfoliated to weakly fo-
liated amphibolite or diorite, fine-grained metatuff(?), and
rare pegmatite. The Signal Granite (Lucchitta and Sune-
son, 1982) is an unfoliated to weakly foliated, medium- to
coarse-grained porphyritic biotite granite or monzogranite.
Phenocrysts typically are 2- to 3-cm-long twinned potassi-
um feldspar. The unit is intruded by aplite, pegmatite, leu-
cogranite, metarhyolite porphyry, and diabase dikes.

SEDIMENTARY AND VOLCANIC ROCKS
DEPOSITED IN BASINS NOT RELATED
TO PRESENT TOPOGRAPHY

A widespread arkose is preserved at the base of the
Tertiary sequence in many parts of the area. The arkose
consists of poorly sorted, poorly stratified, medium- to
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coarse-grained, moderately indurated arkosic sandstone
and pebble- and boulder- conglomerate. Clasts are angular
to rounded, typically less than 10 cm in diameter but lo-
cally as much as 1 m in diameter, and consist of Precam-
brian rock types, of which porphyritic granite is the most
common. In places the unit is highly contorted, sheared,
fractured, altered, silicified, cemented by carbonate, and
mineralized with copper carbonates. The base grades into
deeply weathered granite and the top interfingers with the
lower basin beds. The basal arkose probably is in part a
regolith developed on Precambrian crystalline rocks, nota-
bly the Signal Granite.

Overlying the basal arkose are sedimentary rocks
which we have informally referred to as the lower basin
beds (Lucchitta and Suneson, 1988a, 1991, and in press,
a—d). The lower basin beds are well- to poorly consolidat-
ed, generally well-stratified, locally contorted to brecciated
arkosic sandstone, pebbly sandstone, granule conglomer-
ate, limy sandstone, siltstone, fissile shale, cherty lime-
stone, tuff, and tuffaceous sandstone. The unit forms
conspicuous hogbacks where limestone and limy sand-
stone predominate. In the Artillery Peak area, the unit can
be separated into an upper limy facies containing Miocene
palynomorphs (R.F. Hevly, written commun., 1979) and a
lower clastic facies containing an air-fall tuff that has
yielded 40Ar/3%Ar ages (laser fusion) of 26.28+0.01 Ma
(sanidine) and 26.57+0.15 Ma (biotite) (table 1). Tilts are
steep and the contact with the basal arkose is gradational
to sharp.

A widespread, unstratified breccia overlies the lower
basin beds. The breccia is moderately to poorly indurated
and consists of unsorted, predominantly angular fragments
a few centimeters to several meters in diameter. Dominant
clast types are weakly foliated metavolcanic rocks (por-
phyritic dacite?) and metasedimentary rocks (quartzite).
The breccia is clast supported and the clast-to-matrix ratio
is variable but generally high. Banding and carbonate
veins are probably related to internal shear planes. The
breccia is a regional marker bed throughout the area and is
everywhere present in the same stratigraphic position. In
places the breccia is difficult to distinguish from brecciat-
ed metavolcanic and metasedimentary rocks in the upper
plate of the Rawhide detachment fault, which are the same
composition as the breccia clasts.

A local, lithologically distinctive facies of the breccia
is interbedded with the overlying upper basin beds. This
facies is composed predominantly of angular clasts of foli-
ated, coarse-grained porphyroblastic granite; it is unstrati-
fied, chaotic, poorly indurated, and unsorted and contains
clasts as much as 2 m in diameter.

Locally, an alluvial facies of the breccia unit separates
and is interbedded with the underlying breccia and overly-
ing upper basin beds. It consists of poorly stratified coarse
sandstone, pebble- to boulder-conglomerate, and well-
stratified medium-grained sandstone and siltstone. The

subangular to well-rounded clasts in the conglomerate are
dominantly metavolcanic and metasedimentary rocks litho-
logically similar to those in the breccia.

The upper basin beds include a variety of sedimentary
rocks that conformably overlie or locally are interbedded
with the breccia. The beds include well-stratified to platy
limestone with thin chert and gypsum layers, sandstone,
cobble- and pebble-conglomerate, coarse- to medium-
grained sandstone, tuffaceous and locally pumiceous sand-
stone, and fissile siltstone and claystone. Disharmonic
folds are common where limestone and gypsum are abun-
dant. The coarser grained beds include clasts of many rock
types.

Basaltic lava, the Peach Springs Tuff of Young and
Brennan (1974), and a sedimentary unit known as the
arkose of Keenan Camp (Lucchitta and Suneson, 1988a,
1990, 1991, and in press, a—d) overlie the upper basin
beds. The basalt consists of altered, mostly equigranular,
fine-grained lava flows and probable dikes and plugs. It
is generally vesicular to amygdaloidal and locally shat-
tered. Copper carbonate mineralization is present locally.
In places the unit contains flows with about 20 percent
plagioclase phenocrysts as much as 13 mm long; this type
of basalt is identified elsewhere as “turkey-track andesite”
or “jackstraw porphyry” (Nielson and Beratan, 1990). In
the Artillery Peak area the unit includes porphyritic pla-
gioclase and olivine basalt. Potassium-argon ages are
18.7+0.3 and 16.5+0.2 Ma (whole rock) (Suneson and
Lucchitta, 1979, 1983). The basalt, which is steeply tilted
and highly faulted, mostly underlies but locally is inter-
bedded with the arkose of Keenan Camp (discussed
below).

The Peach Springs Tuff is present only in the north-
western part of the area near Castaneda Peak, where it
overlies the basalt, is interbedded with the lower part of
the arkose of Keenan Camp, and is moderately tilted.

The arkose of Keenan Camp consists of well-indurated
to unconsolidated, interbedded boulder- and cobble-con-
glomerate, granule-conglomerate, sandstone, and siltstone
that is mostly arkosic in composition. The arkose is well
stratified to unstratified and chaotic with no internal sedi-
mentary structures; crossbedding, ripple marks, and chan-
nels are rare. Boulders and cobbles typically are supported
in a matrix of coarse sand. The subrounded to rounded
clasts range widely in lithology and are as much as 2.5 m
in diameter, though typically 1 to 10 cm. Even though
many rock types are represented in the clasts of this unit,
individual beds may be monolithologic. Manganese stain
is common. Tuff and (or) tuffaceous sandstone beds and
rare limestone beds are locally present. The upper part of
the unit locally resembles overlying basin-fill strata, from
which it is separated by a disconformable to gradational
contact; in most places, however, the units are separated
by an angular unconformity. The basal part of the arkose
locally interfingers with and grades into the upper basin
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Table 1. “°Ar/*?Ar ages of air-fall tuff in “lower basin beds.”

3T AcPAr 36Ar/9Ar

Percent

Sample No.! Material dated

40Ar/9Ar

Calculated age (Ma) Assigned age (Ma)2

mArmd
AZ10-24-89 Biotite 0.036554 0.052958 10.4481 40.0 26.44+0.32
do. 0.036077 0.077776 10.5556 31.5 26.71+0.45
do. 0.075416 0.055150 10.5285 393 26.64+0.36
do. 0.040338 0.084563 10.5490 29.7 26.69+0.61
do. 0.024405 0.059254 104243 373 26.38+0.37 26.57+0.15
do. 0.009559 0.000136 10.3812 99.6 26.27+0.23
do. 0.008549 0.000231 10.3852 99.3 26.28+0.23 26.28+0.01

'Location of sample: 34°22'19" (N.) latitude, 113°36'13" (W.) longitude. Laser fusion dating by G.H. Curtis, at
University of California, Berkeley, Calif. Sanidine age is preferred because of its higher percentage of radiogenic argon.

Biotite ages are likely to be less accurate because of high calcium content of plagioclase in sample.
2Age assigned to multiple determinations is weighted mean average of individual determinations.

beds. The arkose is moderately to steeply tilted, highly
faulted, and also present in gravity-glide blocks.

In the southern part of the area, a facies of the arkose
of Keenan Camp is composed predominantly of subangu-
lar Mesozoic(?) metavolcanic clasts derived from the up-
per plate of the Rawhide detachment fault. The basal
contact of this facies locally resembles the low-grade
metamorphic rocks.

Gravity-glide blocks of Precambrian(?) plutonic rocks
and foliated biotite augen gneiss and fractured cherty Pale-
ozoic(?) limestone and fractured porcellaneous quartzite
are interbedded with the arkose of Keenan Camp near its
base. Where the two types of rock are juxtaposed, the
blocks composed of Precambrian(?) rocks overlie blocks
composed of Paleozoic(?) rocks. In addition, the arkose of
Keenan Camp is included in some gravity glide blocks.

The syntectonic rocks were emplaced during the main
pulse of extension in the area. The youngest unit assigned
to this tectonic event consists of silicic volcanic and volca-
niclastic rocks that include flows, domes, plugs, tuffaceous
sandstone and conglomerate, and vitric-lithic tuff. The
flows and domes range from aphyric to coarsely porphyrit-
ic; they are commonly devitrified, more rarely glassy, and
have a flow-banded matrix. Xenoliths of granite and basalt
are common. The pyroclastic and epiclastic rocks are well
stratified to unstratified and commonly contain pumice
lapilli and xenoliths of rhyolite and granite. Rock types
include tuffaceous sandstone and conglomerate and vitric-
lithic ash-flow and air-fall tuff. The lava flows and domes
include high-silica (76 percent SiO,) and high-potassium
(8 percent K,0) varieties. Potassium-argon ages (sanidine,
except where noted) of the silicic volcanic rocks are
15.10.1, 13.7+0.2, 13.1x0.1, 12.7+0.1, 12.6=0.1,
12.4+0.1, 12.4+0.2, 11.7+0.2 (biotite), and 10.3x0.1 Ma
(Suneson and Lucchitta, 1979, 1983). The youngest silicic
volcanic rocks are from the Bill Williams Mountains,
where they overlie mesa-forming basalt and are associated

with intrusive megacryst-bearing basalt; samples with old-
er ages are from the Castaneda Hills and Aubrey Peak ar-
eas. Reworked tuff is locally interbedded with the arkose
of Keenan Camp. Domes and dikes are intruded preferen-
tially along faults or at fault intersections; in the Castane-
da Hills, most dikes strike northwest. The silicic volcanic
rocks are moderately tilted.

UNITS DEPOSITED IN PRESENT BASINS
MOSTLY UNDER CONDITIONS OF
INTERIOR DRAINAGE

Basin-fill deposits are a heterogeneous assemblage of
locally derived, poorly sorted, moderately stratified to cha-
otic, moderately consolidated, pebble to boulder fanglomer-
ate, sandstone, and rarely siltstone. Clasts are typically
angular, 0.5 to 50 cm in diameter, consist of granite, meta-
morphic rocks, rhyolite, basalt, and arkose, and are support-
ed in a sandstone matrix. In places, the deposits are
monolithologic. The unit locally contains tuffaceous fan-
glomerate and sandstone beds with abundant rhyolite clasts
and pumice lapilli and very rare air-fall tuff beds. The ba-
sin-fill deposits may be equivalent to the Muddy Creek For-
mation, the fanglomerate of Metzger and others (1973), the
fanglomerate of Osborne Wash of Dickey and others
(1980), and the Big Sandy Formation (Sheppard and Gude,
1972). The upper part of the unit contains megacryst-bear-
ing basalt and includes pediment gravel that is lithologically
indistinguishable from the basin-fill deposits. These rela-
tions indicate a transition from interior- to through-flowing
drainage. The unit typically overlies older strata in angular
unconformity; locally however, the upper part of the arkose
of Keenan Camp is lithologically indistinguishable from the
basin fill. The basin-fill deposits are mostly undeformed and
only locally have been faulted, tilted, or folded.
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Mesa-forming mafic lava flows include basalt and ba-
saltic andesite that crop out as subhorizontal to gently tilt-
ed erosional remnants forming areally equidimensional
mesas. The tilt results from offsetting of the units along
high-angle normal faults. The flows are medium gray,
fresh, slightly vesicular to massive, diktytaxitic, blocky to
spheroidally weathering, and porphyritic to glomeropor-
phyritic. Cinders are present in vent areas. Each mesa con-
sists of many flows that are petrographically similar to
each other but different from flows of other mesas. The K-
Ar ages of the mesa-forming basalt flows are 9.2x0.2,
9.2+0.3, 11.320.7, 13.0£0.5, and 13.1+0.2 Ma (whole
rock) (Suneson and Lucchitta, 1979, 1983) and thus over-
lap ages of some of the silicic volcanic rocks discussed
above. However, the mesa-forming basalt in the Bill Wil-
liams Mountains predates the silicic volcanic rocks of that
area.

Several thin flows of quartz-bearing basalt form isolat-
ed exposures. The quartz-bearing basalt is slightly porphy-
ritic and contains rounded and embayed quartz. The basalt
is generally similar to the mesa-forming basalt but is are-
ally less extensive, and it does not form mesas. Potassium-
argon ages are 13.7+0.3 and 12.4+0.1 Ma (whole rock)
(Suneson and Lucchitta, 1979), which overlap those of the
mesa-forming basalts. These flows are moderately tilted.

DEPOSITS INDICATING THROUGH-
FLOWING DRAINAGE

Megacryst-bearing basalt forms thin flows, cinder de-
posits, dikes, and irregularly shaped intrusive masses char-
acterized by conspicuous, typically rounded megacrysts
whose amount is variable within and between flows. The
basalt is dark to medium gray, generally unaltered, and ve-
sicular to dense. Columnar joints are rare. Megacrysts as
large as 7 cm of plagioclase, clinopyroxene, olivine,
spinel, and magnetite are common; nodules of mafic and
ultramafic plutonic rocks as large as 10 cm are rare. Vent
areas are characterized by accumulations of cinders; flow
direction is down the present drainages. Dikes are vertical
and strike north-northeast. Potassium-argon ages are
7.7£0.5, 7.5+0.2, 6.8+0.2 Ma (whole rock) (Suneson and
Lucchitta, 1979) and 5.4+0.6 Ma (plagioclase) (Suneson
and Lucchitta, 1983). Slightly older megacryst-bearing ba-
salt (8.6+0.3 Ma, whole rock) (Suneson and Lucchitta,
1983) flowed oblique to present topography. Pre-8-Ma ba-
salt flows are little faulted and gently folded locally,
whereas older flows are offset by high-angle faults with
tens of meters of displacement. In the Bill Williams
Mountains, megacryst-bearing basalt dikes intrude and are
intruded by silicic volcanic rocks, one of which has a K-
Ar age of 10.3+0.1 Ma (sanidine) (Suneson and Lucchitta,
1979).

Surficial deposits are generally 1 to 20 m thick and
unfaulted. The unit includes piedmont-slope deposits, allu-
vium deposited by the Bill Williams and Big Sandy Riv-
ers, and colluvium, talus, and landslide deposits.

Piedmont-slope deposits consist of locally derived ped-
iment gravels and channel fill of arroyos that dissect the
pediments. The deposits are composed of poorly sorted,
angular to subangular silt, sand, and gravel with varying
degrees of cementation and dissection. They include, in or-
der of increasing age and elevation above present drainag-
es, alluvium of active channels, alluvium of inactive
channels, pediment gravels with desert varnish, and a cal-
crete unit. Locally, terrace gravels associated with major
arroyos are found tens of meters above present drainages.
The alluvium of the Bill Williams and Big Sandy Rivers
consists of nonlocal rock types and includes moderately
well-sorted, unconsolidated sand and gravel of the present
channel and lower, intermediate, and upper terrace gravels.
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Middle Tertiary Stratigraphy of the
Northern Rawhide Mountains and Artillery Mountains, Ariz.

By John C. Yarnold!

Along its northern flank, the upper plate of the Harcu-
var metamorphic core complex in the Artillery Mountains
and along the northwestern edge of the Rawhide Moun-
tains (fig. 1) is structurally separated into several individu-
al tilt blocks (A-D, fig. 2). These tilt blocks are bounded
by northeast-dipping normal faults (present horizontal
spacing is on the order of about 2 to 4 km). The tilt blocks
contain Tertiary sedimentary and volcanic rocks overlying
primarily Proterozoic crystalline basement. Correlations of
Tertiary stratigraphic units in different blocks have been
made on the basis of lithologic similarity, stratal position,

'Depa.rtment of Geosciences, University of Arizona, Tucson, AZ
85721

and sparse geochronologic constraints. The following dis-
cussion will concentrate on stratigraphic and sedimento-
logic aspects of the Tertiary sections; discussion of tilting
history and the tectonic significance of units is deferred
pending completion of current investigations.

The stratigraphic column (col. 2-M, pl. 2) is a sche-
matic composite of sedimentary sequences exposed with-
in parts of the four tilt blocks. Unit numbers assigned to
intervals of the stratigraphic column are for reference
purposes only and are not intended as formal names or
designations. It is important to point out that compilation
of this composite section required the assumption of
some lithologic correlations and the assignment of many
age ranges which have yet to be fully substantiated by
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geochronologic data. In particular, correlations between
blocks A, B, and C are more reliable at present than
between these blocks and block D, where the section
is much thicker overall and displays some unique
characteristics.

Unit 1 consists of a red to orange, fluvial conglomer-
atic sandstone derived predominantly from Proterozoic
crystalline rocks. It depositionally overlies Proterozoic
granite and gneiss across most of the study area. The unit
coarsens laterally to a cobble-to-boulder conglomerate fa-
cies in the southeastern part of block A, where it contains
clasts of granite, gneiss, Mesozoic metamorphic rocks,
white to red quartzite, and silicic volcanic rocks of proba-
ble Mesozoic age. Similar coarse lithofacies are also
present as laterally restricted lag deposits near the base of
the unit in blocks B and D. Although previous investiga-
tors have inferred that the source area for unit 1 was to the
northeast (for example, Spencer and others, 1989; Lucchit-
ta, 1990), this coarsening trend indicates that at least a
second source of detritus existed to the south or east of
block A.

113°45'

Unit 2 consists of fluviolacustrine sedimentary rocks in
which tuffaceous detritus is common. The basal contact of
the unit varies from gradational to interfingering. In blocks
A and B, unit 2 is chiefly sandstone and siltstone near the
base but contains an increasing amount of limestone toward
the top. The limestone commonly displays distinctive silic*
ified rootlets. Unit 2 may be represented in block C by a
55-m-thick sequence of pebbly sandstone, limestone, and
siltstone exposed on the east side of Potts Mountain. In
block D, the lower half of unit 2 consists mainly of lacus-
trine thin-bedded marlstone and siltstone, whereas the up-
per half is chiefly fluvial pebbly sandstone. Samples from
tuff interbeds in unit 2 in the Artillery Peak area have yield-
ed a K-Ar age of 23.0 Ma (biotite) (R.J. Miller, in Spencer
and others, 1989) and OAr39Ar ages of 26.57+0.15 Ma
(biotite) and 26.28+0.01 Ma (sanidine) (G.H. Curtis, in
Lucchitta and Suneson, this volume). Unit 2 is approxi-
mately 60 to 70 m thick in blocks A and B and about 350
m thick in the Artillery Peak area of block D, which was
probably nearer to the depocenter at the time of deposition.
Unit 2 locally displays a turbidite-rich lithofacies in block
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B and a southeastward transition toward sandstone-domi-
nated lithofacies in the same part of block A (southeastern)
that displays a coarsening trend within unit 1.

Unit 3 is composed of pebbly arkosic sandstone and
rounded pebble conglomerate with abundant well-imbri-
cated ellipsoidal clasts. Dominant clast types are Mesozoic
metamorphic rocks and white quartzite of unknown age,
although silicic volcanic clasts of probable Mesozoic age
and limestone blocks of probable Tertiary age also occur
in the unit in the southeastern part of block A. The unit is
recognized only in blocks A and B, where it separates unit
2 strata from stratigraphically overlying deposits.

Unit 4 consists of a thick sequence of marginal lacus-
trine deposits, which is observed only in blocks B (where
its thickness is about 270 m) and D (thickness about 175 m
southwest of Artillery Peak). In block B, lacustrine litho-
facies within unit 4 interfinger southeastward with sandy
conglomerate and breccias that form unit 5. In block D, unit
4 consists of a sequence of carbonate rocks that locally
displays turbidite-rich lithofacies and algal features.

In blocks A, B, and C, unit 5 is composed of a laterally
extensive series of sedimentary breccia that interfingers
laterally and vertically with fluvial sandy conglomerate.
Dominant clast types are Mesozoic greenschist-grade meta-
volcanic rocks; other minor clast types include quartzite,
Mesozoic metasedimentary rocks, Paleozoic marble, and
Precambrian granitic rocks (Lucchitta, 1990). Paleocurrent
investigations of conglomeratic facies indicate dominantly
northerly and westerly dispersal directions. The breccia in
unit 5 includes rock-avalanche and debris-flow deposits,
with the former locally displaying features characteristic of
large rock-avalanche deposits as described by Yarnold and
Lombard (1989). In block D, unit 5 is represented by a
series of fluviolacustrine sedimentary rocks that contain
breccia bodies of variable size that are texturally and com-
positionally similar to breccias described in blocks A, B,
and C (Yarnold, 1991). The fluviolacustrine deposits dis-
play marginal lacustrine lithofacies south of Artillery Peak
and coarsen northwestward to fluvial facies with local de-
bris-flow interbeds (Spencer and others, 1989).

Unit 6 occurs locally within all four blocks as fluvio-
lacustrine sedimentary rocks that overlie unit 5. Lacustrine
and marginal lacustrine facies dominate unit 6 exposures
in blocks A and C, whereas in block B the lacustrine fa-
cies interfinger southeastward with fluvial sandy conglom-
erate similar to and continuous with the conglomerate
deposits described from unit 5. In detail, the conglomerate
is separated from lacustrine facies by a sequence of fluvial
pebbly sandstone. Gypsiferous interbeds are locally associ-
ated with the lacustrine facies of unit 6 in blocks B and C.
In block D, sedimentary rocks assigned to unit 6 are local-
ly similar to underlying fluviolacustrine facies of unit 5.
These sedimentary rocks display a facies transition from a
lacustrine-dominated section south of Artillery Peak to a
fluvial-dominated section farther to the northwest (Spencer

and others, 1989) and may also grade southeastward into
fluvial conglomerate toward Santa Maria Peak (Lasky and
Webber, 1949). In addition, basalt flows are common in
this interval within block D; one flow has a K-Ar age of
16.2+0.4 Ma (whole rock) (Shackelford, 1980, 1989). Al-
though laterally variable, the thickness of unit 6 is about
160 m in block B and 100 m in block C; the unit is only
partially exposed in block A.

Unit 7 is the informally named Artillery megabreccia
of Spencer and others (1989). (The Artillery megabreccia
forms most of the upper member of the Artillery Forma-
tion as redefined by Spencer and others, 1989). The mega-
breccia is recognized within block D and comprises
sedimentary breccia dominated by granitoids of probable
Proterozoic age. The local occurrence of breccia derived
from Paleozoic and Mesozoic rocks within this unit indi-
cates that it was shed from a source to the west or south
(Spencer and others, 1989). Preliminary investigations
suggest that the Artillery megabreccia southwest of Artil-
lery Peak comprises one or more large rock-avalanche de-
posits. A texturally and compositionally similar breccia
deposit is present within eastern block B and may corre-
late with unit 7 in the Artillery Peak area. Although poorly
exposed, the breccia appears to be stratigraphically brack-
eted between unit 5 conglomerate and unit 10.

Unit 8 is represented in block D by red silty sandstone
of the Chapin Wash Formation (Lasky and Webber, 1949)
and an underlying, variably thick sequence of similar red
arkosic sandstone and subordinate siltstone and conglom-
erate, which was mapped as the upper part of the Artillery
Formation by Lasky and Webber (1949) and grouped with
the Chapin Wash Formation by Shackelford (1976). Strong
lithologic similarity between unit 8 sediment and a fluvial
sequence of conglomerate and arkosic sandstone over 300
m thick in block C (arkose of Keenan Camp of Lucchitta
and Suneson, 1988) suggests that the two may be correla-
tive. Conglomeratic facies within the fluvial sequence ex-
posed in block C contain a variety of clasts, including
Proterozoic gneiss and granite, equigranular granodiorite,
vesicular basalt, Mesozoic metavolcanic and metasedimen-
tary rocks, Tertiary volcanic rocks, and local limestone
and red arkosic sandstone of probable Tertiary age. Similar
clast assemblages were observed in coarse interbeds with-
in the Chapin Wash Formation. In addition, mylonitic
clasts resembling those from footwall exposures of the
Rawhide Mountains were reported in the Chapin Wash
Formation at Cobbwebb Hill (Spencer and others, 1989).
Alternatively, the fluvial conglomerate exposed in block C
may correlate with coarse lithofacies of unit 6 exposed lo-
cally within block D.

Basalt underlying the arkose of Keenan Camp (Luc-
chitta and Suneson, 1988) in the Castaneda Hills area is as
young as 16.5+0.2 Ma (K-Ar, whole rock) (Suneson and
Lucchitta, 1979), and silicic volcanic rocks overlying the
arkose are as old as 15.1+0.1 Ma (K-Ar, sanidine) (Suneson
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and Lucchitta, 1979). Near Castaneda Peak, the Peach
Springs Tuff of Young and Brennan (1974) is interbedded
with the lower part of unit 8 (Lucchitta and Suneson, this
volume). Unit 8 appears to be represented in block B by red
fluvial sandstone that occurs at the top of the exposed sec-
tion. The sandstone interfingers along its base with deposits
of unit 6, as well as with conglomerates identical to those
described in unit 5. It remains uncertain whether a lithos-
tratigraphic equivalent of unit 8 exists in block A.

At Potts Mountain, a rhyolite plug intrudes unit 8. The
plug has a K-Ar age of 12.6+0.1 Ma (sanidine) (Suneson
and Lucchitta, 1979). Detritus from the plug is present in
local exposures of unit 10.

Unit 9 is the Cobwebb! Basalt (Lasky and Webber,
1949), a discontinuous sequence of aphanitic lava flows. A
sample from one flow has a K-Ar age of 13.3£2.1 Ma
(whole rock) (Eberly and Stanley, 1978; recalculated using
modern decay constants by Reynolds and others, 1986).
The Cobwebb Basalt is found only in block D, where it
locally separates unit 10 strata from those of unit 8.

Unit 10 (Sandtrap Conglomerate as defined by Lasky
and Webber, 1949) is composed predominantly of fluvial
conglomeratic and silty sandstone. Most exposures are
thin to medium bedded and moderately well stratified.
Crude clast imbrications suggest a northeasterly dispersal
direction. Clast compositions are highly varied and include
Proterozoic granite and gneiss, chloritic metamorphic
rocks, Mesozoic volcanic and sedimentary rocks,
equigranular granodiorite, and mylonites similar to those
present in footwall exposures within the Rawhide Moun-
tains. Flat-lying to gently dipping mesa-forming basalt
lava flows are interbedded in unit 10 and have K-Ar ages
ranging from 13.7 to 9.2 Ma (whole rock) (Suneson and
Lucchitta, 1979). The thickness of unit 10 in block D was
estimated by Lasky and Webber (1949) to be approximate-
ly 500 to 700 m.
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Stratigraphy of Middle Tertiary Rocks in the Central and
Eastern Buckskin Mountains, West-Central Ariz.

By Jon E. Spencer1 and Stephen J. Reynolds1

The Buckskin Mountains are within the Harcuvar met-
amorphic core complex of west-central Arizona (fig. 1)
(Rehrig and Reynolds, 1980). Within this complex, as
within almost all Cordilleran metamorphic core complex-
es, middle Tertiary sedimentary and volcanic rocks are
preserved in fault blocks above a large-displacement, low-
angle normal fault known as a detachment fault. Displace-
ment on the detachment fault has juxtaposed upper-crustal
rocks, including synextensional sedimentary and volcanic
rocks, against middle-crustal rocks that were mylonitized
within a ductile shear zone that was downdip from the ini-
tial detachment fault (for example, Wernicke, 1981; Davis
and others, 1986). Normal faulting and basin formation
occurred above the detachment fault and reflect detach-
ment-fault displacement and extensional dismemberment
of the upper plate.

Thick sequences of upper-plate Tertiary sedimentary
and volcanic strata are well preserved and exposed in the
Swansea and Lincoln Ranch areas of the central and east-
ern Buckskin Mountains (fig. 1) (Spencer and Reynolds,
1989). Both sequences are displaced by the underlying
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Figure 1. Map showing location of geographic features dis-
cussed in text.

Buckskin-Rawhide detachment fault and are internally
faulted. The single section presented here is a composite
of these two areas (col. 2-N, pl. 2). The lower part of the
section is from the Swansea area in the central Buckskin
Mountains. In this area basal arkosic sandstone and local
conglomerate rest depositionally on Mesozoic and older
metamorphic and igneous rocks and grade upward into
limestone and interbedded welded tuff and sedimentary
breccia. The breccia units represent catastrophic debris-
avalanche deposits of the type described by Shreve (1968).
A tuff in this sequence yielded K-Ar ages of 21.8+0.5 Ma
(biotite) (Spencer and others, 1989) and 23.2+0.5 Ma (bio-
tite; Robert Miller, written commun., 1991) and another
sample from this tuff or a slightly lower tuff yielded a
K-Ar age of 27.3x1.1 Ma (biotite) (Wilkins and Heidrick,
1982). The origin of the discrepancy between these dates
is not known.

The sequence of limestone, tuff, and breccia is over-
lain by mafic volcanic flows that are similar to basalt
flows in the Lincoln Ranch area of the eastern Buckskin
Mountains (fig. 1). The basalt flows in the Lincoln Ranch
area, included within the intermediate volcanic unit of
Spencer and Reynolds (1989), overlie a thin unit of inter-
bedded arkosic sandstone, limestone, tuff, and sedimentary
breccia. A feldspar concentrate from the basalt in the Lin-
coln Ranch area yielded a K-Ar age of 20.2+0.9 Ma
(Spencer and others, 1989; date is a weighted average of
two dates calculated by the method of Long and Rippe-
teau, 1974). The basalt is overlain by a sequence of sand-
stone, siltstone, and calcareous siltstone that is in turn
overlain by a coarse, poorly bedded to massive cobble
conglomerate. This conglomerate is correlative with the
Sandtrap Conglomerate (Lasky and Webber, 1949), which
is exposed in the nearby Artillery and eastern Rawhide
Mountains (see Yarnold, this volume). In the Lincoln
Ranch area, 30 to 40 percent of the clasts in this conglom-
erate consist of mylonitic crystalline rocks that were de-
rived from below the detachment fault. These clasts record
subaerial exposure of the lower plate as it was uncovered
by detachment faulting (Spencer and Reynolds, 1989).

Flat-lying to gently dipping, postdetachment basalt
and locally underlying conglomerate are exposed in the
northwestern Buckskin Mountains and along the northern
flank of the adjacent Rawhide Mountains (Suneson and
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Lucchitta, 1983; Spencer, 1989). Most of the basalts have
yielded whole-rock K-Ar ages ranging from 12 to 9 Ma
(Armstrong and others, 1976, Suneson and Lucchitta,
1979; Reynolds and others, 1986; Spencer and others,
1989, see Lucchitta and Suneson, this vol., col. 2-L,
pl. 2).

REFERENCES CITED

Armstrong, R.L., Speed, R.C., Graustein, W.C., and Young, A.Y.,
1976, K-Ar dates from Arizona, Montana, Nevada, Utah,
and Wyoming: Isochron/West, no. 16, p. 1-6.

Davis, G.A., Lister, G.S., and Reynolds, S.J., 1986, Structural
evolution of the Whipple and South Mountains shear zones,
southwestern United States: Geology, v. 14, no. 1, p. 7-10.

Lasky, S.G., and Webber, B.N., 1949, Manganese resources of
the Artillery Mountains region, Mohave County, Arizona:
U.S. Geological Survey Bulletin 961, 86 p.

Long, Austin, and Rippeteau, Bruce, 1974, Testing contempora-
neity and averaging radiocarbon dates: American Antiquity,
v. 39, no. 2, p. 205-215.

Rehrig, W.A., and Reynolds, S.J., 1980, Geologic and geochron-
ologic reconnaissance of a northwest-trending zone of meta-
morphic core complexes in southern and western Arizona, in
Crittenden, M.D., Ir., Coney, PJ., and Davis, G.H., Cordille-
ran metamorphic core complexes: Geological Society of
America Memoir 153, p. 131-157.

Reynolds, S.J., Florence, FP., Welty, J.W., Roddy, M.S., Currier,
D.A., Anderson, A.V,, and Keith, S.B., 1986, Compilation of
radiometric age determinations in Arizona: Arizona Bureau
of Geology and Mineral Technology Bulletin 197, 258 p.

Shreve, R.L., 1968, The Blackhawk landslide: Geological Soci-
ety of America Special Paper 108, 47 p.

Spencer, J.E., 1989, Compilation geologic map of the Buckskin
and Rawhide Mountains, west-central Arizona, in Spencer,
J.E., and Reynolds, S.J., eds., Geology and mineral resourc-
es of the Buckskin and Rawhide Mountains, west-central
Arizona: Arizona Geological Survey Bulletin 198, plate 3,
scale 1:100,000.

Spencer, J.E., and Reynolds, S.J., 1989, Tertiary structure, stra-
tigraphy, and tectonics of the Buckskin Mountains, in Spen-
cer, JE.,, and Reynolds, S.J., ed., Geology and mineral
resources of the Buckskin and Rawhide Mountains, west-
central Arizona: Arizona Geological Survey Bulletin 198,
p- 103-167.

Spencer, J.E., Shafiqullah, M., Miller, R.J., and Pickthorn, L.G.,
1989, K-Ar geochronology of Miocene extension, volcan-
ism, and potassium metasomatism in the Buckskin and Raw-
hide Mountains, in Spencer, J.E., and Reynolds, S.J., eds.,
Geology and mineral resources of the Buckskin and Raw-
hide Mountains, west-central Arizona: Arizona Geological
Survey Bulletin 198, p. 184-189.

Suneson, Neil, and Lucchitta, Ivo, 1979, K/Ar ages of Cenozoic
volcanic rocks, west-central Arizona: Isochron/West, no. 24,
p. 25-29.

1983, Origin of bimodal volcanism, southern Basin and
Range Province, west-central Arizona: Geological Society of
America Bulletin, v. 94, no. 8, p. 1,005-1,019.

Wernicke, Brian, 1981, Low-angle normal faults in the Basin and
Range Province: Nappe tectonics in an extending orogen:
Nature, v. 291, no. 5817, p. 645-648.

Wilkins, Joe, Jr., and Heidrick, T.L., 1982, Base and precious
metal mineralization related to low-angle tectonic features in
the Whipple Mountains, California and Buckskin Mountains,
Arizona, in Frost, E.G., and Martin, D.L., eds., Mesozoic-
Cenozoic tectonic evolution of the Colorado River region
California, Arizona, and Nevada (Anderson-Hamilton Vol-
ume): San Diego, Calif., Cordilleran Publishers, p. 182-203.




Tertiary Stratigraphy of the Southern Whipple Mountains,

Southeastern Calif.

By Kathi K. Beratan'

INTRODUCTION

The Whipple Mountains of southeastern California
(fig. 1) are part of the Colorado River extensional corridor
(Howard and John, 1987). This area contains extensive
exposures of lower to middle Miocene sedimentary and
volcanic strata deposited during extension along the under-
lying Whipple detachment fault. On a regional scale this

IDepartment of Geological and Planetary Science, 321 Old Engi-
neering Hall, University of Pittsburgh, Pittsburgh, PA 15260

low-angle normal fault dips to the northeast; the direction
of regional tectonic transport for the lower plate is to the
southwest (Davis and others, 1980).

Strata deposited within a single Tertiary sedimentary
basin are now exposed in the southern and eastern Whip-
ple Mountains, in an area approximately 28 km long
(northeast-southwest) by 17 km wide (northwest-south-
east). The basin has been extended to the northeast and
southwest an unknown amount by syndetachment west-
tilting of upper-crustal fault blocks. The maximum cumu-
lative thickness of Tertiary deposits is about 1,500 m;
stratal thickness at most localities is about 1,000 m.
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Figure 1. Map showing location of some geologic and geographic features discussed in text. Whipple
detachment fault from Davis and others (1980). Heavy dotted lines indicate approximate position of
basin boundaries (GB, inferred high-angle normal fault bounding Gene basin; TMB, inferred high-angle
normal fault bounding Turk Mine Basin). Stratigraphic sections on traverse A-E (dashed line) are shown

in figure 2.
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Braided stream and sheetflood deposits characterize
the Tertiary sedimentary rocks on the southern and east-
ern flanks of the Whipple Mountains. In the eastern part
of the study area, these rocks are associated with mono-
lithologic breccia beds deposited by rock avalanches and
mass flows; locally present are interbeds of limestone
and lacustrine sandstone and siltstone. Lacustrine lime-
stone forms an extensive unit in the western part of the
study area. Volcanic flows and pyroclastic deposits are
scarce.

Syndetachment strata deposited within the study area
can be divided into two distinct sequences. The sequenc-
es are separated in the eastern part of the area by an an-
gular unconformity. Elsewhere, they are distinguished by
differences in outcrop extent and location, facies distri-
bution, and clast composition. The sequences are inter-
preted as being the deposits of two different subbasins,
separated in time but overlapping in space, both related
to motion on the underlying Whipple detachment fault.
For clarity in the following descriptions and discussion,
the older subbasin will be referred to as the Gene basin
and the younger one as the Turk Mine basin (fig. 1). The
two sequences are unconformably overlain by nearly flat-
lying sedimentary and volcanic strata of the Osborne
Wash Formation of Davis and others (1980).

A more complete description of the stratigraphic
units and the basin development history is given in Bera-
tan (1991).

STRATIGRAPHIC NOMENCLATURE

Davis and others (1980) (see also Ransome, 1931,
1933) defined the older Gene Canyon Formation and the
younger Copper Basin Formation on the basis of a prom-
inent angular unconformity within exposures near Parker
Dam (fig. 1). Beratan (1991) redefined these formations
on the basis of (1) stratigraphic position relative to the
Peach Springs Tuff of Young and Brennan (1974), (2)
presence or absence of Peach Springs Tuff clasts in con-
glomerate beds where outcrops of the tuff are lacking,
(3) presence or absence of lava flows and intrusive rocks,
(4) stratigraphic position relative to angular unconformi-
ties, (5) dominance of limestone compared to siliclastic
rocks, and (6) paleocurrent directions relative to basin
depocenters.

Using the above criteria, Beratan (1991) also intro-
duced two new units, the Turk Mine and Twin Lode
Mine Formations, which are equivalent to parts of the
Gene Canyon Formation. An informally named “basal
conglomerate” of uncertain age also was described. The
defining characteristics of these stratigraphic units are
summarized in table 1.

STRATIGRAPHY

The basal unit in the eastern part of the study area
(Gene basin) will be described first, followed by the three
lowermost units in the western part of the area (Turk Mine
basin). The remaining units are found throughout the study
area. Section names refer to the generalized stratigraphic
columns presented in figure 2. A composite time-strati-
graphic column is shown on plate 2 (col. 2-O). The strati-
graphic units, particularly in the eastern half of the basin,
correspond to the three synextensional Miocene sequences
mentioned in the introduction to this chapter (Nielson and
others, this volume).

GENE CANYON FORMATION

The Gene Canyon Formation of Beratan (1991) is
found only in the eastern part of the study area, near Park-
er Dam. This unit is subdivided into three members, which
from oldest to youngest are the Giers Wash Member, the
Desilt Wash Member, and the Gene Wash Member.

The Giers Wash Member is characterized by dramatic
lateral and vertical facies changes, lack of volcanic rocks
either as primary deposits or as clasts, and by the presence
of monolithologic breccia beds that have been interpreted
as rock avalanche deposits. In the Parker Dam section
(fig. 2), the unit is dominated by coarse-grained sandstone
and pebbly sandstone interpreted as streamflood deposits
with subordinate matrix-supported mass-flow deposits and
small lenses of limestone. Cobble- to small-boulder-bear-
ing, sand matrix-supported strata, interpreted as mass-flow
breccias, dominate in the Buckskin Mountain State Park
section (fig. 2), with subordinate stratified sandstones and
conglomerates interpreted as streamflood deposits. Clast
types include those derived from Proterozoic(?) and Creta-
ceous(?) granitoids and gneisses, and metasedimentary
rocks including quartzite, phyllite, and white marble.

The Desilt Wash Member displays considerably less
facies variation than does the Giers Wash Member. In the
Parker Dam section, the unit comprises medium-reddish-
brown, moderately well-indurated, fine pebble-bearing
coarse-grained sandstone, with subordinate interbedded
medium and mixéd .medium-grained to very coarse
grained sandstone and pebble to cobble conglomerate.
These strata are interpreted as streamflood deposits. In
contrast, laterally persistent beds of thinly bedded fine-
grained sandstone and siltstone, interpreted as playa de-
posits, and interbedded streamflood deposits dominate in
the Buckskin Mountain State Park section (fig. 2). Clasts
within the Desilt Wash Member were derived primarily
from Proterozoic(?) and Cretaceous(?) granitoid and
gneiss and also include rare clasts of Tertiary mafic to in-
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Table 1. Summary of the defining characteristics of stratigraphic units used in this study.

Unit name

Reference sections

Distinguishing characteristics

Boundary definition

Copper Basin Formation

Parker Dam, Turk
Mine, Bennett Wash

Clastic sediment deposited after emplacement of the Peach Springs
Tuff; heterogeneous clast assemblage, including those derived from

Angular unconformity

153

Peach Springs Tuff.

Lacks interbedded volcanic flows

Angular unconformity or

Gene Canyon Formation
Mtn. State Park

Parker Dam, Buckskin | Deposited before and during emplacement of the Peach Springs Tuff; | first clasts of Peach
deposits include a well-defined basin center and basin margin -

Springs Tuff
First volcanic

Gene Wash Member

Volcanic fiows and tuff with interbedded sandstone and conglomerate| flow

Color change,

Desilt Wash Member

Lack of volcanic flows; presence of minor quantities of Tertiary vol-
canic rock clasts; lack of monolithologic breccia

facies change

Giers Wash Member

size

Lack of volcanic rocks either as flows or clasts; presence of mono-
lithologic breccia; lateral and vertical variability in texture and grain

Nonconformity on older
granitic suite

Twin Lode Mine

Formation Mine

Turk Mine, North Turk | Lacustrine limestone; lack of volcanic flows

Change from limestone
to clastic deposits

Turk Mine Formation
Mine

Turk Mine, North Turk | Dominated by volcanic flows of mafic to intermediate composition;
sedimentary interbeds lack clasts of Peach Springs Tuff bed

Base of first limestone

Basal conglomerate Turk Mine

Coarse-grained clastic deposits derived from nearby sources; lacks
clasts of Peach Springs Tuff or limestone; deposits lack a recogniz-
able basin margin or basin center

Nonconformity on older
granitic suite

termediate volcanic rocks. Metasedimentary clasts are less
common in this unit than in the Giers Wash Member.

The Gene Wash Member is distinguished from under-
lying units by the presence of thin, strongly altered, mafic
to intermediate lava flows with interbedded coarse-grained
sedimentary strata. A conformable rhyolitic ash-flow tuff
that tentatively has been identified as the Peach Springs
Tuff caps the unit (Beratan, 1991). The lava flows are
sparsely porphyritic, containing about 3 to 5 percent small
(1 mm) oxidized pyroxene(?) phenocrysts; plagioclase
phenocrysts are rare to absent. Interbedded sedimentary
strata consist of conglomerate and medium- and coarse-
grained sandstone, similar to the underlying Desilt Wash
Member with additional prominent boulder and cobble
conglomerate beds. The sedimentary strata are generally
coarser grained in the Parker Dam section than in the
Buckskin Mountain State Park section.

BASAL CONGLOMERATE

Strata that form the base of the Turk Mine, North Turk
Mine, and Bennett Wash sections in the western half of
the study area (fig. 2) are texturally variable and include
poorly sorted, unorganized, clast- and matrix-supported
breccia (rock avalanches) and very coarse grained pebbly
sandstone, interpreted as mass-flow deposits, and moder-
ately sorted, coarse-grained sandstone and clast-supported
conglomerate, interpreted as streamflood deposits. The
clasts in any given exposure commonly are limited in vari-

ety and similar in composition to local basement rocks.
The basal conglomerate varies in thickness, indicating top-
ographic relief on the original depositional surface.

TURK MINE FORMATION

The Turk Mine Formation of Beratan (1991) is found
in the Bennett Wash and Turk Mine areas, in the western
part of the study area (fig. 2). It conformably overlies the
basal conglomerate and consists of medium-gray lava
flows of mafic to intermediate composition which are
strongly potassium metasomatized. The formation varies
from about 100 to 500 m thick, and sedimentary interbeds
are uncommon. The lava flows commonly contain 1 to 3
percent small (about 1 mm long) plagioclase phenocrysts,
1 percent small (1-1.5 mm) altered clinopyroxene(?) phe-
nocrysts, and rare iddingsitized olivine. Individual flows
are difficult to distinguish but generally appear to be less
than 5 m thick.

TWIN LODE MINE FORMATION

The volcanic flows of the Turk Mine Formation of Be-
ratan (1991) are overlain conformably by as much as 200
m of lacustrine limestone (fig. 2) predominantly composed
of calcitic micrite, which contains abundant algal material.
The siliciclastic content of the limestone is variable but
generally high. Rare conglomerate interbeds are dominated
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Figure 2. Generalized stratigraphic columns and clast-count data. Key to
stratigraphic units: CBF, Copper Basin Formation; GCF, Gene Canyon For-
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by pebble-sized mudstone and carbonate intraclasts. One
clast of rhyolitic tuff, similar to the Peach Springs Tuff,
but not positively identified, was found in the limestone.
Secondary silica is a common and characteristic compo-
nent of the Twin Lode Mine Formation, varying from in-
cipient replacement of calcite by microcrystalline quartz
and chalcedony to nodules and massive layers of chert.

COPPER BASIN FORMATION

The Copper Basin Formation of Beratan (1991) is
found throughout the study area. In the Parker Dam area,
the Copper Basin Formation unconformably overlies the
Gene Canyon Formation with 15° to 20° of angular dis-
cordance. The unit is dominated by moderately sorted, me-
dium-grained to very coarse grained sandstone. The beds
are laterally discontinuous; crude stratification and large-
scale, low-angle crossbedding are the most common sedi-
mentary structures. These sandstone and conglomerate
beds are interpreted as streamflood deposits. A large varie-
ty of clast types (fig. 2) is present, including granitic
gneiss and coarsely crystalline granite derived from the
upper plate of the Whipple detachment fault, Tertiary vol-
canic rocks including the Peach Springs Tuff, Tertiary
limestone, and quartzite. Tertiary volcanic rocks are the
most abundant clast type near the base of the Copper Ba-
sin Formation, with.clasts from the upper-plate crystalline
assemblage becoming more abundant higher in the unit.

In the western half of the basin, the Copper Basin
Formation conformably overlies the Twin Lode Mine
Formation. The unit is dominated by sandstone, with sev-
eral different recognizable facies. One facies consists of
fine-grained sandstone and siltstone with well-developed
bedding surfaces that are laterally persistent at outcrop
scale. Partial Bouma sequences can be recognized, prima-
rily B-D(E?) with some poorly developed C zones; zone
A is rare. These strata are interpreted as interbedded tur-
bidite and traction deposits (“resedimented deposits” in
terminology of Walker and Mutti, 1973). A ripple-marked
sandstone facies consists of well-indurated thin- to medi-
um-bedded, well-sorted medium-grained sandstone beds
5 to 8 cm thick that are separated by recessive, finer
grained layers of about the same thickness. The lower
surfaces of the sandstone beds are flat and the upper
surfaces are typically covered by symmetric ripple bed-
forms, which have mostly straight to sinuous crests and
some bifurcations. These ripples probably were formed in
very shallow water by wind-driven waves.

Within the western half of the study area, interbedded
sandstones and conglomerates interpreted as streamflood
deposits overlie the Twin Lode Mine Formation locally.
Tertiary volcanic rocks of mafic to intermediate composi-
tion are the most common clast type in the conglomerate
(fig. 2). Clasts of granite and gneiss also are common, as

are limestone and chert clasts derived from the underlying
Turk Mine Formation. Sandstone intraclasts also occur, as
do rare clasts of rhyolitic tuff and the Peach Springs Tuff.

OSBORNE WASH FORMATION

Along the eastern edge of the study area, the postde-
tachment Osborne Wash Formation of Davis and others
(1980) consists of interbedded alkali-olivine basalt flows,
agglomerate, tuff, trachyte, and other volcanic rocks with
interbedded coarse-grained clastic sedimentary rocks.
Within the remainder of the study area, relatively unstud-
ied alluvial fan and streamflood deposits form a deposi-
tional apron around the flanks of the Whipple Mountains
and generally have been assigned to the Osborne Wash
Formation. Further work is needed to verify this strati-
graphic designation.

BOUSE FORMATION

The Bouse Formation, which marks the northernmost
well-documented extent of the proto-Gulf of California
(Buising, 1988, this volume), is composed of a basal white
limestone overlain by an olive-gray claystone. Minor
amounts of silt, sand, and gravel occur throughout the
unit; the percentage of silt and sand increases upsection.
The most distinctive lithologic units are the bright-white
basal limestone and a similarly bright white tufa (Metzger,
1968; Smith, 1970). This unit forms much of the lowlands
near Earp, California, and Parker, Arizona.

TIME OF DEPOSITION

Ages of strata within the study area are poorly con-
strained due to the scarcity of dateable material within the
basin. A fission-track age of 23+2.4 Ma (zircon) was ob-
tained from a lacustrine tuff located near the base of the
Tertiary section in the Aubrey Hills (Beratan, 1991; Niel-
son, this volume); this is the best estimate of the age of
basin inception in the Whipple detachment system. Volcan-
ic rocks that overlie sedimentary rocks in the western part
of the study area are strongly altered and cannot be dated.
Some constraints on the timing of volcanism are provided
by ages from nearby basins; for example, mafic flows with-
in the lower part of the Tertiary section in the Buckskin
Mountains were erupted between approximately 21 and 18
Ma (Spencer and others, 1989), and volcanic rocks of the
lower sequence in the Mopah Range were deposited be-
tween approximately 21 and 17 Ma (Hazlett, 1986; this
volume). Therefore, the age of basal volcanic flows in the
Turk Mine Formation, which may be related to volcanism
in the Mopah Range, probably is also about 21 Ma.
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The Peach Springs Tuff provides an upper age limit
for the Gene Canyon Formation and a lower age limit for
the Copper Basin Formation. The accepted age of this
widespread ignimbrite is 18.5+0.2 Ma, as determined by
40Ar3Ar methods on sanidine from pumice lapilli (Niel-
son and others, 1990).

A sequence of basalt lava flows within strata in the
Aubrey Hills that are thought to be slightly younger than
the Copper Basin Formation has yielded a preliminary K-
Ar age of 14.120.3 Ma (whole rock) (Nakata and others,
1990).

The oldest rocks of the Osborne Wash Formation in
the southwestern Buckskin Mountains are probably 16 to
14 Ma (Grubensky, 1989). Flat-lying (“postdetachment™)
basaltic to locally rhyolitic volcanic strata in the western
Buckskin, southeastern Bill Williams, and northern Rawhide
Mountains were deposited between about 12 and 9 Ma
(Spencer and others, 1989). Published ages on the base of
the Bouse Formation suggest that it is perhaps as old as
8.1 Ma and probably no younger than about 5.5 Ma (Buising,
this volume).

SUMMARY OF INFERRED
BASIN HISTORY

The geographic coincidence between facies changes
in basin deposits and mappable faults indicates that bound-
aries of the sedimentary basins in the eastern and southern
Whipple Mountains were fault controlled. High-angle nor-
mal faults formed the southwestern and northeastern mar-
gins, and transfer faults formed the southeastern, and
perhaps also the northwestern margins (Nielson and Be-
ratan, 1990). Shifts in the position of the basin depocenter
reflect fault motions and depositional evolution. Prior to
Copper Basin time, a major shift of depocenter southwest,
parallel to the direction of regional tectonic transport on
the lower plate, may have been due to a change in the
location of the active high-angle normal fault, and a shift
perpendicular to transport direction probably was caused
by overtopping of a topographic barrier within the rotated
fault block (Beratan, 1991).

Fault activity was episodic. The period of most active
faulting probably occurred early in the history of the ba-
sin, followed by a time of relative quiescence and a final
episode of block rotation. Uplift of the core of the Whip-
ple Mountains, probably as a result of isostatic readjust-
ment in response to tectonic denudation, raised the edge
of the basin during this quiescent period, thus allowing
older synextensional strata to be eroded. These units sub-
sequently supplied clasts to the upper part of the Copper
Basin Formation.
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Preliminary Stratigraphic Reevaluation of
Upper Tertiary Units, Osborne Wash Area, La Paz County, Ariz.

By Anna V. Buising1 and Kathi K. Beratan?

INTRODUCTION

Gently tilted to flat-lying upper Tertiary alluvial and
volcanic strata in western Arizona and adjacent parts of
southeastern California have been assigned either to the
Osborne Wash Formation by Davis and others (1980) or to
the fanglomerate of Osborne Wash (see Carr and Dickey,
1980; Carr and others, 1980; Dickey and others, 1980).
These rocks unconformably overlie more highly tilted
lower to middle Tertiary strata that record basin formation
during the main pulses of detachment faulting in the
region. The Osborne Wash Formation has thus been inter-
preted as recording the end of detachment faulting.
However, despite its tectonic significance, the Osborne
Wash Formation remains essentially unstudied.

The goal of our current research is to isolate regional-
ly applicable stratigraphic and paleogeomorphic criteria
that will permit more accurate recognition and correlation
of late-detachment rocks in the lower Colorado River area.
Greater attention to details of the stratigraphy and struc-
ture of these units should provide a better understanding
of the waning stages of detachment faulting. In addition,
because the uppermost strata of the Osborne Wash Forma-
tion interfinger with the overlying Bouse Formation, we
expect to shed further light on the subsidence that allowed
waters of the proto-Gulf of California to inundate much of
what is now the lower Colorado River trough during latest
Miocene and Pliocene time.

This paper represents a progress report on work in the
Osborne Wash-Black Peak area east of Parker, Ariz. (fig. 1),
which was chosen for study because of excellent exposures
of at least two sequences of late-detachment to post-detach-
ment clastic and volcanic units, including the best-known
exposures of the Osborne Wash Formation of Davis and
others (1980). Work to date has included mapping and sec-
tion measuring in the area east of the Colorado River Indian
Reservation boundary (fig. 1).
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STRATIGRAPHY
OVERVIEW AND CONTACT RELATIONSHIPS

An informal nomenclature will be used in this report,
pending completion of the study. We recognize four map-
pable late- and postdetachment units in the study area (col.
2-P, pl. 2). These are, from oldest to youngest, the lower
clastic unit, the lower volcanic unit, the upper volcanic
unit, and the upper clastic unit. Some uncertainty about
stratigraphic relations remains at this time.

The lower clastic unit consists of interbedded con-
glomerate and sandstone and is conformably overlain by
mafic lava flows of the lower volcanic unit. A gentle angu-
lar discordance separates the lower and upper volcanic
units. The lower clastic and lower volcanic units are over-
lain in a buttressing, unconformable contact by conglom-
erate and sandstone of the upper clastic unit, which in turn
is conformably overlain by, and locally interfingers with,
the basal white carbonate strata of the Bouse Formation
basin-fill association (Buising, this volume).
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Figure 1. Map showing location of Osborne Wash area, Ariz.
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Contact relationships on Osborne Ridge (fig. 1) suggest
that the lower volcanic unit conformably overlies sandstone
and conglomerate of the lower clastic unit. However, an
angular discordance separates volcanic strata from underly-
ing clastic rocks at Black Peak. We hypothesize that these
volcanic rocks belong to the upper volcanic unit; further
mapping will allow us to test this interpretation.

The upper clastic unit is not exposed in direct contact
with the upper volcanic unit in the study area. Thus, it is
clear that the upper clastic unit and the Bouse Formation
both postdate the lower clastic unit, and probably the con-
formably superposed lower volcanic unit as well, but the
relationship between the upper clastic unit and the upper
volcanic unit is somewhat less clear. Because the upper
volcanic unit is part of the Black Peak-Osborne Ridge ero-
sional remnant and because the erosional event(s) which
produced the modern topography in this area predate(s)
deposition of the upper clastic unit, we postulate that the
upper clastic unit and the Bouse Formation postdate the
upper volcanic unit and are separated from it by an angu-
lar unconformity (fig. 2).

LOWER CLASTIC UNIT

The lower clastic unit consists of at least 145 m of
interbedded sandstone and conglomerate (col. 2-P, pl. 2);
the base of this unit is not exposed in the Osborne Wash
area. The unit displays an overall thickening and coarsening
upward trend; sandstone:conglomerate ratios vary from 3:1
near the base of the exposed section to as much as 1:4 or
1:5 near the top of the section. Bed thicknesses are pre-
dominantly of decimeter scale; beds thicker than 1 m are
rare and restricted to the upper one-third to one-half of
the exposed section. Beds commonly are lenticular on out-
crop scale. Color is predominantly grayish orange pink (5
YR 7/2), light brown (5 YR 6/4), or grayish orange (10
YR 7/4). In a section measured at the northeast end of

Upper volcanic unit

Basal carbonate strata
of the Bouse Formation

)

ADIRH

S35
t:s

Figure 2. Sketch of geologic relations exposed in Osborne Wash
area.

Osborne Ridge (fig. 1), the lower 72 m of section are con-
siderably darker (moderate reddish orange, 10 R 6/6, and
pale reddish brown, 10 R 5/4); the color lightens upward,
grading over about 6 m of section into 5 YR 7/2. The sig-
nificance, if any, of this color change is not known. Both
sandstone and conglomerate are commonly calcite cement-
ed. Paleocurrent indicators in the lower clastic unit (pri-
marily imbrication, with sparse data from trough cross-beds
and scour and channel axes) suggest predominantly north-
easterly transport, with subordinate directions to the north-
west and southeast.

Sandstone units range from fine grained to very coarse
grained; sand is typically angular, very poorly sorted, and
lithic rich. Sandstone beds locally have erosional bases.
Sedimentary structures include parallel lamination, scour
and fill, and medium- to large-scale trough cross-bedding.
Sandstone beds locally contain small, hemicylindrical, un-
walled burrows with horizontal, branching shapes and
large, near-vertical, unbranched walled burrows.

Coarse-grained clastic units range from granule and peb-
bly sandstone to boulder conglomerate. Both maximum and
average clast sizes increase from the base of the exposed
section to the top of the unit. Conglomerate units are prima-
rily matrix supported to matrix rich. Well-washed clast-sup-
ported beds are less abundant and appear to be restricted to
the upper part of the section. Sorting ranges from very poor
to moderate, and the degree of sorting generally increases
with decreasing matrix content. Clasts vary from angular to
subrounded and include a variety of foliated high-grade
metamorphic rock types (gneiss, schist, mylonite), quartzite
and quartz-rich metamorphic rocks, miscellaneous grani-
toids (including a distinctive garnet leucogranite, several
kinds of Proterozoic granite porphyry, and possibly the Fen-
ner Gneiss of Hazzard and Dosch, 1937), Tertiary mafic to
intermediate volcanic rocks, Tertiary silicic volcanic rocks
(including the Peach Springs Tuff of Young and Brennan,
1974), metavolcanic rocks (Planet Volcanics of Reynolds
and Spencer, 1989), and reworked red and yellow sandstone.
Conglomerate units are locally structureless but commonly
show well-developed imbrication and (or) reverse, reverse-
to-normal, or normal (commonly coarsetail) grading. They
have scoured or channelized bases in a number of sites and
are locally amalgamated. Trough cross-bedding occurs in at
least one locality; troughs are approximately 0.5 to 1.0 m
deep, and 5 to 6 m wide. Cobble and boulder trains are
common throughout the unit; boulder trains increase in abun-
dance upsection.

LOWER AND UPPER VOLCANIC UNITS

The lower and upper volcanic units both consist of
mafic lava flows that are very similar in texture and com-
position and therefore will be described together. We dis-
tinguish two different textural types in both units, which
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will be identified as flow types 1 and 2. The lower volcan-
ic unit consists predominantly of type 1-with subordinate
type 2 flows, whereas the upper volcanic unit is dominated
by type 2 flows. Both types are similar in texture and
composition to flows described by Grubensky (1989) from
the southern Buckskin Mountains (fig. 1) and were proba-
bly derived from the same source. The phenocryst assem-
blage of both types consists of plagioclase (probably
andesine or calcic labradorite), iddingsitized olivine, clino-
pyroxene, and oxidized opaque minerals.

Type 1 flows are medium-gray coarse-grained and
trachytic-textured olivine basalt with a coarsely crystal-
line groundmass and abundant plagioclase, pyroxene, and
olivine phenocrysts. Where flow surfaces can be distin-
guished, flows average about 2 to 3 m in thickness, and
individual flows have massive cores with agglomeratic
upper and lower margins. Type 2 flows are medium-gray
to black fine-grained olivine basalt. The groundmass con-
tains abundant fine-grained plagioclase laths and locally
approaches a felted texture. Phenocrysts are generally rare
(<5 percent). Where surfaces of type 2 flows can be dis-
tinguished, the flows average about 2 m thick and the
surfaces are fairly smooth and undulating to somewhat
blocky.

Several lines of evidence, including (1) lack of trunca-
tion of lower clastic unit sedimentary beds and (2) similar
attitudes of lower volcanic unit flow surfaces and bedding
orientation in the lower clastic unit suggest that lava flows
of the lower volcanic unit are conformable on underlying
sedimentary strata. The basal few centimeters of the lower
volcanic unit are strongly oxidized, due to deposition of
the lowermost lava flow on a damp substrate, postdeposi-
tional movement of groundwater along the contact, or
both.

UPPER CLASTIC UNIT

The upper clastic unit comprises grayish-orange-pink
and light-brown (5 YR 6/4, 5 YR 7/2) conglomerate and
sandy conglomerate, with less abundant sandstone inter-
beds. Conglomerate intervals range from massive to well
bedded; bedding is generally better defined in the more
clast-rich beds. Conglomerate beds are typically matrix
supported; they range from clast poor to clast rich. Less
abundant clast-supported beds also are present. Conglom-
erate beds are commonly lenticular, with lenses from 7 cm
thick by 0.3 m wide to more than 0.3 m thick and as much
as 3 to 7 m wide. Clasts range from gravel to boulder size
and are predominantly angular to subangular but locally
include subrounded material. The clast assemblage is over-
whelmingly dominated by locally derived volcanic rocks;
subordinate clast types include granitoids and high-grade
metamorphic rocks lithologically similar to the assemblage
of the lower clastic unit. The matrix contains abundant

fine-grained volcanic detritus. Sedimentary structures in-
clude low-angle and curviplanar, festoon-like cross-bed-
ding, as well as reverse and reverse-to-normal grading in
conglomerate beds. Conglomerate of the upper clastic unit
is locally interbedded with as much as several meters of

light-colored lithic tuff.

The upper clastic unit is commonly capped by 1 to 2
m of medium- to coarse-grained yellow sandstone with lo-
cal conglomerate lenses. Ostracodes and centimeter-scale
gastropods are common in this interval. The yellow sand-
stone shows medium- to large-scale trough cross-bedding
and channelization. Conglomerate lenses are as much as
13 cm thick by 1 m wide with clasts from granule to boul-
der size. This unit commonly interfingers with the overly-
ing basal carbonate strata of the Bouse Formation.

BOUSE FORMATION

Detailed descriptions of facies of the Bouse Formation
are given by Buising (1988, this volume). Facies of the
Bouse Formation exposed in the Osborne Wash area in-
clude basin-margin tufa, and basin-fill carbonate strata and
mudstone. Most conspicuous are the well-bedded basal-
carbonate strata of the basin-fill association, which crop
out as a bright white, nearly flat-lying, 1- to 2-m-thick
band that follows modern topographic contours. The car-
bonate strata are in buttress unconformity with tilted strata
of the lower clastic unit and lower volcanic unit; they are
overlain by as much as 5 to 10 m of poorly exposed fine-
grained terrigenous-clastic strata. Flat-lying, or very gently
dipping strata of the basin-fill association have conform-
able buttress relations against basin-margin tufa, which lo-
cally forms a rind on outcrops .of the lower clastic and
lower volcanic units.

AGE OF UNITS

Potassium-argon ages of 20.5+3.1, 16.1x0.8, and
14.120.7 Ma (whole rock) have been reported for three
lava flows at Black Peak, which have been assigned to the
Osborne Wash Formation (Eberly and Stanley, 1978;
Shafiqullah and others, 1980; Fugro, Inc., 1975); for a
summary of data, see Grubensky (1989) or Reynolds and
others (1986). The age of 20.5 Ma is probably too old,
because conglomerate of the lower clastic unit contains
clasts of the Peach Springs Tuff (18.5 0.2 Ma; Nielson
and others, 1990). Other workers have treated this age
with caution because of its large uncertainty (for example,
Grubensky, 1989).

The locations of the two samples with reported ages
of 16.1 and 14.1 Ma are outside the area mapped to date
and cannot be assigned with certainty to a particular vol-
canic unit. Three possible interpretations of the three ages



162 TERTIARY STRATIGRAPHY OF HIGHLY EXTENDED TERRANES, CALIFORNIA, ARIZONA, AND NEVADA

are suggested here; further mapping and additional dating
should resolve this uncertainty.

(1) The dated samples may all be from the lower vol-
canic unit. In this case, the age of the lower volcanic unit
is probably about 16 to 14 Ma, and the Peach Springs
Tuff-bearing lower clastic unit thus was deposited between
18.5 and 16 Ma.

(2) The samples may all be from the upper volcanic
unit. In this case, the age of the upper volcanic unit is 16
to 14 Ma, and the lower clastic and lower volcanic units
were deposited between 18.5 and 16 Ma.

(3) The samples were collected from both the upper
and lower volcanic units. In this case, the volcanic units in
the Osborne Wash are between 16 and 14 Ma, and the
lower clastic unit was deposited between 18.5 and 16 Ma.

The age of the upper clastic unit and the overlying
Bouse Formation remain problematic. Published ages on
the basal part of the Bouse Formation suggest that it may
be as old as 8.1 Ma and certainly is no younger than about
5.5 Ma (Buising, this volume).

ENVIRONMENTAL AND PALEOGEO-
GRAPHIC INTERPRETATIONS

We interpret the lower and upper clastic units as allu-
vial fan deposits. Paleocurrent directions suggest that the
detritus in the lower clastic unit was derived from a south-
erly to southwesterly source (present orientation), and clast
compositions require a source including exposures of both
supracrustal and deep-crustal rock types. Deposition of the
lower clastic unit clearly predated the development of
modern topography in the western Buckskin Mountains.
By contrast, the buttressing relationship between nearly
flat-lying beds of the upper clastic unit and hills of the
present landscape suggests that this unit was deposited on
essentially modern landforms (see fig. 2). Further, although
transport indicators are sparse in the upper clastic unit, its
clast assemblage suggests derivation from local volcanic
units and the lower clastic unit, subsequent to tilting and
erosional dissection. The capping yellow sandstone of the
upper clastic unit records a transition in dominant deposi-
tion mechanism from sediment gravity flow (primarily de-
bris flow) to dilute flow. This transition probably marks the
initial transgression by the proto-Gulf of California. The
overlying and interfingering basal carbonate strata of the
Bouse Formation are interpreted as recording the develop-
ment of stable marine-estuarine carbonate deposition in the
proto-Gulf.
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[Note added in proof]

Two new K-Ar ages were obtained recently (table 1). A basalt flow exposed near the base
of the lower volcanic unit at the north end of Osborne Ridge yielded an age of 16.8+0.6 Ma. A
pumiceous lapilli tuff bed from the upper clastic unit near the south end of Osbome Ridge
yielded an age of 9.2+0.3 Ma.

On the basis of these ages, the Peach Springs Tuff-bearing lower clastic unit, which under-
lies the dated basalt, was deposited between 18.5 and about 16.8 Ma. The upper clastic unit is at
least as old as about 9.2 Ma and no younger than about 5.5 Ma, which is the probable maxi-
mum age of the overlying Bouse Formation (Buising, this volume).

Table 1. New K-Ar ages from Osborne Ridge area.

1 . K,0 ‘wArmd Percent Calculated age
Sample No. Material dated (wt pen)? (107" mol/g)? ZN (Ma)?

OWBP-ML30-11/91 Sanidine (6.943) (9.2125) 9.2+0.3
(tuff bed) 6.937 9.2925 69.4
6.949 9.1325 69.8

OWBP-LD-LVU-11/91  Whole rock* (1.344) (3.2600) 16.8£0.6
(basalt) 1.356 3.2075 50.0
1.332 3.3100 50.7

'Dating by Geochron Laboratories, Cambridge, Mass. Both samples were crushed to —80/+200 mesh and treated
with dilute HF and HNO,.

2Value in parentheses is arithmetic mean used in age calculation.

3K-Ar ages were calculated using these constants for the radioactive decay and abundance of “’K:
h=0.581x107"%r"", Ag=4.962x10""%r"", and “UK/K u=1.193x10™ g/g.

“For basalt sample, a plagioclase concentrate (nonmagnetic fraction of whole rock) yielded an impossibly old age.
The age reported here was obtained using residuum from the plagioclase separation (magnetically susceptible material,
chiefly glass and ferromagnesian minerals). This material was reportedly 90 to 98 percent plagioclase free.






Stratigraphic Overview of the Bouse Formation and Gravels
of the Colorado River, Riverside Mountains,
Eastern Vidal Valley, and Mesquite Mountain Areas,
Calif. and Ariz.

By Anna V. Buising1

INTRODUCTION

Strata of the Bouse Formation (Miocene and Pliocene)
record inundation of much of what is now the lower Colo-
rado River region by waters of the proto-Gulf of Califor-
nia and subsequent progradation of the ancestral Colorado
River delta into the northern end of the proto-Gulf embay-
ment. The Bouse Formation is exposed in discontinuous
erosional remnants over an area of several thousand square
kilometers along the Colorado River trough and in neigh-
boring valleys (fig. 1). Among the best exposures are those
at Mesquite Mountain (fig. 1), which preserve as much as
60 to 70 m of deltaic section as well as extensive shore-
line complexes. Excellent exposures also occur west of the
Colorado River on the northeast flank of the Riverside
Mountains. Stratigraphic data in this paper are drawn pri-
marily from study of the Riverside Mountains, eastern
Vidal Valley, and Mesquite Mountain exposures, supple-
mented by information from Trigo Mountains exposures of
the basal carbonate strata of the Bouse Formation.

In this paper, 1 preserve Metzger’s (1968) definition
of the Bouse Formation but use a revised internal stratig-
raphy subdividing the Bouse into two coeval, interfinger-
ing facies associations, the basin-margin and basin-fill
associations (fig. 2). This breakdown is evident in
most exposures, as little-deformed strata of the Bouse
largely preserve original depositional geometries and fa-
cies relationships.

Outcrop relationships between units of the basin-mar-
gin and basin-fill associations reflect irregular basin topog-
raphy during Bouse deposition. Basin margin strata
commonly dip from 5° to 30° basinward. Their attitude is
controlled by the shape of uneven pre-Bouse topography;
beds wrap around the curved flanks of topographic highs
or dip into pre-Bouse drainages from both sides. As a
result, flat-lying basin-fill beds locally buttress against
contemporaneous, basinward-dipping basin-margin strata.

Department of Geological Sciences, California State University,
Hayward, CA 94542

BOUSE FORMATION
BASIN-MARGIN ASSOCIATION

The basin-margin association includes a light-gray
shoreline tufa interbedded with a variety of carbonate- and
terrigenous-clastic lithofacies. The tufa commonly occurs
as a hard, porous rind coating basement rocks. Several hori-
zons of tufa can be distinguished at most localities; individ-
val layers are generally less than 0.5 m thick. Stratal
attitudes vary from nearly horizontal on gently dipping sur-
faces to vertical on cliff faces, reflecting the topography of
underlying basement exposures. Outcrops of tufa common-
ly extend over as much as 100 m of elevation. The continu-
ity of tufa exposures in many locations (for example,
Mesquite Mountain) suggests that this represents original
deposition, rather than an outcrop pattern produced by later
faulting. In many places the depositional base of the tufa is
marked by a sedimentary breccia consisting of highly angu-
lar, very poorly sorted granule- to boulder-grade clasts of
the local basement in a matrix of gray limestone. Similar
breccia locally occurs interbedded with the tufa. The tufa
locally shows branching tubular structures in outcrop and
microtubules and millimeter-scale laminae in thin section.

The tufa intercalates with both carbonate-clastic and
terrigenous-clastic strata. Clastic carbonate strata are white
to gray, are moderately to well bedded on a scale of 1 to
4 cm, and include clastic limestone and barnacle coquina,
which is dominated by the delicate plates of Balanus
canabus (new species; Zullo and Buising, 1989). Clastic
limestone locally grades into calcareous lithic sandstone
containing abundant locally derived granule- to pebble-
grade clasts. Sedimentary structures in clastic limestones
include medium- to large-scale trough cross-bedding,
medium-scale low-angle wedge-set planar and gently cur-
viplanar cross-bedding, roughly domical cross-bedding
reminiscent of hummocky cross-stratification, and sym-
metrical ripples. Terrigenous-clastic interbeds include
conglomerate and medium- to coarse-grained, locally par-
allel-laminated yellow sandstone. Conglomerate varies
from crudely to well bedded (beds 2 cm to 1 m thick) and
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from matrix to clast supported. Sedimentary structures in-
clude large-scale trough cross-bedding and low-angle
cross-bedding; unbedded zones show reverse and reverse-
to-normal grading. Terrigenous-clastic units are pervasive
along strike of the Bouse shoreline, although they are lo-
cally discontinuous due to erosion and (or) coastline irreg-
ularity. Their basinward extent is limited in most cases to
less than 50 to 100 m.

The basin-margin association of the Bouse Formation
records deposition at and near the Bouse shoreline (Buis-
ing, 1988). I agree with Metzger (1968) in interpreting the
tufa as representing the Bouse shoreline per se. It seems
unlikely that the entire vertical extent of modern outcrop
was active shoreline at one time; the present outcrop pat-
tern may record either the slow rise and fall of sea level or
minor sea level fluctuations during the lifetime of the
northern proto-Gulf. The presence of biogenic structures
such as algal laminae and microscopic and macroscopic
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tubules suggests that carbonate precipitation was at least
locally biologically controlled. Where such structures are
absent, tufa precipitation may have been inorganic.

Clastic limestone records shoreline reworking of estu-
arine carbonate material; large- and medium-scale cross-
bedding attest to the activity of strong currents, which may
have been either tidal or wave generated. Wedge-set and
hummock-like cross-bedding as well as the gentle basin-
ward dip of these beds are consistent with deposition by
wave currents. Barnacle beds are interpreted as resulting
from nearshore reworking of intrabasinal barnacle detritus.
Local admixture of terrigenous clasts indicates intermittent
or localized terrigenous-clastic input to the shoreline car-
bonate environment. Terrigenous-clastic strata reflect high-
er-volume input of detritus from immediately adjacent
highlands. This resulted in basinward progradation of
small alluvial fans and (or) fan deltas, where debris-flow
processes (matrix-supported conglomerate and reverse-

115° 114°
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KILOMETERS

Milpitas Wash

33°

Figure 1. Left, Known extent of exposed and unexposed Bouse Formation deposits (dark stipple; southern limit is uncertain, as shown by
queries) and discontinuous exposure of related stratigraphic units and structural trends of the proto-Gulf of California (light stipple)
(modified from Buising, 1988). Right, Locations of geographic features named in text.
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and reverse-to-normal graded conglomerate) alternated
with high-energy dilute flow deposition (trough cross-bed-
ded and low-angle cross-bedded units).

BASIN-FILL ASSOCIATION

The basin-fill association of the Bouse Formation
comprises a lower, carbonate sequence and an upper, ter-
rigenous-clastic-dominated sequence (fig. 2). Exposed
thicknesses vary greatly. The basal carbonate unit ranges
from ~1 to 6 m thick in outcrops, and the maximum ex-
posed thickness of the terrigeneous-clastic sequence is 60
to 70 m.

The carbonate sequence is equivalent to the basal lime-
stone of Metzger (1968) and to the basal marl of Winterer
(1975). It consists of bedded clastic limestone (including at
its base about 9 cm of locally derived carbonate-matrix
pebble to cobble breccia) with interbeds of barnacle coqui-

na. The carbonate sequence is characteristically bright
white and well bedded, with beds from 1 to 5 cm thick,
locally showing millimeter-scale internal lamination.

Sedimentary structures in the carbonate sequence in-
clude trough cross-bedding (set height ranges from ripple
scale to greater than 1 m), sigmoidal cross-bedding (set
height 9-15 cm), normal and possible reverse-to-normal
grading, local draping over barnacle-encrusted boulders,
and probable bioturbation. Winterer (1975) has reported
greater than 50 percent terrigenous-clastic material in sam-
ples of the basal marl; by contrast, samples I have studied
contain less than 20 percent terrigenous clasts, primarily
quartz, feldspar (plagioclase, microcline, untwinned
K-feldspar), locally derived metamorphic rock fragments,
biotite, and epidote. Sparse, angular granules of local
basement rocks are also locally present. Barnacle coquina
interbeds range from 1 to 5 cm thick and in many cases
are lenticular on a scale of 1 to 10 m, with detritus locally
fining basinward.

Modern alluvium

Inactive fan gravels

Gravel of the Colorado River

A Bouse Formation

Tbbm -- basin margin association

A\ --biogenic texture in tufa

Tbbf -- basin fill association
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Figure 2. Generalized stratigraphy of Bouse Formation and underlying and overlying units, lower Colorado
River area. No vertical scale; exposed thicknesses vary along strike. See text for detailed descriptions.
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The upper, terrigenous-clastic sequence of the basin-
fill association shows a coarsening-upward trend. The
lower part is dominated by interbedded red, green, and
yellow mudstone with pink siltstone and white limestone
interbeds; siltstone and fine-grained sandstone become
more abundant upsection, and the upper 10 to 15 m con-
sist entirely of pink siltstone and sandstone with minor
pebbly sandstone and lenses of locally derived cobble to
boulder breccia.

Mudstone in the terrigenous-clastic sequence is gener-
ally well bedded, with bed thickness ranging from 2.5 to
7 cm. Bed thickness varies on outcrop scale; beds are
commonly lenticular or discontinuous. Sedimentary struc-
tures include parallel lamination, ripple cross-lamination
(primarily migrating ripples with wavelength less than 2
cm, amplitude less than 1 cm), shrinkage cracks (probably
including both mudcracks and subaqueous syneresis
cracks), and soft-sediment deformation, including convo-
Iute bedding, load casts, and flame structures. Centimeter-
scale sand-silt bedding couplets resembling tidal bedding
as defined by Klein (1977) occur locally. Some localities
show clusters of calcareous blebs and nodules that are be-
lieved to represent poorly developed caliche horizons.

Siltstone beds in the terrigenous clastic sequence
range in thickness from less than 1 cm to more than 1 m,
with average bed thickness increasing upsection. Beds are
locally erosive based or channelized. The principal sedi-
mentary structures of siltstones and sandstones include
trough cross-bedding, parallel lamination, current linea-
tions, and ripple cross-lamination (in- and out-of-phase
climbing ripples, migrating ripples). Herringbone trough
cross-bedding is locally present. Trough cross-beds and
parallel laminations commonly pass laterally or upsection
into rippled horizons. Scale of trough cross-bedding and
channelization correlate directly with bed thickness. Sub-
sidiary sedimentary structures of siltstones and sandstones
include soft-sediment deformation (millimeter-scale to ho-
rizons several meters thick) and basal load casting. Aban-
doned channels are commonly filled with green or red
mud, which locally contains abundant barnacle fragments.
Paleocurrent orientations suggest southwesterly to south-
easterly transport, with a strong northerly inland compo-
nent and extreme complexity near the paleoshoreline
(Buising, 1990).

Rocks of the basin-fill association are commonly fossil-
iferous. Mudstone and claystone locally contain land plant
fragments, barnacles, foraminifers, and ostracodes. Lime-
stone interbeds include barnacles and centimeter-scale
high-spired gastropods. Siltstone and sandstone locally
contain barnacles, rootlets, and in one locality, calcareous
rhizoliths.

I interpret the basal carbonate strata of the basin-fill
association as marine-estuarine deposits of the proto-Gulf
of California (Buising, 1988). The basal breccia probably
records the transition from dilute-flow terrigenous-clastic

deposition during the initial phases of transgression—
recorded in a 1- to 2-m-thick yellow sandstone that caps
the underlying fanglomerate sequence (Osborne Wash For-
mation of Davis and others, 1980; approximately equiva-
lent to the upper clastic unit of Buising and Beratan, this
volume)-—to carbonate deposition in a stable estuarine en-
vironment, recorded in overlying limestone. The presence
of varying amounts of siliciclastic material in the lime-
stone indicates continued terrigenous input to the basin,
although this sediment was never sufficiently abundant to
interfere with carbonate precipitation. Although Winterer
(1975) suggested that carbonate fixation might have been
due to algal activity, abundant traction structures indicate
clastic reworking of carbonate detritus, regardless of its ul-
timate source. Large-scale trough cross-bedding indicates
at least intermittent strong currents; sigmoidal cross-beds
suggest that these currents may have been tidal in origin.
Normal and reverse-to-normal graded beds may record
sediment gravity flow deposition. Bioturbation and fossil
content suggest a thriving biologic community.

The upper, terrigenous-clastic part of the basin-fill as-
sociation records progradation of a regionally extensive
deltaic complex into the northern end of the proto-Gulf
(Lucchitta, 1972, 1979; Buising, 1988). Disregarding near-
shore complexities, paleocurrent directions suggest deriva-
tion from a source to the north or northeast; northward-
directed paleocurrents probably reflect a tidal influence.
Sedimentary structures and bedding geometry of basin-fill
association mudstone and claystone reflect depositional
processes on interdistributary flats of this low-gradient,
tidally influenced delta system. Siltstone and sandstone of
the basin-fill association are interpreted as distributary
channel deposits where channelized or scoured, and as
overbank deposits where their bases are not erosive. Lens-
es and interbeds of locally derived coarse-clastic material
in the sandstone and siltstone of the upper part of the
basin-fill association reflect intermittent increases in local
energy conditions, such that coarse detritus supplied to the
basin was periodically transported downchannel along del-
taic distributaries instead of remaining restricted to small
marginal alluvial fans, as was the case for locally derived
coarse-clastic material lower in the section. This change
can be linked to the southward progradation of the deltaic
complex and concomitant increase in average local energy.

Soft-sediment deformation in terrigenous-clastic basin-
fill association sediments may have resulted from several
causes. Load casting and flame structures suggest rapid
deposition of water-rich sediment. Small-scale convolute
bedding may reflect slumping on oversteepened slopes,
perhaps on channel margins or levees. Larger scale occur-
rences of disturbed bedding are most common on the
flanks of basement highs; they are locally associated with
the development of an intraformational erosional surface,
as in the vicinity of Cibola (fig. 1). These cases may re-
flect wholesale slumping of oversteepened beds deposited
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on an inclined substrate. Alternatively, large-scale slump-
ing may be due to periodic tectonic activity, possibly asso-
ciated with continued subsidence, or to compaction-related
settling.

GRAVELS OF THE COLORADO RIVER

The Bouse Formation is overlain by a section of cobble
conglomerate and associated finer grained clastic material
herein referred to informally as the gravels of the Colorado
River (hereinafter referred to as the Colorado River gravels
for the sake of brevity) (see also Metzger and others, 1973;
Metzger and Loeltz, 1973). Although the base of the Colo-
rado River gravels—defined as the stratigraphically lowest
occurrence of trough cross-bedded, far-traveled conglomer-
ate—is typically erosional, the conglomerate interfingers
with trough cross-bedded sandstone and siltstone of the un-
derlying Bouse Formation. Minor angular discordance ex-
ists locally.

The characteristic lithofacies of the Colorado River
gravels is gray, trough cross-bedded cobble conglomerate,
with trough sets up to slightly greater than 1.6 m in
height. Trough orientations indicate predominantly south-
westerly to southeasterly transport, with rare outcrops in-
dicating northeasterly transport. Conglomerates include
both matrix-poor and matrix-rich deposits. Clast types in-
clude red, yellow, and white metaquartzite, red and yellow
jasper, intermediate volcanic porphyry, various granitoids,
gray fossiliferous limestone, and locally derived metamor-
phic rocks. The metaquartzite clasts are without exception
very well rounded; other metamorphic clasts are highly
angular. Other clast types display a range of intermediate
degrees of rounding.

The Colorado River gravels also contain lenses and
interbeds of pink to reddish sand and silt and red mud.
These horizons are distinguished from interfingering
tongues of the uppermost part of the Bouse Formation by
their stratigraphic position entirely within the gravels and
by their redder color. Sand and silt beds range from 1 to
12 cm in thickness; sedimentary structures include milli-
meter-scale parallel lamination, small-scale and ripple
trough cross-bedding, in- and out-of-phase stacked sym-
metrical ripples (wavelength from 5 to 9 cm, amplitude
from 0.5 to 0.7 cm), and starved ripples capped by mud
fallout. Minor interbeds of white, highly calcareous clay
and lenses (to 0.5 cm thick, 2 m long) and interbeds (to
5 cm thick) of crystalline gypsum are locally present.

Abundant trough cross-bedding, scour, and channel-
ization suggest that the conglomerates of the Colorado
River gravels represent channel deposits recording the ar-
rival of the throughgoing Colorado fluvial system in the
Gulf province (Lucchitta, 1972, 1979; Buising, 1988). The
dominance of coarse-grained sediment and the large scale
of bedforms indicate a high-energy system. Clast types re-

flect both distant and local sources. Many metamorphic
clasts are clearly derived from fairly local basement expo-
sures; however, well-rounded clasts of quartzite, jasper,
and fossiliferous limestone are believed to have been de-
rived from Paleozoic and Mesozoic source rocks exposed
on the Colorado Plateau. Fine-grained clastic material in-
terbedded with Colorado fluvial conglomerates may repre-
sent overbank or interchannel deposits. Reddish color and
the presence of local gypsum lenses indicate periods of
subaerial exposure and a warm, fairly dry climate.

AGE OF THE BOUSE FORMATION AND
GRAVELS OF THE COLORADO RIVER

Several K-Ar ages have been published for a tuffa-
ceous interbed in Milpitas Wash exposures of the Bouse
basin-fill carbonate association sequence: 8.1+0.5 Ma (P.E.
Damon, in Metzger and others, 1973), 5.47+0.20 Ma
(Damon and others, 1978; Shafiquallah and others, 1980),
and 3.02x1.15 Ma (glass in partially devitrifed sample;
P.E. Damon, in Metzger and others, 1973). The 3.02-Ma
age can be regarded as a minimum due to the potential
disturbance of K-Ar ratios during devitrification. However,

‘both regional stratigraphic patterns and imprecise age esti-

mates based on paleontology (Smith, 1960, 1970; Winter-
er, 1975) appear to permit either the 5.47-Ma or the 8.1-
Ma age (Buising, 1990).

Since the Bouse Formation interfingers with underly-
ing fanglomerate, it should be possible to use the age of
the fanglomerate to further constrain age estimates on the
basal part of the Bouse Formation. Unfortunately, howev-
er, the age of the upper part of the fanglomerate (upper
clastic unit of Buising and Beratan, this volume, which is
for the most part equivalent to the Osborne Wash Forma-
tion of Davis and others, 1980) remains uncertain.

Regional correlation provides a tentative age con-
straint for the upper terrigenous-clastic part of the basin-
fill association. Magnetostratigraphic work of Johnson and
others (1983) indicates an age of 4.3 Ma for the marine
basal part of the Imperial Formation in the western Salton
Trough. This led Winker (1987) to suggest an age of 4 Ma
for the stratigraphically lowest occurrence of far-traveled
Colorado River detritus in the Imperial Formation. This
horizon of the Imperial Formation probably corresponds
roughly to the base of the deltaic section in the Bouse For-
mation. The delta presumably reached the Parker area
sometime before its arrival in the Salton Trough to the
southwest (fig. 1). Thus, the basal part of the deltaic clas-
tic section in the Parker area is probably older than 4 Ma.

Basalt flows overlying Colorado River fluvial gravels
in the Lake Mead area have K-Ar ages of 3.79x0.46 Ma
and 3.80x0.11 Ma (whole-rock; Shafiqullah and others,
1980), suggesting that the gravels themselves are older
than about 3.5 to 4 Ma. Since the fluviodeltaic system
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prograded southward, Colorado River gravels in the Park-
er area could be somewhat younger than their Lake Mead
counterparts.

SUMMARY

The Bouse Formation and overlying Colorado River
gravels document four stages in the evolution of the lower
Colorado River region. Initial transgression of this area by
waters of the proto-Gulf of California is believed to be
recorded in an ostracode- and gastropod-bearing sandstone
that caps the underlying fanglomerate sequence (see Buis-
ing and Beratan, this volume). Stabilization of a marine-
estuarine carbonate environment is recorded in the basal
carbonate strata of the Bouse Formation. This probably
occurred no earlier than about 8.1 Ma and no later than
about 5.5 Ma. Fine-grained terrigenous-clastic material of
the Bouse basin-fill association upper member records pro-
gradation of the ancestral Colorado River delta into the
northern end of the proto-Gulf embayment slightly before
4.3 Ma; the Colorado River gravels themselves document
arrival of the fluvial channel proper atop its own deltaic
deposits prior to 3.5 to 4 Ma.
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Introduction to Tertiary Stratigraphy of the Area South of 1-10,
Ariz. and Calif.

By Stephen M. Richard! and David R. Sherrod®

Reports in this chapter describe stratigraphic relations
of Tertiary rocks in southeast California and southwest Ari-
zona north of the Gila River (fig. 1). Tertiary rocks occupy
a northeast-trending belt between the edge of the Transition
Zone physiographic province in Arizona (Spencer and Rey-
nolds, 1989b) and the Salton Trough in California.

A three- or four-part stratigraphic sequence character-
izes the Tertiary rocks, although the age relations between
the parts vary across the region. Many mountain ranges
expose (1) a prevolcanic, arkosic sedimentary unit, (2) a
middle, mostly volcanic unit, and (3) an upper sedimenta-
ry unit with interbedded basalt and rhyolite lava flows (see
Eberly and Stanley, 1978; Scarborough, 1989). The fourth
part of the sequence, youngest sedimentary rocks, are
mainly limited to the basins between mountain ranges, but
their depositional relationship to underlying units is com-
monly exposed along the range fronts.

Prevolcanic sedimentary sequences are generally thin
except in the trough along the Gila River (Olmsted and
others, 1973; Spencer and Reynolds, 19891); Lombard, this
volume). The age of the oldest of these rocks is poorly
known but presumably is not older than late Eocene. A
younger age limit is bracketed by overlying volcanic
rocks: early Oligocene in the lower Colorado River region
(for example, Sherrod and Hughes, this volume) and pro-
gressively younger—Ilate Oligocene to early Miocene—to-
ward the northeast (Richard, this volume, Big Horn
Mountains area; Sherrod, this volume). In most areas, on-
set of volcanism abruptly terminated the deposition of ar-
kosic strata. However, in the Gila trough, a structural
. basin that parallels the modern Gila River. from Muggins
Mountains to Sentinel Plain (fig. 1), thick deposits of brec-
cia, debris flows, conglomerate, and sandstone continued
to accumulate along with minor volcanic rocks that have
K-Ar ages between 27 and 23 Ma (Olmsted and others,
1973; Scarborough and Wilt, 1979; Pridmore, 1983; Lom-
bard, this volume).

The rocks of the volcanic unit vary from basalt to rhyo-
lite and are alkali-calcic to calc-alkaline in character (Annis
and Keith, 1986; Spencer and Reynolds, 1989b). Volcanic

! Arizona Geological Survey, 845 N. Park Ave., Tucson, AZ 85719
2U.S. Geological Survey, 5400 MacArthur Blvd., Vancouver, WA
98661

rocks discussed in this section form a nearly continuous
outcrop belt from southeastern California east and northeast
into central Arizona (fig. 1). Volcanism began in the lower
Colorado River region about 32 Ma with the eruption of the
Quechan volcanic rocks of Crowe (1978), a sequence of
mainly andesitic to dacitic lava flows and fewer volcani-
clastic rocks (Mayo, this volume; Richard, this volume,
Ferguson Wash area; Sherrod and Hughes, this volume). In
general, the initiation of volcanism becomes progressively
younger to the northeast along this belt to as young as
about 22 Ma (compare columns 3-G and 3-E, southwest,
with 3-C, 3-B, and 3-A, northeast). Volcanic sequences in
the southwestern part of the region are characterized by
silicic ash-flow tuffs, whereas northeastern sections are
characterized by silicic domes and lava flows with very
local pyroclastic deposits. Basalt to dacite lava flows typi-
cally underlie ‘and are interbedded with the silicic rocks
throughout the belt. Eruption of major pyroclastic flows
began about 27-25 Ma in the lower Colorado River region
(Crowe, 1978; Crowe and others, 1979); silicic lavas are as
old as 21 Ma in the northeast (Capps and others, 1985; data
summarized in table 1 of Richard, this volume, Big Horn
Mountains area).

Widespread sedimentation that formed the upper, main-
ly postvolcanic sedimentary unit followed a major pulse
of early Miocene extensional deformation, which occurred
after 22 Ma in most of the area discussed here. The sed-
imentary rocks are chiefly sandstone, conglomerate, and
sedimentary breccia; one such unit is the conglomerate of
Bear Canyon (Crowe, 1978; Hughes, this volume). The con-
glomerate of Bear Canyon is syntectonic; its older parts
typically dip more steeply than younger parts, and minor
intraformation unconformities are widespread. Basalt and
rhyolite interbedded in the clastic units range in age from
about 17 Ma in the northeast to as young as 13 Ma in the
southwest, but the eruptive sites are too spotty and poorly
dated to define a pattern. Between 15 and 12 Ma the chem-
istry of the volcanic rocks changed as sedimentation con-
tinued; after this time mostly alkaline basalt was erupted
(Spencer and Reynolds, 1989b), with sparse associated
rhyolite

Upper Miocene and Pliocene sedimentary rocks, the
fourth and youngest part of the stratigraphic sequence,
were deposited in the present physiographic and structural
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basins. In most places they consist of subaerial conglomer- stone, siltstone, and sandstone of the upper Miocene and
ate, sandstone, and siltstone; lacustrine mudstone and Pliocene Bouse Formation (for example, Buising, this vol-
evaporite are found locally. Marine and estuarine lime-  ume) record a complex setting of estuaries and deltas

EXPLANATION

|:| Sedimentary rocks and deposits (Holocene to Miocene)—Includes middle Miocene
fanglomerate deposited during extensional deformation. Also includes minor
upper Miocene and Pliocene basalt flows

Volcanic rocks (Miocene and Oligocene)—Mainly 32-15 Ma. Include minor
Tertiary granite

g

Sedimentary and volcanic rocks (Miocene and Oligocene)}—Mainly in Laguna,
Muggins, and Gila Bend Mountains

Orocopia Schist (Mesozoic)—Includes some large granitic intrusive masses of
Mesozoic and Tertiary age in western Chocolate Mountains

Meta-igneous and metasedimentary rocks (pre-Tertiary)

L 1 | 1 | |

KILOMETERS

33°30"

33°

/0 )Laguna

Mts 5 077D
% . Rivgf q:

AREA OF
MAP

Figure 1. Map showing generalized geology and location of geographic names discussed in text. Modified
from Sherrod and Tosdal (1991) and Reynolds (1988). See text discussions and plate 3 for stratigraphic
columns (sections) 3-A,B through 3-H; see text discussions for topical papers 3-I and 3-J.



INTRODUCTION TO TERTIARY STRATIGRAPHY OF THE AREA SOUTH OF I-10, ARIZ. AND CALIF.

173

along the Colorado and Gila River valleys. Contact rela-  at the mountain fronts (Scarborough, 1989), to concordant
tions between the youngest sedimentary rocks and older  and gradational sequences toward the centers of the larger
units vary from major angular unconformities, especially  physiographic basins. This youngest unit is present mostly

(Explanation, continued)

/Q/ Chocolate Mountains anticlinorium (from Haxel and others, 1985)

—L~  Generalized orientation of bedding in volcanic and sedimentary rocks

113°

112°

sentinel
plain

50

L L 1 L
KILOMETERS

N
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LOCATION OF STRATIGRAPHIC

3-A, B Hieroglyphic-Big Horn transect

3-C
3-D
3-E
3-F
3-G
3-H
3-1

3]

COLUMNS AND TOPICAL
PAPERS IN CHAPTER 3

New Water Mountains

Little Chuckwalla Mountains

Southern Trigo, eastern Chocolate Mts.
Middle Mountains

Ferguson Wash

Laguna Mountains

Conglomerate of Bear Canyon

Seismic reflection profiles, Milpitas Wash
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in the subsurface and thus has received little consideration
in most geologic studies.

PRE-TERTIARY GEOLOGIC SETTING

Southwestern Arizona and southeastern California en-
compass several pre-Tertiary bedrock domains (fig. 2). In
the northeast, Tertiary strata are deposited on Proterozoic
igneous and metamorphic rocks intruded by sparse, meso-
zonal to epizonal Cretaceous plutons, all of which lie
above the regional Whipple-Buckskin-Bullard detachment
fault system (Davis and others, 1980; Spencer and Rey-
nolds, 1989a) and are continuous with rocks underlying
the Colorado Plateau. To the southwest, in the footwall of
this major detachment system, Tertiary strata are deposited
on highly deformed, slightly metamorphosed Paleozoic
and Mesozoic strata in the Maria fold and thrust belt (Rey-
nolds and others, 1986). Farther southwest, the Tertiary
rocks overlap the southern boundary of the Maria fold and
thrust belt and are deposited on Triassic(?) and Jurassic
crystalline rocks in the hanging wall of the Mule Moun-

115° 114°

33°

KILOMETERS

tains thrust (Tosdal, 1988, 1990). Tertiary strata overlie Ju-
rassic or Cretaceous supracrustal rocks in the vicinity of
the Chocolate Mountains anticlinorium (Dillon, 1975;
Haxel and others, 1985; Grubensky and Bagby, 1990). At
the southwestern end of the belt, Tertiary strata are depos-
ited on Proterozoic igneous and metamorphic rocks that
have been correlated with the San Gabriel terrane of Pow-
ell (1981, 1982).

MIDDLE TERTIARY TECTONIC SETTING

Tertiary rocks throughout the region have been affect-
ed by a major period of crustal extension and associated
normal faulting that occurred after about 22 Ma (Sherrod
and others, 1987; Spencer and Reynolds, 1989b). Move-
ment on normal faults has tilted the Tertiary strata mainly
to the northeast or southwest; dips range from very gentle
to steeply overturned.

Faults younger than about 12 Ma (the late Miocene
block-faulting episode of Eberly and Stanley, 1978) cut
low-angle normal faults throughout the region and have

113° 112°
)

EXPLANATION

Orocopia Schist (Mesozoic)

Metaplutonic rocks (Jurassic
and Triassic)

Deformed supracrustal rocks
(Mesozoic and Paleozoic)

Igneous and metamorphic
rocks (Proterozoic)

Gneissic rocks similar to eastern
Transverse Ranges (Proterozoic)

Eastern Transverse Ranges
basement terrane (Proterozoic)

Figure 2. Map showing major pre-Tertiary lithotectonic domains in southwestern Arizona and southeastern California. Domains
shown queried where of uncertain extent. Outline of mountain ranges shown by fine lines; compare with figure 1 for range names.
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determined the present physiography. In the northeast
these are mostly northwest-striking high-angle oblique-slip
faults with components of right slip, generally down on
the southwest. In the southwestern part of the region, these
younger faults form a complex array and bound smaller,
irregular, north-trending basins.

CONTROLS ON PALEOGEOGRAPHY

Thick prevolcanic clastic strata in the Gila trough
southeast of the western Arizona volcanic belt were depos-
ited in a northeast-trending graben (Eberly and Stanley,
1978; Spencer and Reynolds, 1989b). Dates from tuff
overlying and interbedded with sedimentary rocks in the
southwestern part of the trough indicate that tectonism
was underway in that region in Oligocene time (Olmsted
and others, 1973; Lombard, this volume). The tectonic set-
ting of the Gila trough is uncertain; its northeast trend is
difficult to reconcile with the uniform northeasterly exten-
sion direction associated with early Miocene extension in
the region. Oligocene deformation this close to the conti-
nental margin may be related to the transition from a con-
vergent to transform plate margin in Oligocene time
(Severinghaus and Atwater, 1990).

The paleogeographic setting of the flow- and dome-
dominated volcanic fields northeast of the Kofa and Mid-
dle Mountains was probably dominated by volcanic
construction and cannot be directly correlated with tec-
tonic features. Also, the distribution of the 32- to 26-Ma
Quechan volcanic rocks and temporally equivalent units,
which are widespread in the western and southwestern
parts of the area but absent eastward from the Kofa
Mountains, most likely reflects the distribution of volcan-
ic centers.

Other subsidence zones are probably volcano-tectonic
features. The distribution of lower Miocene ash-flow tuffs,
which are laterally discontinuous and terminate abruptly
over short distances between the Kofa Mountains and
Picacho State Park area (near location 3-E, fig. 1), is inter-
preted to reflect the location of several such zones. How-
ever, the youngest tuff, the 22-Ma tuff of Felipe Pass
(Sherrod and others, 1990), blankets a large area in the
Trigo, Middle, and Kofa Mountains (Sherrod and Tosdal,
1991). The tuff of Felipe Pass is absent within a large si-
licic eruptive center in the northern Castle Dome and Mid-
dle Mountains, which must have been a positive feature
not buried by the tuff.

Some stratigraphic cut-outs may be structurally con-
trolled, however. Volcanism southwest of the Chocolate
Mountains anticlinorium in western Arizona may have
started as early as 32 Ma, and the major period of volcan-
ism was over by 26 Ma (Crowe, 1978). Northeast of the
anticlinorium, volcanic rocks range in age from 24 to
about 16 Ma (Bagby and others, 1987) and include several

pyroclastic-flow deposits; these rocks are conspicuously
absent south of the anticlinorium. Their fairly abrupt cut-
out across the Chocolate Mountains anticlinorium suggests
that it was a positive feature by early Miocene time (Rich-
ard, 1989; Grubensky and Bagby, 1990).

Overall, the volcanic belt was probably a positive pa-
leogeographic feature, as indicated by the paucity of epi-
clastic sedimentary rocks interbedded with the extrusive
volcanic rocks. The pattern of syndepositional volcano-
tectonic subsidence and subsequent normal faulting has
determined where these rocks are preserved. It is thus un-
likely that a sedimentary basin was present in the central
part of the western Arizona-southeastern California vol-
canic belt.

Clastic strata that generally overlie the calc-alkaline
volcanic sequences were deposited in grabens produced by
Miocene normal faulting. The abundance of coarse-
grained deposits in this part of the stratigraphic sequence
indicates significant local relief. Some of these deposits
grade upsection into the alluvium that fills the present top-
ographic basins, implying that some of these grabens were
continuously subsiding through Miocene time. In other
places, the middle Miocene graben-filling sediment is now
deeply dissected and exposed in mountain ranges. Normal
faults that defined the early to middle Miocene grabens
were more closely spaced (10 to 15 km) than the younger
faults that define the present basin-and-range physiography
(20 to 30 km).
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Tertiary Stratigraphy of a Transect from the Hieroglyphic to
the Big Horn Mountains, West-Central Ariz.

By Stephen M. Richard!

INTRODUCTION

This article summarizes the stratigraphy of Tertiary
rocks exposed in a transect from the Transition Zone phys-
iographic province in central Arizona southwest to the
Harquahala Plain in the Basin and Range province (fig. 1).
Lithologic description of rocks in the Big Horn Mountains
is based on the work of Capps and others (1985), descrip-
tion of rocks in the Vulture Mountains is compiled from
Grubensky (1989) and Grubensky and others (1987), and
description of rocks from the Wickenburg and Hieroglyph-
ic Mountains is based on the work of Capps and others
(1986) and Stimac and others (1987)—all recent reports

' Arizona Geological Survey, 845 N. Park Ave., Tucson, AZ 85719
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published by the Arizona Geological Survey. Stratigraphic
relationships described here are based on interpretation of
the geologic maps included in those reports.

Volcanic and sedimentary rocks as much as 1 to 2 km
thick blanket pre-Tertiary metamorphic and igneous rocks
along this transect (cols. 3-A and 3-B, pl. 3). The prevol-
canic surface, reconstructed from cross sections drawn
along the transect, locally had significant topographic fea-
tures, especially in the northeast (for example, Stimac and
others, 1987). As much as 30 m of arkosic sandstone and
conglomerate is present at the base of the Tertiary section.
The overlying volcanic rocks include interbedded basaltic
to rhyolitic lava flows and, locally, silicic dome complex-
es. Widespread ash-flow tuff sheets are absent, but welded
and nonwelded tuff and tuffaceous sedimentary rocks are
typically associated with the silicic lavas. Basalt lavas that

112°30°

Figure 1. Map showing geographic features discussed in text.

area of Harcuvar Mountains.

Detachment fault system, dotted where buried, shown in
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cap the volcanic sequences are interbedded with or over-
lain by sedimentary breccia and conglomerate, which form
a grossly fining-upward sequence.

Few of the volcanic units in this region have been re-
liably dated, owing to extensive potassium metasomatism.
Dated volcanic rocks range in age from about 21 to 15 Ma
(table 1). If andesite lava in the Bullard Peak area of the
Harcuvar Mountains correlates with some part of the sec-
tion in the Big Horn Mountains, volcanism had com-
menced by 24 Ma (Roddy and others, 1988).

Volcanism began before normal faulting throughout

the transect. Angular unconformities and growth fault rela- -

tionships characterize the middle and upper part of the
stratigraphic successions, indicating that normal faulting
was ongoing before volcanism had ceased. Coarse-grained
clastic rocks overlie the volcanic-rock assemblages along
large angular unconformities and are confined to asymmet-
ric grabens. Normal faulting clearly continued after the
-cessation of volcanic activity.

The stratigraphy of Tertiary rocks along the Hiero-
glyphic-Big Horn transect contrasts sharply with that of
Tertiary rocks in the hanging wall of the Whipple detach-
ment system to the northeast. Sections to the northeast are
dominated by fluvial and lacustrine strata with interbedded
sedimentary breccia (Lasky and Weber, 1949; Yarnold, this
volume; Spencer and Reynolds, this volume). Fluvial de-
posits interbedded with basalt lava in the western Big Horn
Mountains (Capps and others, 1985) may represent the
southeastern edge of the fluviolacustrine system that lay
to the northeast. Cobbles in conglomerate in these deposits
are unlike basement rocks exposed in the adjacent ranges.
The rounded granitic cobbles, presence of far-traveled
clasts, and successions of 5- to 10-m-thick, upward-fining
sequences all suggest that these strata were deposited in
a regionally integrated drainage system. Along the transect
described here the stratigraphic section is dominated by
volcanic rocks, and epiclastic sedimentary rocks are large-
ly absent except in the basal and uppermost parts of the
section. Volcanic construction apparently outpaced subsid-
ence, and a sedimentary basin may never have developed
along the Hieroglyphic-Big Horn transect. In the hanging
wall of the Whipple-Buckskin-Bullard detachment fault

system (fig. 1) to the northeast, subsidence apparently pre-’

ceded and accompanied extension, and volcanic rocks are
not as abundant there.

Tertiary volcanic rocks crop out over a wide area
along the Hieroglyphic-Big Horn transect because regional
extension was accommodated by numerous normal faults
with relatively small slip (Richard and others, 1988,
1990). Large-magnitude normal slip on the Whipple-Buck-
skin-Bullard detachment fault system has denuded Tertiary
rocks from a large area to the northeast, forming the Har-
cuvar metamorphic core complex (Rehrig and Reynolds,
1980; Spencer and Reynolds, in press). The contrasting
sedimentation history between these domains of contrast-

ing extensional style suggests a genetic relationship be-
tween the evolution of the preextension and synextension
stratigraphy and the style of extension.

STRATIGRAPHY

The following stratigraphic framework attempts to en-
compass the myriad stratigraphic names applied to volcan-
ic units mapped in the mountain ranges of the transect.
Additional names are listed in table 1 in order that dated
samples remain connected to particular stratigraphic units,
thereby avoiding confusion.

HIEROGLYPHIC AND WICKENBURG
MOUNTAINS

Arkosic sandstone and conglomerate are overlain by
basalt, basaltic andesite, and minor interbedded andesite
lava flows with a maximum combined thickness of 400 m
(col. 3-A, pl. 3). Rhyolite lava flows with minor interbed-
ded tuff conformably overlie the mafic lava flows. These
rhyolitic rocks are known informally as the San Domingo
volcanics unit in the Wickenburg and northwestern Hiero-
glyphic Mountains (Stimac and others, 1987), and they are
broadly correlative with rocks known as the Morgan City
rhyolite unit and overlying Spring Valley rhyolite unit in
the northeastern Hieroglyphic Mountains (Capps and oth-
ers, 1986). The San Domingo volcanics unit thins north-
eastward from a maximum of 1,100 m in the Vulture
Mountains to about 400 m in thickness in the central Wick-
enburg Mountains; the correlative Morgan City rhyolite
unit in the Hieroglyphic Mountains is as thick as 240 m.

The San Domingo volcanics unit is overlain by rhyo-
dacite to dacite lava flows and associated tuff and debris-
flow deposits called the Hells Gate volcanics unit by
Stimac and others (1987) (Hells Gate latite unit of Capps
and others, 1986). The Hells Gate volcanics unit is ex-
posed over a large area in the northern Wickenburg and
Hieroglyphic Mountains and underlies almost all of the
adjacent Buckhorn Mountains. Strata as young as the up-
per part of the Hells Gate volcanics unit were deposited
on the pre-Tertiary basement, which indicates long-lived
erosional relief on the basal nonconformity. The sustained
relief probably resulted from some combination of preex-
isting relief, synvolcanic faulting, and erosion (fig. 2).

The Hells Gate volcanics unit is interbedded in its
upper part with and overlain by debris-flow deposits and
sedimentary breccia derived mostly from the Hells Gate
volcanics unit (col 3-A, pl. 3). Clasts and breccia derived
from pre-Tertiary crystalline rocks that underlie the Terti-
ary section are also present. Lenses of shattered and un-
shattered dacite from the Hells Gate volcanics unit were
probably derived from fault scarps during the inception of
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Table 1. Potassium-argon ages from Big Horn, Vulture, and Hieroglyphic Mountains, west-central Arizona.

General geographic locale

Sample No. . . .
or stratigraphic unit

Rock type

Material

Reference
dated ©

Age (Ma)

Hot Rock basalt unit of Capps and others (1985) and upper basalt of Grubensky (1987)

UAKA 73-10 Hot Rock Mountain basalt whole rock 15.01£0.42  Shafiqullah and others (1980)
RLE-20-68 Black Butte basalt whole rock 15.62+0.35  Scarborough and Wilt (1979)
Big Horn volcanics unit of Capps and others (1985) (also source of the following unit names)
- Beer Bottle rhyolite unit - feldspar 16.4£0.2 Capps and others (1985)
- Upper aphyric basalt unit Ce whole rock 16.1£0.2 Do.
- Blue Hope rhyolite unit - biotite 21.4+0.3 Do.
- Hummingbird rhyolite unit - biotite 20.3+0.2 Do.
Old Camp volcanic unit - biotite 19.6+0.2 Do.
Hells Gate volcanics unit of Stimac and others (1986)
3-2-1 Latite of Mitchell Springs latite lava biotite 20.3£0.8 Kortemeier and others (1986)
3-34 Latite of Hells Gate latite lava biotite 16.120.5 Kortemeier and others (1986)
UAKA-72-71 Hells Gate latite unit of latite porphyry biotite 17.98+0.43  Shafiqullah and others (1980)
Capps and others (1986)
Spring Valley rhyolite unit of Capps and others (1986)
3-33 Rhyolite of Garfias Wash vitrophyre obsidian 18.7+0.6 Kortemeier and others (1986)
Basal mafic lava flows
UAKA-78-40 West side of Lake Pleasant basaltic andesite whole rock 16.63+0.35  Scarborough and Wilt (1979)

normal faulting and from slope failure on volcanic edific-
es. The unit of debris-flow deposits and sedimentary brec-
cia, which contains interbedded basalt flows at its base,
fines upward into sandstone, siltstone, and conglomerate
that were deposited in grabens resulting from early to mid-
dle Miocene normal faulting. Dips generally decrease up-
section, indicating syntectonic deposition.

VULTURE MOUNTAINS

Different Tertiary stratigraphic sequences are exposed
in the southwestern and northeastern Vulture Mountains
(fig. 2). In the southwest, the volcanic sequence consists of
a lower basalt unit as thick as 300 m that is overlain by an
upper basalt unit with interbedded rhyolite lava and tuff,
mostly in its lower part. Sandstone and conglomerate
overlie the volcanic rocks. An angular unconformity sepa-
rates the lower and upper units. In the northeastern Vulture
Mountains, a thin lower basalt unit overlies and is inter-
bedded with arkosic clastic rocks (arkose not shown on
fig. 2). The volcanic sequence is dominated by a complex
of rhyolitic extrusive rocks and associated volcaniclastic
rocks as much as 1,100 m thick that were mapped as the
San Domingo volcanics unit by Stimac and others (1987).
An overlying sequence of basalt (upper basalt of Gruben-
sky, 1989) overlies the San Domingo volcanics unit along
an angular unconformity. The upper basalt is interbedded

with sandstone and conglomerate in the vicinity of the
Hassayampa River.

BIG HORN MOUNTAINS

The basal sedimentary rocks consist of reddish-brown
to greenish-gray coarse sandstone, conglomerate, and lahar-
ic breccia (col 3-B, pl. 3). Clasts are Precambrian metamor-
phic and intrusive rocks, Cretaceous intrusive rocks, and
rare basalt; sandstone is quartzofeldspathic. The unit is gen-
erally less than 10 m thick but locally thickens to 30 m.

Overlying the basal sedimentary rocks is the Big Horn
volcanics unit of Capps and others (1985), which compris-
es a series of interbedded basalt, andesite, and rhyolite la-
vas, with lesser volcaniclastic sedimentary rocks. The
lower part of the unit consists of basalt with several inter-
calated rhyolite lava flows. Rhyolite lavas typically are un-
derlain by poorly welded lithic tuff. The upper part of the
unit consists of andesite and basalt lava flows that are lo-
cally capped by rhyolite lava flows.

The volcanic rocks are overlain by coarse clastic de-
posits that include shattered blocks derived from underly-
ing volcanic rocks and basement rocks of the Big Horn
Mountains; the blocks form lenses as much 100 m thick
and several kilometers long. These deposits probably orig-
inated as landslide breccia or glide blocks. Stratigraphic
relations between volcanic units are preserved within some
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of the blocks. In some areas, breccia derived from the vol-
canic deposits is interbedded with breccia derived from
crystalline rocks. Monolithologic and polymict sedimenta-
ry breccia and boulder conglomerate are locally associated
with the landslide breccia units. The sequence fines up-
ward to sandstone and conglomerate beds, which have
progressively decreasing dips.

The youngest volcanic rocks in the area are nearly
flat-lying basalt flows called the Hot Rock basalt unit by
Capps and others (1985). These middle Miocene lavas
(table 1) are correlative with the upper basalt in the Big
Horn Mountains.
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Tertiary Stratigraphy of the New Water Mountains, Ariz.

By David R. Sherrod!

The New Water Mountains (fig. 1) are a late Tertiary
horst composed of Proterozoic to Tertiary igneous and
sedimentary rocks. Tertiary volcanism commenced in the
Oligocene or early Miocene; Tertiary sedimentary rocks
that predate volcanism are exposed only locally. The fol-
lowing description of Tertiary stratigraphic units and geo-
logic history is based on work done as part of a mineral
resource assessment in the New Water Mountains and the
Kofa National Wildlife Refuge (Bagby and others, 1987;
Sherrod and others, 1989; Sherrod and others, 1990).

Proterozoic quartz monzonite is the oldest rock unit
exposed in the area (Miller, 1970). It is nonconformably
overlain by Cambrian sedimentary rocks, which form the
base of a northeast-striking, southeast-dipping homocline
of sedimentary and volcanic strata that are Paleozoic and
Mesozoic in age (Miller, 1970; Sherrod and others, 1990).
The youngest of these rocks are part of the McCoy Moun-
tains Formation of Harding and Coney (1985). The pre-
Tertiary rocks were folded, faulted, and metamorphosed to
lower greenschist facies during Late Cretaceous thrusting
(Harding and Coney, 1985; Reynolds and others, 1986;
Sherrod and Koch, 1987), then beveled during Late Creta-
ceous and early Tertiary erosion.

The oldest Tertiary unit in the New Water Mountains is
a coarse sedimentary breccia (col 3-C, pl. 3). The unit prob-
ably was deposited during an Oligocene or early Miocene
episode of faulting, as interpreted from the poorly devel-
oped bedding of the breccia, the large clast size in the beds,
and the abrupt termination of the breccia against older crys-
talline rocks. The upper part of the sedimentary breccia is
interbedded with overlying silicic volcaniclastic rocks.

¢~ The silicic volcaniclastic rocks are moderately sorted
and moderately to well-bedded tuff and tuffaceous sand-
stone. They probably formed mostly as medial and distal
epiclastic deposits shed from rhyolitic volcanoes (domes)
that are exposed in the New Water Mountains; some tuff
may record distant volcanism in the Kofa Mountains,
about 10 km to the south. The tuffaceous rocks interfinger
near their top with the basalt of New Water Mountains
(Sherrod and others, 1990).

The basalt of New Water Mountains comprises lava
flows of slightly porphyritic to aphyric olivine basalt. Rhy-

lu.s. Geological Survey, 5400 MacArthur Blvd., Vancouver, WA
98661

olite lava flows and one ash-flow tuff are interbedded with
the basalt. A K-Ar age of 19.8+0.4 Ma (biotite) was ob-
tained from a sample of rhyolite near the top of the basalt
of New Water Mountains (L.G. Pickthorn, in Bagby and
others, 1987).

Lower Miocene fanglomerate overlies all older rocks
at the margins of the New Water Mountains and consists
of poorly to moderately sorted, moderately to well-consol-
idated sand and gravel. Generally the lowermost part of
the fanglomerate contains clasts only from the Tertiary
volcanic sequence, whereas higher parts also contain clasts
of pre-Tertiary rocks. Evidently the pre-Tertiary rocks
were unroofed by erosion and incorporated into the enlarg-
ing alluvial fans. The fanglomerate forms moderately dis-
sected hills in much of the area, but it is overlain by the
basalt of Black Mesa at the summit of the New Water
Mountains. The fanglomerate, which was at least 250 m
thick prior to post-early Miocene uplift(?) and erosion,
probably originally covered much of the low-lying terrain
on the flanks of the New Water Mountains.

The basalt of Black Mesa, the youngest volcanic rock
in the New Water Mountains, was erupted 17.23+0.43 Ma
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Figure 1. Map showing location of geographic features dis-
cussed in text.
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(K-Ar, whole rock) (Shafiqullah and others, 1980), follow-
ing deposition of the widespread, lower Miocene fanglom-
erate. The region is now being eroded and dissected by
ephemeral streams that connect with the Colorado River,
50 to 60 km west of the study area. Upper Pliocene and
Quaternary alluvial deposits in basins flanking the New
Water Mountains are probably thin, masking a pediment
cut into the lower Miocene fanglomerate.

Northwest-striking, steep to vertical normal faults
bound the northeast margin of the New Water Mountains;
most have down-to-the-northeast displacements. As a re-
sult of the faulting, the Tertiary units dip 6° to 30° south-
west. The range of dip values results from differentially
deforming blocks and does not necessarily indicate de-
creasing deformation during early Miocene time. The
range-bounding faults probably formed as part of basin-
and-range extensional tectonism that affected much of
southwestern Arizona (for example, Eberly and Stanley,
1978; Spencer and Reynolds, 1986).
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Tertiary Stratigraphy of the Little Chuckwalla Mountains,
Southeastern Calif.

By David P. Mayo1

INTRODUCTION

The Little Chuckwalla Mountains are located in the
northern Colorado Desert of southeastern California, about
50 km east-northeast of the San Andreas fault zone (fig. 1),
40 km west of the Colorado River, and 90 km north of the
Mexican border. The mountain range is an elongate, north-
east-trending ridge about 25 long by 5 km wide; its maxi-
mum elevation is less than 640 m. Tertiary rocks exposed
on the southeastern flank of the Little Chuckwalla Moun-
tains lie along the northwestern edge of a belt of Oligocene
to early Miocene volcanic, intrusive, and sedimentary
rocks that extends to the west to the Chocolate Mountains
and east beyond the Palo Verde Mountains into southwest-
ern Arizona.

Crowe and others (1979) first described and compared
the isolated Tertiary exposures of southeastern California.
A detailed geochemical and petrologic study of Tertiary
volcanic rocks from the Little Chuckwalla Mountains re-
cently was completed by Mayo (1990).

STRATIGRAPHY

Basement rocks in the Little Chuckwalla Mountains
consist of pre-Mesozoic metamorphic and plutonic rocks
intruded by Mesozoic plutons. The youngest of these, a
hornblende-biotite-sphene granodiorite pluton exposed in
Graham Pass between the Little Chuckwalla and Chuck-
walla Mountains (Powell, 1981), has K-Ar cooling ages
(biotite and hornblende) of about 71 Ma (Armstrong and
Suppe, 1973).

The Tertiary rocks consist of a thick, southeastward-
tilted succession of upper Oligocene to lowermost Mi-
ocene(?) volcanic and sedimentary strata cut by coeval
hypabyssal dikes and overlain unconformably by relatively
thin, subhorizontal Miocene(?) fanglomerate. The tilted
volcanic and sedimentary rocks are informally referred to
as the Little Chuckwalla Mountains volcanic sequence.

IDepartment of Geological Sciences, University of Southern Cali-
fornia, Los Angeles, CA 90007

The Little Chuckwalla Mountains volcanic sequence
rests nonconformably on pre-Tertiary crystalline rocks at
some locations and is faulted against them elsewhere. The
total exposed thickness of the sequence is about 1.5 km
(col 3-D, pl. 3). Strata in the sequence are largely con-
formable, although discordant contacts are abundant.

Locally derived arkosic fanglomerate and breccia,
deposited as alluvial fans and talus, are discontinuously
exposed along the basal nonconformity and locally inter-
bedded with the oldest lava flows. The fanglomerate typi-
cally is less than 10 m thick and becomes finer grained
upsection. Volcanic clasts are absent or extremely rare.

Andesite and basaltic andesite lava flows and associat-
ed breccia volumetrically dominate the lower half of the
Little Chuckwalla Mountains volcanic sequence. Pyroclas-
tic rocks and tephra are very rare, and vents are absent or
unexposed. A two-pyroxene andesite lava flow from this
part of the sequence has a K-Ar age of 26.2+0.2 Ma

115°18' 115°

33°
15'

Figure 1. Map showing some geographic and geologic features dis-

cussed in text.

114°45'



186 TERTIARY STRATIGRAPHY OF HIGHLY EXTENDED TERRANES, CALIFORNIA, ARIZONA, AND NEVADA

(plagioclase) (Crowe and others, 1979; age recalculated
using constants in Dalrymple, 1979).

The upper half of the Little Chuckwalla Mountains
volcanic sequence is dominated by dacitic domes, locally
erupted dacitic lava flows, and locally derived volcani-
clastic rocks, but it also includes minor basaltic andesite
to rhyolite lava flows. A tilted stack of resistant two-py-
roxene andesite lava flows near the top of the volcanic
section forms the highest peaks underlain by Tertiary vol-
canic rocks in the mountain range. Plagioclase from one
of these flows has a K-Ar age of 26.3+4.2 Ma (Crowe
and others, 1979; recalculated using constants in Dalrym-
ple, 1979).

Andesite, dacite, and rhyolite dikes cut pre-Tertiary
basement rocks and the Little Chuckwalla Mountains vol-
canic sequence. Hypabyssal intrusion of the dacite and
rthyolite dikes is indicated by abundant miarolitic cavities,
extensive hydrothermal alteration of country rocks, and
the intrusion of one of the dacite dikes into its own ex-
trusive equivalents. Crosscutting and contact relations
discussed by Mayo (1990) indicate that the composition
of the dikes, like the volcanic section, became more silic-
ic with time. This correlation of relative ages and compo-
sitions between eruptive rocks and intrusions suggests
that the volcanic strata were largely dike fed. Exposed
dike-fed vents are limited, however, to a single occur-
rence in the upper half of the section where the largest
dacite dike, as much as 50 m thick and exposed for
about 2 km along strike, merges with tilted lava flows
and pyroclastic equivalents.

The stratigraphic and compositional boundary be-
tween the andesitic (lower) and dacitic (upper) halves of
the Little Chuckwalla Mountains volcanic sequence is a
key feature relating the section to Tertiary strata else-
where in southeastern California. A broadly correlative
regional boundary separates the “basal” and “silicic”
volcanic sequences of Crowe and others (1979). The
resistant andesitic lava flows near the top of the Little
Chuckwalla Mountains volcanic sequence represent the
older part of their regionally defined “capping volcanic
sequence” (Crowe and others, 1979). Subhorizontal basal-
tic lava flows, with K-Ar ages ranging from 19 to 13 Ma,
are the youngest volcanic rocks in several sections of
southeastern California (Crowe, 1978; Crowe and others,
1979) but have no equivalents in the Little Chuckwalla
Mountains.

STRUCTURE

The Little Chuckwalla Mountains volcanic sequence
is a faulted homocline that strikes about N. 30° E. and
dips 10° to 45° southeast. Normal faults that cut the sec-
tion have strikes between north and N. 60° E. and west
to northwest dips between 45° and 60°. Dip separation

across faults is difficult to estimate because of the litho-
logic monotony of parts of the volcanic section; the few
reliable determinations are typically a few meters or less.
The only significant known exception is a normal fault
with a dip separation of about 300 m where it cuts well-
exposed peak-capping andesite lava flows near the top of
the section.

Most of the hypabyssal dikes strike within several
degrees of N. 35° W. and have near-vertical dips. Excep-
tions to the N. 35° W. strike occur where the dikes
locally intrude older, north-striking fault zones in the pre-
Tertiary basement rocks.

SUMMARY OF VOLCANIC AND
STRUCTURAL HISTORY

The volcanic and structural history of Tertiary rocks in
the Little Chuckwalla Mountains consists of four partly
overlapping episodes. (1) Subaerial eruptions from vents
of largely unknown location during late Oligocene time
produced a thick proximal-facies sequence of andesitic to
basaltic rocks (lower half of volcanic section). Deposition
of alluvium rich in basement clasts was interrupted early
in the episode, and the thickening volcanic section eventu-
ally buried the local pre-Tertiary basement rocks. (2) Nu-
merous hypabyssal dikes with northwest strikes fed
eruptions of viscous dacitic to rhyolitic lavas and near-
vent pyroclastic deposits (upper half of volcanic section).
Elongate dacite domes, flanked by lava flows and pyro-
clastic rocks, were extruded from feeder dikes, increasing
local relief and forming small interdomal basins that
trapped abundant, locally derived volcaniclastic debris,
some juvenile pumice and ash, and volumetrically minor
andesitic lava flows. (3) Southeastward tilting and down-
to-the-northwest normal faulting occurred after about 26
Ma. The youngest faults bound parts of the Little Chuck-
walla Mountains volcanic sequence. (4) Thick, locally de-
rived fanglomerate accumulated over the next several
million years during the denudation of the uplifted edges
of tilted fault blocks.
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Tertiary Stratigraphy of the Southern Trigo Mountains, Ariz.,
and Eastern Chocolate Mountains, Calif.:
Picacho State Park Area

By David R. Sherrod! and Kathleen M. Hughe:s2

SUMMARY

The Picacho State Park area lies along the Colorado
River; which forms the border between Arizona and Cali-
fornia. It lies in the area where southwest-trending Trigo
Mountains meet the southeast-trending Chocolate Moun-
tains (fig. 1). These rocky desert mountain ranges have
relief as great as 750 m. They are underlain by Proterozoic
gneiss, Mesozoic intrusive rocks, and Tertiary volcanic
rocks that underwent a major episode of extensional defor-
mation beginning after 22 Ma. Sedimentary basins that
bound the two ranges were formed during this time and
subsequently filled by coalescing alluvial fans. About
5 Ma an arm of the proto-Gulf of California briefly inun-
dated low-lying areas, resulting in deposition of sandstone,
siltstone, and limestone of the Bouse Formation in some
basins south, west, and northwest of Picacho State Park.
Faulting since that time enabled the Colorado River to es-
tablish its modern course in a trough along the west mar-
gin of the Trigo Mountains and through the southeastern
Chocolate Mountains.

STRATIGRAPHY

Pre-Tertiary rocks in the Picacho State Park area in-
clude plutonic and-metaplutonic rocks of Proterozoic and
Mesozoic age and Jurassic metasedimentary and metavol-
canic rocks (Haxel and others, 1985) (col. 3-E, pl. 3).
These rocks, which form the upper plates of Late Creta-
ceous thrust faults (Chocolate Mountains thrust in study
area), structurally overlie the Orocopia Schist, a metamor-
phosed assemblage of oceanic and sedimentary volcanic
rocks of tentative Jurassic (protolith) age (Haxel and oth-
ers, 1985, 1987). Eocene(?) to lower Miocene sedimentary
and volcanic strata were deposited on the upper-plate
meta-igneous and metasedimentary rocks. Lower and mid-

U.S. Geological Survey, 5400 MacArthur Blvd., Vancouver, WA
98661

*Woodward-Clyde Consultants, 2020 E. First Street, Suite 400,
Santa Ana, CA 92705

dle Tertiary units are nowhere preserved in depositional
contact with the Orocopia Schist, and we surmise that the
Chocolate Mountains thrust remained unbreached by ero-
sion and faulting until middle Miocene time.

Arkosic sedimentary rocks as thick as 34 m are com-
monly found mantling the pre-Tertiary unconformity. The
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Figure 1. Map showing location of geographic features and dated
samples discussed in text; numbers refer to table 1. In this paper,
“Chocolate Mountains” refers to California Chocolate Mountains,
not to northeast-trending Arizona Chocolate Mountains.
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Table 1. Potassium-argon ages of Tertiary volcanic rocks discussed in text

[Ages in boldface are stratigraphically consistent; other ages are spurious or of uncertain interpretation. All ages have been recalculated using modemn

isotopic decay constants.]

Map No.

Material Sample

(see fig. 1) Rock unit Age dated No. Reference
Isolated lava flows
1 Basalt of Black Mountain 9.6+1.8 Whole rock 121 Eberly and Stanley (1978)
2 do 2134226 Plagioclase PP-100 Crowe (1978)
Silicic tuff sequence and associated lava flows
! Tuff of Felipe Pass 22.210.6 Plagioclase KRKI165A Bagby and others (1987)
3 Rhyodacite 223.3+6.1 Plagioclase 3-26 Crowe (1978)
4 Basalt (in sequence) 28.9+3.5 Plagioclase Qb-1 Weaver (1982)
5 Unnamed tuff 26.0+1.7 Whole rock 120 Eberly and Stanley (1978)
6 Ignimbrite of Ferguson Wash 24.9+1.5 Biotite T-42 Weaver (1982)
7 do 226.9:1.6 Sanidine COL 2-35:1a Olmsted and others (1973)
- do 227.0:1.0 Biotite PED 4-65 Do.
Quechan volcanic rocks and correlative rocks
8 Andesite 25.222.5 Plagioclase UP-21 Weaver (1982)
9 Rhyolite 27.0+3.2 do T-37 Do.
10 Andesite 27.7+6.8 do UP-20 Do.
11 Dacite 29.1+3.5 do T-40 Do.
12 Dacite 232,6+3.3 Plagioclase 5-86 Crowe (1978)
INot on‘fig. 1.

2Original published data incomplete. Age recalculated using critical table (Dalrymple, 1979).

sedimentary unit, comprising fine- to coarse-grained sand-
stone and sedimentary breccia, becomes finer grained up-
section and northward; also it thins northward. Though
undated, the arkosic sedimentary strata were probably de-
posited during Eocene(?) to early Oligocene time because
they are locally interbedded with tuffaceous sandstone that
correlates with the basal part of an overlying volcanic se-
quence as old as about 33 Ma (table 1, No. 12). We show
the arkosic sedimentary rocks as old as 37 Ma (col. 3-E,
pl. 3), but no maximum age constraint is available.

Well-bedded, flaggy tuffaceous sandstone, tuff, and
lapilli tuff conformably overlie the arkosic sedimentary
rocks at many localities. The tuffaceous sequence general-
ly is about 10 to 20 m thick but locally thickens to nearly
70 m. For example, it contains 40 m of thin-bedded, flag-
gy limestone, sandy limestone, and siltstone overlain by
30 m of tuffaceous sandstone at Velian Wash.

Volcanic rocks as thick as 300 m conformably overlie
Tertiary sedimentary rocks throughout the Picacho State
Park area. Called the Quechan volcanic rocks by Crowe
(1978), they consist of locally erupted mafic to silicic lava
flows and fewer volcaniclastic strata. Ash-flow tuffs are of
limited extent; most are unwelded or only partially weld-
ed, moderately pumiceous, and lithic rich. Potassium-ar-
gon ages from the Quechan volcanic rocks range from

about 33 Ma to 27 Ma in the area of Picacho State Park
(table 1, Nos. 8-12); ages are recalculated using modern
decay constants where necessary.

A widespread sequence of silicic tuff, mainly pyro-
clastic flows and volcaniclastic rocks that originated as
rhyodacite and rhyolite pyroclastic flows, conformably
overlies the Quechan volcanic rocks. The silicic tuff se-
quence is about 300 m thick and contains several mappa-
ble pyroclastic-flow units, a few silicic lava flows, and
minor basalt and andesite lava. The ignimbrite of Ferguson
Wash (Crowe, 1978) is the most widespread of the ash-
flow tuffs in the Picacho State Park area and was probably
erupted about 27-25 Ma (table 1, Nos. 6 and 7) from a
caldera 30 km to the south or southeast (Richard, this vol-
ume). It is distributed over 500 km? in the southern part of
the lower Colorado River region. The tuff of Felipe Pass
(Sherrod and Tosdal, 1991), which was erupted about 22
Ma (table 1) and is the youngest part of the silicic tuff
sequence, is found at one locale along Red Cloud Wash
east of the Colorado River and is increasingly widespread
to the north and northeast.

Lava flows of intermediate and silicic composition
conformably or perhaps disconformably overlie the silicic
tuff at a few scattered localities. Their thickness is gener-
ally less than 50 m.
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Widespread extensional deformation affected rocks in
nearly all mountain ranges of the region surrounding Pica-
cho State Park. The deformation, which occurred after
deposition of the 22-Ma tuff of Felipe Pass (Sherrod and
others, 1987), resulted in erosional debris being shed into
several basins throughout the area. These sedimentary
rocks, known from the Picacho State Park area as the con-
glomerate of Bear Canyon (Crowe, 1978; see also Hughes,
this volume), lie conformably to unconformably above the
volcanic rocks and consist of sandstone, and locally coarse
sedimentary breccia that accumulated as large alluvial fans
in grabens and half grabens.

Deposition of the conglomerate of Bear Canyon and
extension of the region were simultaneous at first, leading
to numerous internal unconformities in the lower part of
the unit; also, dips decrease to nearly subhorizontal across
a short stratigraphic thickness, commonly less than a few
tens of meters. The unit commonly grades upsection from
entirely volcanic clasts to mixtures of Tertiary volcanic
and pre-Tertiary crystalline clasts, in response to increas-
ingly widespread exposure of crystalline rocks along mod-
erately dipping faults. Aggradation in the Picacho State
Park area had largely ceased before eruption of basalt lava
at Black Mountain in middle or late Miocene time; the
two K-Ar whole-rock ages from basalt at Black Moun-
tain—13.4+2.6 Ma and 9.6+1.8 Ma (table 1, Nos. 1 and
2)—have large analytical error, and the entire sequence of
lava flows exposed at Black Mountain was probably em-
placed in a short period of time. Other sites had a more
protracted depositional history, especially some of the
large areas that coincide with present basins such as Palo
Verde Valley, Milpitas Wash, and the Yuma basin. The
Bouse Formation and overlying alluvium were deposited
in these areas in late Miocene and Pliocene time. The
Yuma basin and perhaps Palo Verde Valley were depo-
centers for locally derived alluvium and Colorado River
detritus during the early Quaternary as well.

The Picacho State Park area has been undergoing
mainly erosion since Black Mountain time (beginning
sometime between about 13 and 9 Ma). Alluvium deposit-
ed as terraces and small alluvial fans may be as thick as
50 m, however. These units thicken away from the moun-
tains and into surrounding basins. The Colorado River es-
tablished its present course between Blythe and Yuma in
late Pliocene or early Pleistocene time. Nested terraces in-

dicate downcutting of the Colorado River in late Pleis-
tocene and Holocene time.
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Tertiary Stratigraphy of the Middle and Chocolate Mountains
of Southwestern Ariz.

By Stephen M. Richard!

INTRODUCTION

The region north of the Chocolate Mountains anti-
clinorium in the Middle and Chocolate Mountains of
southwestern Arizona is blanketed by a 1- to 2-km-thick
section of Oligocene and Miocene volcanic rocks that in-
clude mostly intermediate-composition lava flows. in the
lower part and silicic ash-flow tuffs in the upper part.
The following section briefly describes the Tertiary rocks
in this area; the stratigraphic column (col 3-F, pl. 3) is a
composite because the units are nowhere present in a
continuous section. Throughout this paper, “Chocolate
Mountains” refers to the Chocolate Mountains in Arizona
(fig. 1), which are separated by the Colorado River from
the better known Chocolate Mountains of southeastern
California.

STRATIGRAPHY
BASAL SEDIMENTARY ROCKS

Tertiary sedimentary strata with highly variable thick-
ness nonconformably overlie the Jurassic(?) Winterhaven
Formation (Haxel and others, 1985) and Jurassic(?) granit-
oid rocks along the northern side of the Chocolate Moun-
tains anticlinorium. The basal sedimentary section
generally consists of thin- to medium-bedded brown lithic
sandstone with shale partings, commonly interbedded with
conglomerate that contains angular clasts derived from un-
derlying pre-Tertiary rocks. The conglomerate is typically
heterolithic and matrix rich; monolithologic, matrix-poor
conglomerate is locally abundant. The lithic sandstone and
conglomerate are commonly overlain by thin-bedded,
white tuffaceous sandstone. The thickness of the basal sed-
imentary unit is generally less than 100 meters, but strati-
graphic details near the nonconformity are commonly
obscured by structural disruption, which is concentrated
by the differential competence of pre-Tertiary and Tertiary
rocks near the nonconformity.

! Arizona Geological Survey, 845 N. Park Ave., Tucson, AZ 85719

The basal sedimentary unit is younger than early Ter-
tiary and older than late Oligocene in age. It overlies crys-
talline rocks lithologically similar to and correlated with
rocks in the Trigo Mountains (Weaver, 1982) that have
Late Cretaceous or early Tertiary biotite K-Ar cooling
ages. The basal sedimentary unit is overlain by intermedi-
ate-composition volcanic rocks, which are identified here
as the lower(?) and upper Oligocene Quechan volcanic
rocks of Crowe (1978).

ANDESITE, DACITE, AND BASALT LAVA

This heterogeneous unit includes brown dacite or an-
desite with phenocrysts of plagioclase, hornblende(?), and
rare quartz; dark-gray basalt with olivine, pyroxene, and
plagioclase phenocrysts; and andesite containing about 5
percent of 1- to 2-mm-long plagioclase phenocrysts and
sparse altered ferromagnesian phenocrysts. Large volumes
of homogeneous, massive, intrusive(?) andesite are present
in the Chocolate Mountains. The ferromagnesian pheno-
crysts are typically altered to hematite and clay, making
identification difficult. Flow contacts in the basaltic rocks
form red-stained, highly vesicular or fragmental zones, but
flow margins in the andesitic to dacitic rocks tend to be
cryptic; shallow intrusive rocks are very difficult to distin-
guish from extrusive rocks.

The unit of andesite, dacite, and basalt lava is equiva-
lent to lithologically similar rocks in nearby southeastern
California that were called the Quechan volcanic rocks by
Crowe (1978). The Quechan volcanic rocks may be as old
as 32 Ma (Crowe, 1978).

LITHIC RHYOLITE TUFF

Buff to tan lithic lapilli-to-block tuff with 2 to 4 per-
cent quartz, sanidine, biotite, plagioclase, and hornblende
phenocrysts forms a compound cooling unit. The unit
thickens dramatically northwest of Trip Mountain by
addition and thickening of individual pyroclastic-flow de-
posits. Vitrophyre zones separate several of the cooling
units present in this area. Lithic fragments of red-brown,
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feldspar-phyric felsite are abundant in beds of the lower
part, whereas fragments of medium-grained equigranular
granodiorite and subordinate quartz-feldspar gneiss and
hornblende schist are more abundant in the upper part of
the unit. A distinctive tuff that contains abundant clasts of
argillite derived from the Winterhaven(?) Formation is
present near the top of the unit. A thin deposit of the tuff
of Ten Ewe Mountain (Grubensky and others, in press) is
interbedded in the sequence of lithic tuffs just below the
Winterhaven(?) clast-bearing tuff.

The lithic rhyolite tuff is probably partly equivalent to
the tuff of Crazy Woman Wash, which is widespread in
the northern Trigo Mountains (D.R. Sherrod and R.M.
Tosdal, unpublished data, 1989). Because the lithic rhyo-
lite tuff represents a series of eruptions, possibly derived
from more than one source (for example, tuff of Ten Ewe
Mountain), the stratigraphic relationship between it and
the tuff of Crazy Woman Wash is uncertain. At the north
edge of the Red Hill quadrangle in the northern Chocolate
Mountains, lithic tuff beds overlie and appear to interfin-
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ger northward with dacitic lava, tuff, and fragmental rocks
that underlie Mohave Peak. To the south they overlie an-
desite or basalt flows lithologically similar to the Quechan
volcanic rocks (Crowe, 1978). The unit of lithic tuff is
overlain by and interfingers locally with basalt or andesite
flows that separate it from the tuff of Felipe Pass (fig. 2).
The lithic tuff unit thins rapidly to the south in the Choco-
late Mountains as the tuff of Ten Ewe Mountain thickens;
a thin stratigraphic section of tuff, including the Winter-
haven(?)-clast tuff, is present in the northern Middle
Mountains.

TUFF OF TEN EWE MOUNTAIN

A tan, hornblende-biotite crystal tuff that contains 4 to
7 percent crystals of hornblende, biotite, and plagioclase
forms a thick emplacement unit in the central part of the
Chocolate and Middle Mountains. Quartz and sanidine are
abundant toward the base of the unit north of Los Angeles

114°15' 114°

~
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Figure 1. Map showing location of geographic features discussed in text.
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Wash in the Middle Mountains, where a black basal vitro-
phyre is also present. The tuff contains 10 to 20 percent
lithic fragments of hornblende- and plagioclase-phyric an-
desite, and sparse but ubiquitous fragments of equigranu-
lar, medium-grained hornblende-biotite granodiorite. This
tuff is identified here as the tuff of Ten Ewe Mountain on
the basis of its lithologic similarity to exposures of the Ten
Ewe Mountain mapped east of Stone Cabin on U.S. High-
way 95 by Grubensky and others (in press). In the Kofa
Mountains, the tuff of Ten Ewe Mountain has a K-Ar age
of 22.120.3 Ma (biotite; L.G. Pickthorn, in Bagby and oth-
ers, 1987).

Tuff breccia containing blocks of underlying units is
present near the abrupt southern boundary of the tuff,
which suggests that this boundary was an escarpment, pos-
sibly a volcano-tectonic collapse structure. The tuff thins
to the north and pinches out in the lithic rhyolite tuff unit.

ANDESITE AND BASALT

A sequence of 10- to 70-m-thick andesite to basalt
lava flows overlies the lithic rhyolite tuff or the tuff of Ten
Ewe Mountain. Flow contacts are locally visible as red-
stained, highly vesicular zones. South of Indian Wash in
the Middle Mountains, the flows interfinger with andesitic
tuffaceous sedimentary rocks and breccia. In the Middle
Mountains the unit consists mostly of reddish-brown to
dark-gray, highly fractured, vesicular to massive ande-
site(?) with 1 to 3 percent augite(?) phenocrysts as much
as 3 mm across in a very fine grained, microlitic ground-
mass. Ferromagnesian phenocrysts typically are unidentifi-
able because they are altered to hematite and clay. The
source of the flows was probably in the central Chocolate
Mountains, where lithologically similar andesitic dikes and
sills intrude the underlying tuff of Ten Ewe Mountain.
Some dikes are continuous with overlying flows.

South

2 km

Red Hill
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TUFF OF FELIPE PASS

The tuff of Felipe Pass (Sherrod and others, 1990;
Sherrod and Tosdal, 1991) is a pink-brown, generally
strongly welded rhyodacite or rhyolite crystal tuff. It con-
tains 1 to 2 percent phenocrysts of biotite and blocky
plagioclase; accessory augite is diagnostic. Sparse plagio-
clase-phyric felsite lithic fragments are present. Thick
sections in the northern Middle Mountains and northern
Chocolate Mountains comprise several 5- to 15-m-thick
cooling units, each with basal vitrophyres; the vitro-
phyres are overlain by massive, densely welded, litho-
physal tuff, within which welding decreases upsection.
The section is capped by a crystal-poor, stony rhyolite
tuff that contains about 1 percent sanidine and quartz
crystals and a trace of biotite; commonly the base of this
unit is strongly welded and forms a break in slope. The
tuff grades to massive dacite (very densely welded tuff?)
and tuff breccia in the Los Angeles Wash area of the cen-
tral Middle Mountains. The tuff of Felipe Pass has a
K-Ar age of 22.2+0.6 Ma (plagioclase) (L.G. Pickthorn,
in Bagby and others, 1987).

VOLCANIC ROCKS IN THE STONE CABIN AREA

Rhyolite or rhyodacite lava flows underlie a large area
of the northeastern Chocolate Mountains and the northern
Castle Dome Mountains (Bagby and others, 1987). These
lavas vary from crystal-rich to aphyric and are massive to
flow-laminated. Crystals generally include plagioclase, bi-
otite, and variable amounts of quartz, sanidine, and horn-
blende. Flows typically have a glassy base, variably
devitrified central core, devitrified upper zone, and cap-
ping tuff. Tuffaceous sedimentary rocks separate flows.

Individual flows are as thick as 200 m in the north-
easternmost Chocolate Mountains. They thin and decrease

North
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Quechan__9 :nc!;es:te 1o\ tuffof Ten
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Figure 2. Schematic stratigraphic cross section summarizing relationships exposed in several different fault blocks, Arizona Chocolate
Mountains. All units Tertiary in age except Jurassic Winterhaven Formation and associated granite. Contacts queried where uncertain.
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in number to the south, where the unit is formed mostly of
tuff and tuffaceous sedimentary rocks.

Rhyolite flows included in this unit interfinger with
the tuff of Felipe Pass and the andesite and basalt unit in
the northern Middle Mountains. Lithic rhyolite tuff in the
northern Chocolate Mountains may correlate with this
unit; a similar relation is seen by the interfingering of cor-
relative rhyolite flows with the tuff of Ten Ewe Mountain
in the northern Castle Dome Mountains (Grubensky and
others, in press). Dacite flows and fragmental rocks be-
come abundant in this stratigraphic interval in the northern
Chocolate Mountains, but relationships are unclear due to
sparse outcrops, lack of marker units, and very limited ac-
cess to key localities on the U.S. Army’s Yuma Proving
Ground. Gutmann (1981) reported a K-Ar age of 22.2+0.5
Ma (biotite) from a sample of rhyolite collected south of
Stone Cabin.

CONGLOMERATE

Tan-weathering, volcanic-lithic sandstone and pebble
to boulder conglomerate overlies all the volcanic rocks on
an angular unconformity of considerable relief. Clasts in
the conglomerate are derived from all volcanic rocks in
the area. This conglomerate probably is similar in age and
tectonic setting to the conglomerate of Bear Canyon of
Crowe (1978), which was described from the area of Pica-
cho State Park, Calif (Hughes, this vol.; Sherrod and
Hughes, this vol.). Contacts between this Tertiary con-
glomerate and lithologically similar alluvium of late Terti-
ary and early Quaternary age are difficult to locate
precisely; however, the conglomerate generally has better
developed bedding.

UPPER TERTIARY AND LOWER QUATERNARY
ALLUVIUM

This unit includes massive to poorly bedded, poorly
indurated, cobble to boulder conglomerate. The heteroge-
neous clast population includes pre-Tertiary rocks from the
Castle Dome Mountains as well as locally derived volcan-
ic rocks. The upper Tertiary and lower Quaternary alluvi-
um overlies volcanic-clast conglomerate in angular
unconformity on a surface with 5 to 50 m of relief.

PALEOGEOGRAPHY

Stratigraphic relationships in the Middle and Choco-
late Mountains suggest that a composite volcano-tectonic
trough lay parallel to and north of the Chocolate Moun-
tains anticlinorium. This trough is defined by thick accu-
mulations of the tuff of Ten Ewe Mountain, which pinches

out abruptly to the south and thins more gradually to the
north. The depositional asymmetry suggests both that the
southern trough boundary may be a volcanic-subsidence
feature and that subsidence was concentrated on the south
side of the trough.

The tuff of Felipe Pass thins gradually to the north
and south in the northern Middle Mountains, possibly fill-
ing a paleovalley between volcanic edifices that were
sources of the volcanic rocks in the Stone Cabin area and
of intermediate-composition lava along the location of the
Chocolate Mountains anticlinorium. Although the section
in the central Middle Mountains is not as thick as those in
the northern part of the range, its association with tuff
breccia suggests proximity to vents. A northeast-striking,
flow-banded rhyodacite dike with a crystal assemblage
similar to the tuff of Felipe Pass is exposed in the central
Middle Mountains and may be one of the vents for this
tuff.

The tuff of Felipe Pass thins and apparently pinches
out against the thick accumulations of volcanic rocks in
the Stone Cabin area but is relatively thick in the type
area, 7 km north of Felipe Pass. The volcanic rocks of
Stone Cabin thus probably formed a volcanic edifice that
controlled the distribution and thickness of the tuff of Fe-
lipe Pass.
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Stratigraphy of the Ferguson Wash Area, Southeastern Calif.,
and Adjacent Parts of Southwestern Ariz.

By Stephen M. Richard!

Pre-Tertiary rocks along the Chocolate Mountains an-
ticlinorium are overlain by 1 to 2 km of Oligocene and
Miocene volcanic rocks. This report describes the stratig-
raphy of volcanic rocks south of the anticlinorium be-
tween Ferguson Wash and Laguna Dam in California and
correlative sections in Arizona as far east as the southern
Middle Mountains (fig. 1).

Along the southwest edge of outcrops in the Laguna
Dam area, the oldest Tertiary unit is a thick sequence of
sedimentary breccia (col. 3-G, pl. 3) (Olmsted and others,
1973; Olmsted, 1972; Lombard, 1990, this volume). The
breccia thins to the north and is overlain by widespread
volcanic rocks (Crowe, 1978). The volcanic rocks typical-
ly include abundant basalt or andesite lava flows that are
overlain by ash-flow tuff. The volcanic section is capped
by sandstone, conglomerate, and locally interbedded basalt
flows (Crowe and others 1979; Crowe, 1978).

! Arizona Geological Survey, 845 N. Park Ave., Tucson, AZ 85719
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Figure 1. Map showing location of selected geographic features
discussed in text.

STRATIGRAPHY
PRE-TERTIARY ROCKS

Along the southern side of the Chocolate Mountains
anticlinorium, pre-Tertiary rocks include the Jurassic(?)
Winterhaven Formation (Haxel and others, 1985), rocks
closely resembling the Jurassic(?) and Cretaceous McCoy
Mountains Formation of Harding and Coney (1985), and
Jurassic plutonic and volcanic rocks. In the southernmost
outcrops along the Colorado River near Laguna Dam, pre-
Tertiary rocks are heterogeneous quartzofeldspathic gneiss
that lithologically resembles rocks of the San Gabriel ter-
rane (Powell, 1981a, b) and coarse-grained monzogranite,
both of presumed Proterozoic age. Contacts between the
diverse pre-Tertiary units are concealed by the overlying
Tertiary strata.

TERTIARY SEDIMENTARY BRECCIA AND
CONGLOMERATE

The oldest Tertiary rocks in the region form a thick
section of sedimentary breccia found in the vicinity of La-
guna Dam (Olmsted, 1972; Lombard, 1990). The breccia
is poorly indurated and forms rounded hills. It consists of
cobbles to boulders (as large as 20 m in diameter) in a
matrix of poorly sorted sand and pebbles. Bedding is rare-
ly visible as an alignment of elongate boulders or in lenses
of planar-laminated or cross-bedded sandstone. Several
facies of the breccia that are recognized by clast composi-
tion are discussed here.

Breccia units east of the Colorado River were de-
rived mostly from Proterozoic(?) crystalline rocks litho-
logically similar to those exposed in the Laguna
Mountains (Olmsted and others, 1973; Lombard, 1990,
this volume). In contrast, the southwest-dipping section
west of the Colorado River near Laguna Dam (unit Tbh,
fig. 2) contains abundant clasts of Mesozoic sedimentary
rocks. Clasts in the lower part of the unit are mostly
brown feldspathic-lithic sandstone and conglomerate that
are lithologically similar to the Mesozoic conglomerate
exposed west of Imperial Dam (McCoy Mountains?
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Formation). Clasts of Jurassic volcanic and granitic rocks  ed clasts and more readily discernible bedding. This
increase in abundance upsection. The uppermost part of  breccia unit, which is at least 1,100 m thick, unconform-

the unit is conglomeratic and characterized by subround-  ably overlies coarse-grained Proterozoic monzogranite
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Figure 2. Schematic stratigraphic cross sections of Ferguson Wash caldera. Thicknesses are not to scale, and horizontal scale is
approximate. Unit symbols correspond to those used in text.
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(unit mg, fig. 2; see also Olmsted, 1972). The contact be-
tween the breccia and Jurassic granitoids to the north is
highly discordant to bedding, indicating either a fault or
buttress unconformity.

Megabreccia and sedimentary breccia north of Hess
mine contain angular clasts of crystalline rocks lithologi-
cally resembling those exposed in the Cargo Muchacho
Mountains (fig. 1) (R.M. Tosdal, oral commun., 1990).
The breccia is generally monolithologic; where heteroli-
thologic, the clast assemblages are similar to the rocks in
the source area. A lower unit of foliated biotite and horn-
blende-biotite granodiorite-clast breccia (unit Tgbx, fig.
2) is overlain by heterogeneous breccia containing clasts
of quartzofeldspathic gneiss, schist, leucogranite, and
pegmatite (unit Thbx, fig. 2). Both units consist largely
of shattered, matrix-poor rock bodies, but layers of defi-
nite sedimentary origin are present throughout, indicating
that the shattered lithosomes are not outcrops of pre-Ter-
tiary bedrock. The base of the crystalline-clast breccia
unit is not exposed; it is faulted against heterogeneous
breccia (unit Tmbx, fig. 2) to the east. The crystalline
rocks-clast breccia is locally interbedded with and over-
lain by basalt lava flows and basalt-clast breccia.

A white to light-gray, well-bedded pebble to boulder
conglomerate (unit Tc, fig. 2) overlies the sedimentary
breccias with slight angular unconformity. Clasts are sub-
rounded to subangular and consist mostly of crystalline
rocks lithologically similar to those in the crystalline
rocks-clast breccia unit that crops out north of Hess
mine, but rare vesicular basalt clasts are also present. The
conglomerate is well bedded, with low-angle cross-beds
and planar-laminated sandstone beds. In one location a
lens of algal limestone is present in the middle part of
the unit.

QUECHAN VOLCANIC ROCKS

The Quechan volcanic rocks of Crowe (1973, 1978)
_include basalt, andesite, and dacite flows and hypabyssal
intrusive rocks where first described from the Picacho
State Park area (Calif.). I have included in this unit the
vesicular, crystal-rich basalt or andesite lava flows ex-
posed near Hess mine and Mission Wash. Interbedded(?)
crystalline rocks-clast conglomerate and sedimentary
breccia are present at the base of the lava flows in the
area north of Hess mine and at their top east of Picacho
State Park road.

The lava flows near Hess Mine and Mission Wash
areas were interpreted by Crowe (1978) as part of a
younger, pyroxene andesite unit, probably because these
lavas are not as altered or as extensively faulted as the
typical Quechan volcanic rocks. However, they underlie
the ignimbrite of Ferguson Wash (described next) and are

therefore correlative with some part of the Quechan vol-
canic rocks, as interpreted from their stratigraphic posi-
tion and lithology.

Hypabyssal intrusive rocks are abundant in the
Chocolate Mountains anticlinorium (Crowe, 1973; Rich-
ard, unpub. mapping), which suggests that the source of
these volcanic rocks lay in this area. Five K-Ar ages
from the Quechan volcanic rocks in the Picacho State
Park area range from 32 to 26 Ma (plagioclase) (Crowe,
1978; Olmsted and others, 1973). A K-Ar age from the
correlative, less-altered volcanic unit near Laguna Dam
is 25.1 Ma (whole rock) (Olmsted and others, 1973),
which is younger than K-Ar ages from overlying units.
Because many of these samples from the Quechan vol-
canic rocks are altered, an unambiguous age has not
been determined.

IGNIMBRITE OF FERGUSON WASH

Crowe (1978) assigned widespread exposures of ash-
flow tuff in the Picacho State Park area to the ignimbrite
of Ferguson Wash. I have divided the ignimbrite of Fer-
guson Wash into seven mappable units—five tuffs (units
Ty, Tfy, Tfy, Tfg, and Tf;) and two andesite lava flows
(units Tfy and Tfg); see figure 3 for descriptions. The
areas of thickest accumulation of the various units do not
coincide (fig. 2), but thick composite sections of the ig-
nimbrite of Ferguson Wash are confined to a narrow,
east-west-trending trough between the southern Middle
Mountains in Arizona and the area just south of Picacho
Peak in California, referred to here as the Ferguson Wash
caldera.

Three K-Ar ages previously determined by Olmsted
and others (1973; recalculated for modern decay con-
stants using method of Dalrymple, 1979) can be assigned
to specific units of the ignimbrite of Ferguson Wash.
These ages, mineral phases dated, and respective units
are: 26.6x0.9 Ma, biotite, from rhyodacite crystal tuff
(Tf); 25.4£2.1 Ma, hornblende, from hornblende trachy-
andesite (Tfp); and 26.9£1.6 Ma, sanidine, from welded
tuff with prominent light-tan fiamme (Tf).

DACITE OF PICACHO PEAK

The dacite of Picacho Peak (unit Tpd, fig. 2) was de-
fined and described by Crowe (1978); it consists of crys-
tal-poor dacite with 2 to 3 percent of 1-mm pyroxene and
sparse 2- to 4-mm pyroxene(?) phenocrysts; microlitic pla-
gioclase is abundant in the groundmass. Flow breccia is
present at the base of the unit near Picacho State Park
road and is overlain by a thick lava flow with a massive,
platy-jointed core.
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CONGLOMERATE OF BEAR CANYON

Poorly indurated cobble to boulder conglomerate and
tan, fine-grained sandstone (unit Tbc, fig. 2) (Dillon,
1975; Hughes, 1990, this volume) unconformably overlie
all older units and overlap normal faults. The conglomer-
ate generally dips less than 20°, and underlying units
have been tilted as much as 55°. Fine-grained sandstone
becomes more abundant to the west. Clasts in the con-
glomerate are locally derived. This unit is equivalent, in
part, to the conglomerate of the Chocolate Mountains

Maximum
thickness
(m) Ttz

117 m

Maximum thickness, 125 m

(Olmsted and others, 1973) and the conglomerate of Bear
Canyon (Crowe, 1978).

PALEOGEOGRAPHY

The northern margin of the Ferguson Wash caldera lies
parallel to and just south of outcrops of the Orocopia Schist
that define the Chocolate Mountains anticlinorium. Tuffs
north and south of the anticlinorium are similar, but exist-
ing geochronologic data indicate that the tuffs north of the

Unit 7—Light-gray, buff, and light-brown welded tuff with prominent light-tan fiamme and about 1
to 2 percent phenocrysts. Phenocrysts less than 1 mm across and include biotite, hornblende,
quartz, plagioclase, and sanidine; biotite commonly copper colored. Sparse volcanic clasts are
present. Strongly welded parts of this tuff east of Hess Mine are very similar to the dacite tuff
(Tf4). Absence of strongly welded, ridge-forming parts of unit north of Ferguson Wash and south
of Senator Wash is interpreted to indicate location of caldera margins. K-Ar age is 26.9+1.6 Ma
(sanidine; Olmsted and others, 1973). Maximum thickness, 258 m

Unit 6—Light-gray, crystal-poor rhyolite tuff. Includes 2 to 3 percent phenocrysts, 1 mm across, of
sanidine, quartz, and sparse biotite. Pinches out rapidly to northwest and southeast; correlated
with unwelded sanidine-biotite tuff along southwest margin of caldera. Maximum thickness,

Unit 5—Andesite flows and intrusive rocks. Dark-gray, crystal-poor, massive to vesicular
andesite(?). Present between Squaw Lake and southern Middle Mountains. Eruptive center
suggested by thick hypabyssal intrusive rocks and breccia in hills south of Martinez Lake.

Unit 4—Dacite(?) tuff. Reddish-brown and lithophysal where strongly welded. Contains 3 to 5
percent phenocrysts of plagioclase and minor quartz, biotite, or hornblende; also strongly altered
pyroxene locally present. Plagioclase crystals blocky and 1 to 2 mm in diameter; other crystals
less than 1 mm. Few lithic fragments. Lithologically resembles the tuff of Felipe Pass (Sherrod
and Tosdal, 1991). Commonly lithophysal, especially in thick, densely welded sections east of
Colorado River and in southern Middle Mountains. Fiamme are similar in color to matrix, thus

Unit 3—Lithic rhyodacite(?) tuff. Phenocrysts 3 to 4 percent, with biotite and hornblende
predominant; other phenocrysts are plagioclase, quartz, and sanidine. Contains notable amounts
of clasts from pre-Tertiary crystalline rocks, Winterhaven Formation, and unit Tf;. Maximum

Tfz  Unit 2—Hornblende trachyandesite. Contains 5 to 7 percent phenocrysts of hornblende 2 to 5 mm
long in a medium-gray, very fine grained groundmass. Single thick flow separates units Tf; and
Tf3 in Ferguson Wash area. Pinches out to north near caldera margin and thins southeast, grading
into lenses of hornblende trachyandesitic tuff breccia. K-Ar age is 25.4+2.1 Ma (hornblende;
Olmsted and others, 1973). Maximum thickness, 50 m

Unit 1—Rhyodacite crystal tuff. Generally white or buff, poorly welded tuff. Contains 3 to 5
percent phenocrysts of biotite, hornblende, plagioclase, sanidine, and quartz. Abundant biotite
and hornblende give outcrops a sparkling, speckled look. Contact with unit Tf3 difficult to
discern where intervening hornblende trachyandesite (Tf,) is absent. K-Ar age is 26.6+0.9 Ma
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(biotite; Olmsted and others, 1973). Maximum thickness, 170 m

Figure 3. Lithblogic column for ignimbrite of Ferguson Wash of Crowe (1978). Thicknesses shown are for thickest recognized
section. Rock names and estimates of crystal content are based on field observations, except for unit Tf,, for which Crowe (1973)

reports a chemical analysis.
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Chocolate Mountains anticlinorium (Richard, this volume)
are entirely younger than those to the south. This strati-
graphic difference, if real, suggests topographically high
areas lay between the sources for the different tuffs and
prevented them from interfingering or overlapping. The
topographic highs may have resulted from fault-bounded
uplift or, alternatively, an andesitic volcanic edifice.
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Tertiary Stratigraphy of the Laguna Mountains,
Yuma County, Ariz.

By James P. Lombard!

SUMMARY

Measured sections and measurements from geologic
maps indicate that the composite thickness of discontinu-
ously exposed middle Tertiary strata in the Laguna Moun-
tains of southwestern Arizona exceeds 2,870 m. The basal
upper Eocene(?) and lower Oligocene strata consist of
conglomerate, sandstone, and mudstone deposited on Prot-
erozoic granite and gneiss in the Laguna Mountains. These
strata grade upward into sedimentary breccia and con-
glomerate derived from Proterozoic granite and from Mes-
ozoic rocks lithologically similar to those exposed in the
Chocolate Mountains to the northwest. The upper Eo-
cene(?) and lower Oligocene strata dip an average of 20°
to 40° southwest and are unconformably overlain by a
26.9+1.0-Ma ash-flow tuff that also dips southwest; they
are unconformably overlain by the upper Oligocene(?) and
lower Miocene Kinter Formation. The Kinter Formation is
tilted 3° to 23° southwest or northwest and is overlain by
the upper Miocene and Pliocene Bouse Formation in a
borehole west of the Laguna Mountains. The Bouse For-
mation is overlain by Pliocene and Quaternary gravel of
the Colorado River and locally derived alluvium.

GEOLOGIC SETTING

Middle Tertiary tectonism in southwestern Arizona
and southeastern California began in late Eocene(?) or ear-
ly Oligocene time and was characterized by deposition of
sedimentary breccia and conglomerate, tilting of Tertiary
strata, extensional faulting, and volcanism. In some areas,
such as in the Laguna Mountains, tectonism began before
widespread volcanism. Tilting of Tertiary strata was com-
pleted in southwestern Arizona by early Miocene time but
continued in other areas through the early Miocene after
the main pulse of volcanism (Spencer and Reynolds,
1989).

Middle Tertiary strata in the Laguna Mountains are
predominantly sedimentary with minor volcanic rocks. Po-

'Errol L. Montgomeéry & Associates, Inc., 1075 East Fort Lowell
Road, Suite B, Tucson, AZ 85719

tassium-argon ages from volcanic rocks in the sequence
indicate that deposition began in the late Eocene(?) and
early Oligocene prior to 27 Ma and continued into the ear-
ly Miocene (Spencer and Reynolds, 1989). Sedimentary
sequences that are probably time-correlative with strata in
the Laguna Mountains also occur in the Muggins Moun-
tains to the east and in the southern Chocolate Mountains
to the northwest (fig. 1; Olmsted and others, 1973; Crowe,
1978; Smith and others, 1989; Richard, this volume). Po-
tassium-argon ages from volcanic units in the Muggins and
southern Chocolate Mountains range from 32 to 22 Ma
(Crowe, 1978; Shafiqullah and others, 1980; Olmsted and
others, 1973). Deposition of prevolcanic sedimentary rocks
in the southern Chocolate Mountains probably began in the
late Eocene(?) or early Oligocene (Sherrod and Tosdal,
1991). Lithologically correlative sedimentary strata also
crop out in the northern Gila Mountains and in Yuma,
where they dip to the west or southwest (Olmsted and oth-
ers, 1973). Although not exposed, thick middle Tertiary
strata occupy the Gila trough, a structural trough that paral-
lels the Gila River for 200 km from the Muggins Moun-
tains northeast to the vicinity of Hyder, Arizona. Rocks in
the Gila trough may be time correlative with the strata in
Yuma and in the Laguna, Muggins, Gila, and southern
Chocolate Mountains (Eberly and Stanley, 1978). The La-
guna Mountains strata are east of known splays of the San
Andreas fault zone (Crowell and Sylvester, 1979) and are
presumably close to their middle Tertiary latitude.

STRATIGRAPHY

A composite stratigraphic column (col. 3-H, pl. 3) was
constructed from exposures at several localities within the
Laguna Mountains. The lower 770 m of section were meas-
ured by me, and the upper 2,100 m of section were estimat-
ed from geologic maps and well logs (Olmsted, 1972;
Olmsted and others, 1973). Coarse-grained monzogranite,
fine-grained mafic dikes, and heterogeneous quartzofeld-
spathic gneiss underlie the Tertiary strata in the Laguna
Mountains (Olmsted, 1972) and are thought to be of Proter-
ozoic age because they resemble rocks of the San Gabriel
Mountains, southeastern California (Richard, this volume).
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EOCENE(?) AND OLIGOCENE RED BEDS AND
LACUSTRINE STRATA

Arkosic red beds are the oldest Tertiary strata ex-
posed in the Laguna Mountains (Olmsted and others,
1973; this paper). The red beds have been divided here
into six mappable units (from oldest to youngest, units
Tryq, Tro, Tra, Try, Trg, and Trg). Figure 2 shows the ge-
ology of an area in the southern Laguna Mountains
where the red beds are best exposed.

The basal strata (unit Trq on fig. 2) are 75 m thick
and consist of sandstone and conglomerate that were de-
rived from locally exposed bedrock. The strata are red-
dish-brown and form resistant outcrops. Unit Try was
deposited nonconformably against Proterozoic bedrock;
angles between bedding and paleosurfaces are as great
as 35°. The sandstone is very coarse to medium grained,
poorly sorted, angular to subrounded, and quartzofeld-
spathic in composition. Cobbles and gravel clasts are
subangular to subrounded and composed of quartzofeld-
spathic gneiss and granitic rocks. Bedding is usually
thick, with some beds as thick as 1.5 m. Some beds fine
upward, with conglomeratic sandstone near their bases
and coarse sandstone at their tops. Beds commonly have
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cobbly-gravel lag deposits overlying erosional lower
contacts with underlying beds. Sedimentary structures
are indistinct, but where structures were observed, planar
low-angle cross-stratification predominates. Rare inter-
vals of structureless silty and clayey sandstone were ob-
served, generally overlying fining-upward conglomeratic
sandstone beds. Root casts filled with fine sand, silt, and
clay are locally present in the silty and clayey sand-
stone. These strata were probably deposited subaerially
in wide, low-gradient, bedload-dominated streams and
alluvial fans.

Unit Try grades upward into a thinly bedded mud-
stone and claystone unit (unit Trp, fig. 2) that is 12 m
thick. These friable slope-forming strata are green, red,
yellow, orange, and buff. Thin bedding and parallel lam-
inae characterize the sedimentary structures in this unit.
Thin beds of fine-grained sandstone and gypsum were
also observed in these strata.

Unit Trp grades upward into a mudstone, evaporite,
and sandstone unit (unit Trg, fig. 2) that is 48 m thick.
The unit is identified by laminated green siltstone and
claystone with thin fine-grained sandstone interbeds. A
3-m-thick bed of light-gray silt with a strong salty taste
and numerous halite-filled fractures occurs in this unit.
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Figure 1. Map showing location of geographic features discussed in text.
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Alluvium and terrace deposits (Quaternary and Pliocene)
Kinter Formation (Miocene and Oligocene?)—Consists of':
Upper member—Locally includes:
Tuff—Bentonitic weakly lithified ash. K-Ar age is

24.2+1.2 Ma

Tuff (Oligocene)—Tan rhyolitic ash-flow tuff. K-Ar age is
26.9+1.0 Ma

Monolithologic breccia (Oligocene and Eocene?)—Gray
sedimentary breccia

Diamictite and sedimentary breccia (Oligocene and

Eocene?)—Red and gray chaotically deformed unit.

Locally, divided into:
Tuff—Reworked tan rhyolitic tuff interbed
Red-bed deposits (Oligocene and Eocene?)y—Consist of:
Red fluvial sandstone and conglomeratic sandstone
Brown fluvial sandstone and conglomeratic sandstone
Yellow and brown fluviolacustrine sandstone
Green lacustrine mudstone, evaporite, and sandstone
Multicolored lacustrine mudstone and claystone
Reddish-brown fluvial sandstone and conglomerate
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Monzogranite (Proterozoic)—Pink and gray monzogranite
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composition
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High-angle—Showing dip. Sense of displacement
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Vertical
Strike and dip of mylonitic foliation
Leader—Connecting areas of same rock unit

Figure 2. Geologic map of part of southern Laguna Mountains north of McPhaul Bridge, showing area where red beds are best exposed.
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Thinner beds of gypsum and laminated calcium carbon-
ate are common in some intervals. A lacustrine origin
for units Trp and Trg is indicated by sedimentary struc-
tures such as laterally continuous bedding, ripple cross-
bedding in the sandstone, laminated calcium carbonate
beds, and thin gypsum beds interbedded with mudstone.

Unit Trg grades upward into a sandstone unit (unit
Try, fig. 2) that is 30 m thick. The contact between the
units is marked by an interval with 1- to 2-cm-thick
gypsum layers interbedded with fine- to medium-grained
sandstone. Unit Try is yellow, light brown, and reddish
brown and is fine to medium grained. The sandstone
is moderately sorted, subangular to subrounded, and
quartzofeldspathic in composition. The sandstone is
identified by its color and by numerous thin (3-20 cm
thick) sandstone beds with ripple cross-bedding and
heavy mineral concentrations. Thin red mudstone inter-
beds are common between the ripple cross-bedded sand-
stone beds. Several thick beds of sandstone that fine
upward from medium- to fine-grained sandstone also
were observed in this unit. Unit Try4 probably was depos-
ited in a transitional environment intermediate between
the lacustrine setting of units Tro and Trg and the fluvial
environment of units Trs and Trg.

Unit Try4 grades upward into a well-bedded, moder-
ately sorted fluvial sandstone and conglomerate interval
that is 600 m thick. The lower part of the interval (unit
Trg on fig. 2) is brown and the upper part of the interval
(unit Trg on fig. 2) is red; otherwise units Trs and Trg
are lithologically similar. The sandstone is coarse to fine
grained and poorly to moderately well sorted; grains are
angular to subrounded and quartzofeldspathic in compo-
sition. Cobbles and gravel clasts are subrounded to very
well rounded. Sources of the conglomerate clasts were
mainly granitic rocks and gneissic rocks, but clasts of
lavender metatuff, brown and tan quartzite, and dark-
gray micritic limestone indicate other sources (quartzite
and limestone are not presently found in the Laguna
Mountains area). Sedimentary structures in units Trg and
Trg are commonly planar low-angle cross-beds, planar
horizontal beds, and low-angle trough cross-beds. Where
measurable, trough cross-bedding indicates southwester-
ly paleocurrents. Conglomeratic sandstone and conglom-
erate beds are common and occupy paleochannels with
scoured bases that are as much as 1.5 m deep. Fining-
upward sequences as much as 4 m thick, with conglom-
eratic sandstone grading upward to sandstone and
siltstone, were observed. Several beds of structureless
calcium carbonate as much as 0.5 m thick extend for
more than 100 m along strike in this unit. The sedimen-
tary structures, sorting, and gravel clast composition in-
dicate that units Trg and Trg were deposited by a wide,
bedload-dominated stream system that drained a large,
well-integrated watershed.

EOCENE(?) AND OLIGOCENE BRECCIA AND
CONGLOMERATE

Coarse sedimentary breccia, megabreccia, and con-
glomerate (units Tbm and Tbh of Olmsted, 1972) that are
more than 1,200 m thick overlie the red beds (units Try-
Trg). This estimated thickness is based on Olmsted's
(1972) geologic map of the Laguna Mountains quadrangle
and from my reconnaissance mapping. However, poor ex-
posure could conceal faults that repeat parts of the section,
in which case the estimate is too great.

Monolithologic sedimentary breccia and megabreccia
beds that were derived from coarsely porphyritic granite,
quartz monzonite, and associated dike rocks (unit Thm,
fig. 2; also Olmsted's, 1972, unit Tbm) interfinger with
fluvial sandstones of unit Trg. Individual breccia beds are
as much as 100 m thick and form very resistant gray ridg-
es with cavernous weathering. Monolithologic breccia in
the area shown on figure 2 consists of domains of very
angular fragments that range from sand to boulder size,
with variable matrix content. Both clasts and matrix of the
sedimentary breccia are clearly derived from the same
rock type, and the matrix appears to consist of crushed
fragments of the rock in the deposits. The breccia beds in
unit Tbm in figure 2 are interpreted as long-runout rock-
avalanche deposits (Yarnold and Lombard, 1989). Folded
red beds beneath the monolithologic breccia and striations
at the base of the lowermost breccia bed indicate a wester-
ly or easterly transport direction.

Above the basal breccia beds of unit Tbm, poorly ex-
posed slope-forming boulder conglomerate from the same
source rocks as the breccia and megabreccia is interbedded
with breccia. The conglomerate is not shown on figure 2
but was mapped along the southern edge of the Laguna
Mountains by Olmsted (1972). Bedding is thick or very
thick, and where exposed, sedimentary structures such as
sorting and grading indicate sedimentary deposition.

Monolithologic breccia (Tbm) grades upward into het-
erogeneous sedimentary breccia and conglomerate (unit
Tbh of Olmsted, 1972). Poorly exposed, slope-forming
outcrops contain mainly metasedimentary and metavolca-
nic clasts including pink and gray quartzite, muscovite
schist, propylitized plagioclase porphyry dacite, and
densely welded gray tuff, as well as granite and gneiss.
Heterogeneous conglomerate (unit Tbh of Olmsted, 1972)
and monolithologic conglomerate (unit Tbm of Olmsted,
1972) clearly interfinger in the southern Laguna Moun-
tains (Olmsted, 1972). In the southwestern Laguna Moun-
tains, outcrops of matrix-poor monolithologic megabreccia
were mapped as quartz monzonite bedrock by Olmsted
(1972). 1 have reinterpreted these outcrops as sedimentary
deposits of monolithologic megabreccia (Tbm) that are in-
terbedded with heterogeneous breccia and conglomerate
(Tbh).
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Monolithologic breccia (unit Tbm of Olmsted, 1972)
is also exposed in the city of Yuma (Olmsted and others,
1973). Borehole and geophysical data indicate that about
300 m of the unit occupy a 6-km-wide subsurface basin
between Yuma and the southeastern Cargo Muchacho
Mountains (Mattick and others, 1973). Areas of shallow
bedrock in the vicinity of Yuma, such as the Yuma base-
ment high of Mattick and others (1973), consist of coarse-
ly porphyritic quartz monzonite and granite. These rocks
are considered to be likely sources for monolithologic
breccia in both the Yuma area and in the Laguna Moun-
tains (Olmsted and others, 1973). Another possible source
for monolithologic breccia is the coarse monzogranite ex-
posed in the northern Laguna Mountains (unit gmo of
Olmsted, 1972).

EOCENE(?) AND OLIGOCENE DIAMICTITE AND
BRECCIA

A chaotically deformed deposit of diamictite and brec-
cia (unit Td, fig. 2) was mapped by Olmsted as the lower
member of the Kinter Formation (Olmsted, 1972). Howev-
er, the strata mapped by Olmsted as the upper member of
the Kinter Formation (unit Tku of Olmsted, 1972) overlie
the diamictite and breccia unit with angular unconformity
(fig. 2). Therefore, the diamictite and breccia unit is consid-
ered by me to be an older unit and probably correlative
with the sedimentary breccia and conglomerate units (units
Tbm and Tbh of Olmsted, 1972) for the reasons outlined
below. The exact stratigraphic position of the diamictite and
breccia (Td) is unclear, owing to poorly exposed, common-
ly faulted contacts with underlying and overlying units.

The diamictite and breccia (Td) consists of extremely
poorly sorted breccia, conglomerate, sandstone, and mud-
stone. Bedding is rarely observed even though outcrops are
common in the unit. Most exposures are characterized by
lack of bedding, extremely poor sorting, and highly mica-
ceous matrix. Clasts are very angular to subrounded and are
derived from gneiss and granitic rocks; maximum clast size
is about 1 m. Some lenses of unit Td are monolithologic
and have characteristics similar to the lenses of sedimentary
breccia in unit Tbm. A small exposure shows tuffaceous
sand interbedded in unit Td near the contact with basement
(unit Tdt, fig. 2), but no other volcanic material was ob-
served in the unit. Unit Td is moderately to strongly folded
and faulted, but structures were not mappable because of
the lack of laterally continuous beds. The lack of continu-
ous bedding also precludes measurement of thickness, but
unit Td is probably greater than 100 m thick.

The diamictite and breccia (Td) is probably older than
the Kinter Formation for several reasons. First, the contact
between the upper member (Tku) of the Kinter Formation
and unit Td in the northwestern part of figure 2 is an an-

gular unconformity. At its type section (northern Gila
Mountains), the upper and lower members of the Kinter
Formation are conformable (Olmsted and others, 1973).
Second, unit Td is more deformed than the Kinter Forma-
tion. The upper and lower members of the Kinter Forma-
tion in the northern Gila Mountains dip from 12° to 43°
northwest to southwest (Olmsted and others, 1973). In the
Laguna Mountains, unit Td dips from 13° to 45°, but pla-
nar contacts strike in all directions (fig. 2) because folding
and faulting is moderate to severe in unit Td. The upper
member of the Kinter Formation in the Laguna Mountains
is tilted from 3° to 23° and exhibits southwesterly to
northwesterly dips (Olmsted, 1972). These field relations
indicate that substantial deformation occurred in unit Td
prior to deposition of the upper member of the Kinter For-
mation. The degree of deformation observed in the red
beds (units Try through Trg) is similar to the deformation
observed in unit Td (fig. 2). The contrast between the
folded and faulted unit Td and the relatively unfolded and
less tilted upper member of the Kinter Formation in the
Laguna Mountains suggests that unit Td is older than both
the upper and lower members of the Kinter Formation that
were described at the type section (Olmsted and others,
1973) in the northern Gila Mountains.

The depositional environment of unit Td is difficult to
interpret because of the apparent lack of original stratigra-
phy, the lack of sedimentary structures, and the absence of
depositional contacts with adjacent Tertiary strata. Field
characteristics suggest that unit Td may be an accumula-
tion of fault breccia and talus breccia produced during ac-
tive movement on the faults that cut the red beds and
basement (fig. 2).

OLIGOCENE ASH-FLOW TUFF

Pyroclastic rocks chiefly of rhyolitic or rhyodacitic
composition occur in several exposures in the Laguna
Mountains (unit Tt, fig. 2, equivalent to Olmsted's, 1972,
ignimbrite unit Ti), and they overlie units Tbm and Tbh of
Olmsted (1972) and Trg with angular unconformity. East of
Laguna Dam, welded and unwelded ash-flow tuff about
70 m thick unconformably overlies unit Tbm (of Olmsted
(1972). A thin, discontinuous(?) black basal vitrophyre is
observed in exposures at this locality. Two K-Ar biotite
ages have been determined for rocks at the top of the tuff
east of Laguna Dam. An age of 26.9x1.0 Ma was deter-
mined by Damon and others (1965; sample No. 5-15-55A),
and an age of 30.1+1.0 Ma was determined by Shafiqullah
and others (1980; sample No. UAKA-65-04) for a sample
locality several hundred meters north of the first dated sam-
ple. In the southern Laguna Mountains, an ash-flow tuff
about 20 m thick overlies units Tbm and Trg with angular
unconformity (fig. 2) and may be correlative with the dated
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tuff in the northwestern Laguna Mountains, 6 km away.
Elsewhere in the Laguna Mountains, ash-flow tuff overlies
units Tbm and Tbh of Olmsted (1972) and ranges in thick-
ness from a few meters to 30 m. Only one tuff outcrop is
dated, and detailed correlation among discontinuously ex-
posed outcrops of ash-flow tuff remains to be done; howev-
er, the limited age data from the unit suggests that more
than 2,000 m of underlying sediment was deposited, then
tilted 15° to 45° and exposed prior to late Oligocene time.
The pattern of outcrop (Olmsted, 1972) indicates that parts
of the ash-flow tuff (unit Ti of Olmsted, 1972) were tilted
and removed by erosion prior to deposition of the overlying
upper member of the Kinter Formation.

UPPER OLIGOCENE(?) AND LOWER MIOCENE
KINTER FORMATION

The Kinter Formation at its type section in the north-
ern Gila Mountains was divided into upper and lower
members by Olmsted and others (1973). The Kinter For-
mation in the Laguna Mountains closely resembles the
upper member of the Kinter at the type section in the
northern Gila Mountains. However, for reasons outlined
above, the strata mapped by Olmsted (1972) as the lower
member of the Kinter Formation in the Laguna Mountains
are considered here to be a stratigraphically distinct unit
older than the Kinter Formation. Thus the lower member
of the Kinter Formation is absent in the Laguna Mountains.

The Kinter Formation in the Laguna Mountains (unit
Tku, fig. 2) is predominantly conglomerate derived from
locally exposed sources. Unit Tku was deposited with an-
gular unconformity on older Tertiary strata (units Tt, Td,
and Trg and units Tbh and Tbm of Olmsted, 1972) and
pre-Tertiary crystalline rocks (fig. 2; Olmsted, 1972). Sedi-
mentary structures, sorting, and angularity suggest that the
upper member of the Kinter Formation was deposited by
alluvial fans (Olmsted and others, 1973). The Kinter For-
mation was derived mainly from gneiss lithologically sim-
ilar to rocks exposed in the eastern Laguna Mountains, but
it also contains clasts derived from the underlying unit of
Oligocene ash-flow tuff. Biotite from a 1-m-thick bed of
altered bentonitic ash (unit Tkut, fig. 2) in the lower part
of the upper member of the Kinter Formation has a K-Ar
age of 24.2+1.2 Ma (Damon and others, 1965; sample No.
VAW-60-29). Although this bed is discontinuous and was
probably partially removed by erosion, it is a distinctive
marker bed in the western part of the area of figure 2. The
dated tuff bed in the Kinter indicates that at least part of
the formation may be late Oligocene. An undated andesitic
plug intrudes the Kinter Formation at the west edge of the
Laguna Mountains (Olmsted, 1972).

The pattern of outcrops indicates that the upper mem-
ber of the Kinter Formation filled a west-northwest-trend-
ing paleovalley that had been cut into the older tilted and

folded rocks of units Tt, Td, and Trg and units Tbh and
Tbm of Olmsted (1972). The upper member dips 3° to 23°
to the southwest, west, and northwest and has been broad-
ly warped and folded, but it lacks the degree of deforma-
tion characteristic of underlying Tertiary rocks.

TERTIARY ALLUVIUM

Upper Miocene and Pliocene sediment of local deriva-
tion forms alluvial fans and terrace deposits as much as 50
m thick. The alluvium overlies the upper member of the
Kinter Formation in the Laguna Mountains. It is very gen-
tly deformed, with dips ranging from 1° to 4°.

BOUSE FORMATION

The Bouse Formation overlies the Kinter Formation in
U.S. Geological Survey test well (C-7-22)14bcd at Laguna
Dam (Olmsted and others, 1973). The Bouse Formation is
70 m thick in the well and consists of silty and sandy clay,
micaceous silty sand with some carbonized wood, and fos-
siliferous silty clay.

The Bouse Formation was deposited during transgres-
sion of the proto-Gulf of California into the Yuma area
and neighboring valleys in late Miocene and Pliocene
time. Subsequent integration of the Colorado River drain-
age resulted in progradation of the ancestral Colorado
River delta into the northern end of the proto-Gulf embay-
ment (for example, Buising, this volume).

PLIOCENE AND QUATERNARY ALLUVIUM

Alluvial deposits of the Colorado and Gila Rivers and
from local washes form a veneer of sediment of variable
thickness and texture in and around the Laguna Mountains
(Olmsted, 1972). These deposits are 63 m thick in U.S.
Geological Survey test well (C-7-22)14bcd at Laguna Dam.

STRUCTURAL FEATURES

Several episodes of deformation are evident from the
changes in style of deposition of middle Tertiary strata in
the Laguna Mountains, from the folding and faulting of
the strata, and from the unconformities in the section.

EOCENE(?) AND OLIGOCENE FAULTING AND
FOLDING

Two or more phases of Eocene(?) and Oligocene fault-
ing and folding occurred simultaneously with deposition.
The red beds (units Try—Trg) are more strongly folded and
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faulted than units Tbm and Tbh, although no unconformi-
ty separates units Trg and Tbm (fig. 2; Olmsted, 1972).
The red beds have been deformed to near-vertical dips
near fault contacts with basement (fig. 2). Units Tbh and
Tbm of Olmsted (1972) dip 12° to 39°. The apparent
decrease of dips upsection through the Eocene(?) and Oli-
gocene strata suggest that these units originated as syntec-
tonic deposits.

The first phase of Eocene(?) and Oligocene faulting is
indicated by faults and folds in red-bed units Try through
Trg that die out in red-bed unit Trg (fig. 2). East-west-
striking faults with as much as 165 m of stratigraphic dis-
placement placed basement rocks against Eocene(?) and
Oligocene strata during this phase of faulting. Total dis-
placement is difficult to estimate because the amount of
strike-slip or oblique-slip along the faults is unknown. Re-
newed faulting and rapid uplift is indicated by the abrupt
change from the relatively fine grained red-bed deposits
(units Try—Trg) to deposits of sedimentary breccia, con-
glomerate, and diamictite (units Tbm and Tbh of Olmsted,
1972, and unit Td). The fault contact of unit Td with units
Tbm, Trg, and Trg may have occurred during the second
episode of faulting along the east-west Oligocene faults, or
it may represent a third phase of faulting (fig. 2). If unit
Td is correlative with units Tbm and Tbh of Olmsted
(1972), then at least 600 m of stratigraphic offset is indi-
cated by the juxtaposition of units Td and Trs.

Tectonism resulted in tilting and exposure of units
Try-Trg, units Tbm and Tbh of Olmsted (1972), Td, and
the basement rocks prior to the initiation of regionally ex-
tensive volcanism, which in the Laguna Mountains is sig-
naled by the deposition of ash-flow tuff (Tt). Unit Tt was
partially eroded and tilted as much as 30° prior to deposi-
tion of the upper member (Tku, Tkut) of the Kinter For-
mation in the late Oligocene(?) and early Miocene.

MIOCENE DEFORMATION

Units Tku and Tkut were tilted 3° to 23°, broadly
warped, and partially eroded prior to deposition of the up-
per Miocene and Pliocene Bouse Formation (Olmsted,
1972; Olmsted and others, 1973). Units Tku and Tkut are
cut by northwest-striking high-angle normal faults in the
Laguna Mountains.

OLIGOCENE AND MIOCENE
PALEOGEOGRAPHIC INTERPRETATION

During the late Eocene(?) and early Oligocene, sedi-
mentation in the Laguna Mountains began when alluvial
fans and small, bedload-dominated streams began to fill
topographic depressions between rugged hills of Protero-
zoic basement rocks. Lacustrine mudstone, sandstone, and

evaporite also were deposited in poorly drained lowlands
during this time. As subsidence progressed, a regionally
integrated drainage network introduced sediment of a
large, bedload-dominated stream supplied by detritus from
basement rocks as well as from exposures of quartzite,
limestone, and metatuff that are not present in the Laguna
Mountains today.

The abrupt shift to very coarse grained strata in depo-
sitional environments of catastrophic rock avalanches, al-
luvial fans, and debris flows indicates the initiation of
rapid uplift of basement rocks close to the margins of the
basin. Coarse-grained sediment more than 1,200 m thick
accumulated as a result of rapid uplift. Continuing tecton-
ism during deposition resulted first in folding and west-
ward tilting in the upper Eocene(?) and lower Oligocene
strata and finally in the uplift and erosion of these strata.

The first significant volcanism in the Laguna Moun-
tains began with deposition of ash-flow tuff in late Oligo-
cene time. The ash-flow tuff, which thins to the south,
may have been erupted from a volcanic center to the
north. Westward tilting of the ash-flow tuff and partial ero-
sion resulted from continuing tectonism.

Alluvial fans derived from uplifted basement rocks,
represented by the upper member of the upper Oligo-
cene(?) and lower Miocene Kinter Formation, filled a
northwest-trending paleovalley that had been formed dur-
ing deformation and erosion of upper Eocene(?) and lower
Oligocene strata. Continued tectonism caused additional
westward tilting and broad, open folding in the Kinter For-
mation. The Laguna Mountains had reached their present
landform configuration by late Miocene time. During the
late Miocene and early Pliocene, transgression of the
proto-Gulf of California resulted in marine-estuarine sedi-
mentation at the foot of the Laguna Mountains. In the Pli-
ocene, the newly established Colorado River began to
build a channel and extensive floodplain west of the Lagu-
na Mountains.
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The Conglomerate of Bear Canyon (Miocene),
Chocolate Mountains, Southeastern Calif.

By Kathleen M. Hughes1

INTRODUCTION

The Miocene conglomerate of Bear Canyon is a wide-
spread stratigraphic unit exposed on the flanks of the
Chocolate Mountains and adjacent ranges in southeastern-
most California. Informally named by Crowe (1973,
1978), the unit was described more fully by Dillon (1975)
and Hughes (1990). The conglomerate of Bear Canyon is
well exposed in Bear Canyon, Carrizo Wash, Indian Pass,
and Vinagre Wash (fig. 1). The upper part of the unit is
undeformed by middle Tertiary detachment faulting, and

its lower parts were deposited upon rocks tilted and fault--

ed by that event.

DEPOSITIONAL SETTING

The conglomerate of Bear Canyon is a very poorly
sorted cobble conglomerate deposited in proximal and me-
dial alluvial fan environments. The unit unconformably
overlies middle Tertiary volcanic rocks and Mesozoic and
older crystalline rocks. Clasts in the conglomerate of Bear
Canyon are angular to subrounded and restricted to rock
types exposed near the site of deposition. Debris-flow de-
posits form most of the unit, although stream-channel de-
posits are common in those parts of the deposit interpreted
as midfan facies. The unit was deposited rapidly, inasmuch
as its sediment is only locally oxidized and no clay con-
centrations or caliche precipitation were observed between
beds. The only soil profile seen was a poorly developed
horizon exposed in the Big Chief pit of the Mesquite
Mine. No fossils or other organic matter have been found
in the unit.

The conglomerate of Bear Canyon is Miocene in age.
Basalt that caps Black Mountain near Indian Pass is inter-
bedded within the upper part of the unit; the basalt has
K-Ar ages of 13.4+2.6 Ma (Crowe, 1978; age recalculated

new decay constants). Undated basalt in the Mesquite
Mine area is also interbedded in the conglomerate of Bear
Canyon.

The lower part of the conglomerate of Bear Canyon is
partly correlative with the upper Oligocene(?) and lower
Miocene Kinter Formation (Olmsted and others, 1973;
Smith and others, 1989) but lacks the siliceous tuff inter-
beds found in the Kinter Formation. The conglomerate of
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Figure 1. Map showing location of geographic features named in
text. Bold arrows show paleotransport directions for detritus in
conglomerate of Bear Canyon of Crowe (1978). Shaded areas
show exposures of preconglomerate bedrock. “Source?” indicates
no bedrock source exposed; detritus may have originated south of
San Andreas fault or from sources now downfaulted and concealed
by Quaternary sediment.

by method in Dalrymple, 1979) and 9.6+1.8 Ma (Eberly
and Stanley, 1978, their No. 121; age recalculated using

lWoodward-Clyde Consultants, 2020 E. First Street, Suite 400, San-
ta Ana, CA 92705
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Bear Canyon is conformably and unconformably overlain
by the Bouse Formation and younger alluvial units.

CLAST TYPES IN THE CONGLOMERATE
OF BEAR CANYON

There are four major and four minor clast types in the
conglomerate of Bear Canyon. Each clast type is widely
distributed, but no outcrop of the conglomerate contains
clasts from all eight groups. The percentage of each clast
type present in outcrop varies widely and depends mainly
on the lithology of the source bedrock. Clast sizes range
from very large boulder to very coarse sand.

The conglomerate of Bear Canyon is classified as a
volcaniclastic litharenite; the most common clasts are vol-
canic rocks including rhyolitic to andesitic pyroclastic
rocks, lava flows, breccia, and intrusive rocks. These clasts
were derived from regionally extensive volcanic units and
their intrusive equivalents that have K-Ar ages between 32
and 22 Ma (Crowe, 1978; ages recalculated). Gneissic
clasts, derived from Mesozoic (mostly Jurassic) rocks, are
the second most common clasts in the conglomerate. The
gneissic clasts are commonly found with granitoid clasts
derived from the same source terrane. Schist, the fourth
most common clast type, is derived from the Orocopia
Schist. Minor constituents of the conglomerate include
quartzite derived from the Orocopia Schist; basalt derived
from Tertiary olivine basalt flows similar to those exposed
at Black Mountain; Mesozoic gabbro from a complex
found in the Midway Mountains and elsewhere; pyroclas-
tic rocks altered to a green zeolite-facies mineral; and
metaconglomerate derived either from the Jurassic(?) Win-
terhaven Formation or reworked from the Oligocene(?)
and lower Miocene Kinter Formation.

Two distinct lithofacies may be defined by the compo-
sition of clasts in the conglomerate of Bear Canyon. One
group is dominated by Tertiary volcanic rocks; the other is
dominated by Mesozoic plutonic and metamorphic rocks.
Mafic igneous rocks, quartzite, and metaconglomerate are
minor constituents of both lithofacies. Both lithofacies
were deposited throughout the study area and reflect a
change in exposed bedrock over time. The two lithofacies
interfinger with one another both laterally and vertically.
In Bear Canyon, the volcanic lithofacies occurs at the top
and bottom of the section, separated by the plutonic-meta-
morphic lithofacies.

PALEOTRANSPORT DIRECTIONS AS
INDICATED BY CLAST TYPES

Directions of sediment transport during Bear Canyon
time were determined by observing clast compositions and

the variations in these compositions over a range of sever-
al kilometers, by measuring clast imbrication and channel
orientation, and by interpreting Landsat thematic mapper
images. Sediment was transported (1) in a south-directed
fan originating in the Chocolate Mountains immediately
north of the Mesquite Mine; (2) in a south-directed fan
originating in the Midway Mountains; (3) in a north- and
west-directed fan originating in the hills east of Vinagre
Wash; (4) in west-, south-, and east-directed fans originat-
ing north of Indian Pass; and (5) in fans radiating in all
directions away from the Picacho area (fig. 1). In the Fer-
guson Lake area, the conglomerate of Bear Canyon re-
ceived sediment from both southerly and westerly sources.

TECTONICS

Seismic lines, acquired from Shell Oil Company, were
shot west-southwest of the study area and depict the thick-
ness and structure of the conglomerate of Bear Canyon
and other units present in the southeastern Chocolate
Mountain. One such line (fig. 2), was shot along Califor-
nia Highway 78 west of the Mesquite Mine (extending
west of fig. 1). The conglomerate of Bear Canyon appears
as many short reflectors offset by normal faults. The base
of the conglomerate is shallower than about 2 km, corre-
sponding to 0.7 seconds of two-way travel time.

The seismic lines reveal three important aspects of the
conglomerate of Bear Canyon. First, the maximum thick-
ness of the unit is approximately 2 km. This thickness is
found in the Salton Trough approximately 55.km south-
west of the Chocolate Mountains.

Second, the unit was deposited on a faulted Tertiary
basement. This relation also is exposed in outcrops near
the Midway Mountains, where steeply dipping lower Terti-
ary red beds underlie the more gently dipping conglomer-
ate of Bear Canyon. The presence of dipping reflectors
within the conglomerate and truncated by faults leads to
the interpretation that the conglomerate fills grabens be-
tween block-faulted ranges.

Third, the conglomerate of Bear Canyon is cut by
east- and west-dipping normal faults with several hundred
meters of vertical offset. Similar faults are exposed in both
conglomerate and microbrecciated gneiss in the Mesquite
Mine.

East-west extension has been interpreted from the ori-
entations of 32 normal faults found at the surface in the
formation (Hughes, 1990). Work by Zoback and Thomp-
son (1978) indicates a uniform S. 68° W.-N. 68° E. (25°)
extension direction throughout much of the United States
in middle Miocene time. Garner and others (1982) found
that similar stress orientations resulted in detachment
faulting in the Trigo Mountains. Thus, faults in the con-
glomerate of Bear Canyon are related to a different stress
regime than that related to Miocene extension.
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Tertiary Basin Structure Revealed in Seismic Reflection Profiles
from Milpitas Wash, Southeastern Calif.

By Rebecca S. Morris!

INTRODUCTION

Seismic reflection profiles in southeastern California
have been made available to CALCRUST (California
Consortium for Crustal Studies) by Exxon, U.S.A., for re-
gional geological analysis. The reflection profiles de-
scribed in this paper are from the Chocolate Mountains
region, southeasternmost California, which includes Milpi-
tas Wash (fig. 1). After reprocessing, these seismic records
show the cumulative effects of deformation imposed on
the Chocolate Mountains region by Mesozoic thrust fault-
ing and possible terrane accretion, followed by middle
Tertiary high- and low-angle normal faulting, and move-
ments on Miocene to Pliocene transform faults of the San
Andreas fault system. In this region, the extensional fea-
tures are especially well imaged.

Mesozoic units that crop out in the southern Chocolate
Mountains include the Orocopia Schist, one of the deepest
structural units exposed in southern California, and com-
ponents of the Chocolate Mountains thrust system (Dillon,
1975; Haxel, 1977). Major northwest-striking, northeast-
dipping normal faults juxtaposed the Orocopia Schist and
Mesozoic gneissic rocks against Tertiary volcanic and sed-
imentary rocks. These faults tilted upper crustal blocks to
form basins that accumulated Tertiary volcanic rocks and
sedimentary strata. The rocks imaged on the seismic lines
are presumed similar to those exposed in the rim of Milpi-
tas Wash (fig. 1).

FIELD AND PROCESSING PARAMETERS

A Vibroseis source was used to generate seismic re-
flections in the Chocolate Mountains region. Data were
collected with a receiver and shotpoint interval of 100 m,
with a split-spread recording array. The upsweep length
was 11 s between 12 and 47 Hz, and listening time was
4 s. At each shotpoint a vertical stack of 20 sweeps was
recorded; the nominal common midpoint fold was 24.

'Institute of Geophysics and Planetary Physics, University of Cali-
fornia, Los Angeles, CA 90024

Reprocessing was performed at the Center for Compu-
tational Seismology, Lawrence Berkeley Lab, University of
California, Berkeley. The extended correlation method was
applied to seismic reflection profiles from the core complex
corridor of southern California and western Arizona and the
Salton Trough, whether collected by CALCRUST or donat-
ed by industry, in order to obtain full crustal profiles for
interpretation (Okaya, 1986; Okaya and Jarchow, 1989;
Okaya and Frost, 1986; Morris and Okaya, 1987; Morris,
Frost, and Okaya, 1986; Spongberg and Henyey, 1987; Sev-
erson and McEvilly, 1987). The processing steps included
in order: (1) extended correlation, (2) bandpass filtering, (3)
spherical divergence correction, (4) trace balance, (5) ele-
vation statics, (6) common-depth-point sorting, (7) velocity
analysis, (8) normal move-out, (9) NMO stretch mute, (10)
stack, (11) data plot with automatic gain, and (12) f-k mi-
gration (migration before automatic gain) for line 2. All
depths are given as two-way travel time (TWTT) in seconds.

INTERPRETATION OF THE SEISMIC
RECORD

From analysis of the seismic reflection data, two large
structural subbasins underlie the Milpitas Wash topograph-
ic basin (figs. 2, 3, and 4), and the upper crust is com-
posed of a series of fault blocks tilted on high-angle
normal faults. The seismic profiles were shot in a west-to-
east alignment, oblique to the strike of strata; therefore,
dips on the profiles are apparent dips. Trends of the west-
ern and central basins imaged on lines 2 and 5 (fig. 1) are
in a northwest-southeast direction, parallel to the strike of
the high-angle basin-bounding normal faults.

The basin-bounding faults dip to the northeast, which
is also the dip direction of major normal faults exposed in
the Chocolate Mountains (Dillon, 1975). The boundary
faults extend to middle crustal depths, where they appear
to join a zone of strong reflectivity. The reflective zone is
interpreted to represent a penetrative extensional fabric
that developed during a regional episode of middle Tertia-
ry extension (Morris, Frost, and Okaya, 1986; Morris,
Okaya, and others, 1986; McCarthy and Thompson, 1988;
Frost and others, 1987).
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The strong midcrustal reflections in the Chocolate
Mountains are almost identical to those imaged on reflec-
tion profiles of the more highly segmented Colorado River
core complexes to the north (Frost and Okaya, 1986; Frost
and others, 1987). In those terranes, middle and lower crust
are characterized across all the profiles by a dense array of
short, discontinuous reflections. The seismic similarity of
deep-crustal reflections in the Milpitas Wash area suggests
that, like the areas farther north, the Chocolate Mountains
also are underlain by zones of Tertiary ductile fabric,
which may be traced into surface exposures of mylonitic
rocks (Frost and Okaya, 1986; Frost and others, 1989).

Thus, the structural evolution of the Milpitas Wash ba-
sins appears to have been a passive response to the mobili-
ty of the middle and lower crust during the middle
Tertiary (Morris, 1990). As the middle crust extended on
low-angle normal faults in the upper crust and ductile
zones at greater depth, the upper crust was broken by
high-angle normal faults to form synextensional basins.
The basins filled with detritus from local sources and
basin depocenters grew in size as displacement on the
high-angle normal faults progressed. With continued ex-
tension, smaller Tertiary subbasins increased in size to that
of the square- or rhomboid-shaped Milpitas Wash, which
was filled later by Quaternary alluvial deposits.

BASIN GEOMETRY

Upper crustal levels, above 2 s on the seismic reflec-
tion profiles, are characterized by half-grabens formed by
the interaction of multiple high-angle normal faults
(figs. 2-6). These basins are structurally above a zone of
multiple lensoidal reflections that can be identified be-
tween 2.5 and 4.0 s. The basins are asymmetric, wedge
shaped, and as deep as 4.5 km. The deeper parts of the
basins are bounded by high-angle normal faults that show
large offsets. These high-angle normal faults penetrate pre-
Tertiary basement between 2 to 3 s (TWTT). Floors of the
western and central basins, labeled WB and CB (figs. 4 and
6), tilt to the southwest.

The asymmetry of the basins seen on the reflection
profiles is due to synchronous deposition of units and tilt-
ing of the upper crustal blocks on multiple high-angle nor-
mal faults (Morris, 1990). The basin structure generated
by this deformation is preserved beneath a thick cover of
undeformed sedimentary beds.

The strata in the large western and central basins are
dissected by numerous high-angle normal faults, but the
underlying fault blocks appear largely coherent on the re-
flection profiles. The high-angle normal faults, as well as
the low-angle normal (detachment) faults, do not image as
strong individual reflections but are zones of contrasting
seismic fabric between reflective packages, which can be
matched on the four reflection profiles (figs. 3, 5, and 7).

The crustal-scale geometry imaged on the seismic re-
flection profiles can be observed at the surface. Segmenta-
tion and tilting of a low-angle detachment fault by later
normal faulting is preserved in the Picacho area of the
southern Chocolate Mountains (Frost and others, 1986).
Outcrop exposures preserve both planar and curviplanar
upper-plate normal faults that join the detachment surface.

On the eastern side of profile 2, a large antiformal
structure with southwesterly and northeasterly dips is in-
terpreted (figs. 3 and 4). Crowe and others (1979) recog-
nized this structure in surface exposures in the Chocolate
Mountains, and northeast-dipping beds also have been re-
corded in the northern Palo Verde Mountains (Murray,
1981). The regional extent of this antiform in the Palo
Verde Mountains is further disclosed in enhanced thematic
mapper (TM) imagery and seismic reflection data (Blom
and others, 1987). TM data indicate surface dimensions
for the antiform of 10 by 11 km, and figure 3 suggests that
it extends to 1.5 s in the subsurface. Farther to the east in
the Trigo Mountains, northeast-dipping beds are recorded
in the upper-plate units above a southwest-dipping detach-
ment fault (Garner and others, 1982; Frost and others,
1989).

SEISMIC BASIN STRATIGRAPHY

‘A lack of deep-well data precludes precise statements
about the seismic stratigraphy. One oil test well, drilled to
640 m depth in Milpitas Wash, penetrated chiefly Tertiary
conglomerate that overlies volcanic rocks at the base of
the drill hole (Metzger and others, 1973). However, the
proximity of the reflection profiles (figs. 3-9) to outcrops
surrounding Milpitas Wash allows surface geology to
be projected on the profiles with reasonable confidence
(fig. 1). The basins are characterized by strong reflective
layers separated by seismically transparent layers, and thus
probably are filled with Tertiary sedimentary and volcanic
rocks similar to those exposed around the rim of Milpitas
Wash.

The western basin, labeled WB on figures 4 and 6, is
characterized on line 5 by three distinct sets of reflections
(fig. 7), which are discontinuous on line 2 (fig. 3, 8, and
9). Such laterally discontinuous reflections are here inter-
preted as indicating disruption of the strata by intrabasin
faults. The lowest reflections define the basin bottoms,
and these basal reflections dip gently southwestward (B,
fig. 6). The overall gentle dip of the basin bottom proba-
bly records an effective tilt of regional scale (Anderson,
1971) that is lower than the actual dips of each basin
floor segment. ‘

Within the western and central basins, contrasting
seismic characteristics identify a general structural layer-
ing of basement. A middle-Tertiary granodiorite laccolith
intrudes Orocopia Schist (fig. 1) at Mount Barrow, which
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suggests that this layering could be produced by Mesozoic
crystalline rocks and sill-like Tertiary intrusions or plutons
(Dillon, 1975). These basement rocks are overlain by mid-
dle-Tertiary surface deposits, a stratigraphic relationship
that is exposed in the southern part of the Little Mule
Mountains (Murray, 1981).

In the western basin, the bottom reflectors are overlain
by a seismically transparent layer approximately 0.3 s
thick that likely represents tilted coarse conglomeratic de-
posits, such as those cropping out at the edges of Milpitas
Wash in the southwestern Palo Verde and northern Mid-
way Mountains. These units include the arkosic conglom-
erate of the western Palo Verde Mountains, part of which
is the Tolbard Fanglomerate of Jorgensen and others

(1982). Where it is exposed in the northern Midway
Mountains, the Tolbard Fanglomerate preserves midfan fa-
cies of an alluvial fan complex and is dissected by numer-
ous conjugate faults and fractures (Jorgensen and others,
1982; Berg and others, 1982). Dips change within the Tol- )
bard Fanglomerate, indicating progressive deformation of
the unit (Morris, 1990). This is a growth-fault geometry
that can be seen at crustal scale on the reflection profiles.
At approximately half the depth of the western basin
(A, fig. 7), the transparent layer is overlain by laterally
continuous high-amplitude reflectors, perhaps correlative
with middle or upper Miocene basalt of the Chocolate
Mountains region (for example, Black Mountain). This
volcanic episode yielded K-Ar ages of 9-13 Ma (Eberly

Figure 2. Isometric diagrams of upper crust in
Milpitas Wash area, based on surface geology and
reprocessed seismic profiles. Crustal structure inter-
preted from seismic line 2 is projected onto the
long side of each diagram, and that of line 6 onto
the short side. High-angle normal faults form half-
graben tilt blocks that are major Tertiary structural
features. A, Interpretation 1—lens-shaped structure
on the profiles are defined by truncation of the

highly reflective Mesozoic compressional fabric
by Tertiary detachment faults and associated duc-
tile zones in the middle crust. B, Interpretation
2—alternative shows lensoidal structure as partly
due to Tertiary faulting and partly to intrusion. A
zone of synkinematic sill-like plutons (shown as
a single intrusion) produce lens- or lozenge-
shaped structures by truncation of Mesozoic fab-
rics and older (Mesozoic to Tertiary) faults.
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and Stanley, 1978; Crowe and others, 1979). Interpreta- These reflectors could represent younger untilted con-
tion of the western basin on lines 2 and 5 (figs. 4 and 6), glomeratic deposits, or a change in lithology. The upper-
show these high-amplitude reflectors dipping southwest  most laterally continuous reflections with high amplitudes
and overlain by another set of laterally continuous reflec- are approximately 0.2 s thick and probably define the

tions that do not define distinct layers on line 5, but  horizontally layered, fine-grained Bouse Formation (Buis-
show a higher degree of continuity on line 2 (fig. 8). ing, 1990).

EXPLANATION

Sedimentary rocks (Holocene to
Pliocene)

Orocopia Schist (late Mesozoic)

== = .
Volcanic and sedimentary rocks = Basement—Rocks lying beneath the

(late and middle Tertiary)— Orocopia Schist. Interpreted as zone

: of simple shear of the middle and
Pre- and postextension strata g
Granodioritic intrusions e e —_—
(late Tertiary) ontac
Granitic and gneissic rocks \ Fault—Location inferred from seismic
(Mesozoic and Proterozoic?) line of figure 4

# = = = Chocolate Mountains thrust
", Location of EXXON seismic lines
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Rocks of the central basin (CB, figs. 4 and 8) apparent-
ly are truncated against a northeast-dipping high-angle nor-
mal fault, as are units of the westernmost basin. A strong
set of gently southwest-dipping reflections define the base
of deposits. A transparent layer, similar to the one imaged
in the western basin, probably represents coarse conglomer-
atic units. However, in the central basin, the transparent
layer is laterally discontinuous and grades eastward into
strongly layered reflections, which are laterally continuous
and probably represent units correlative with Tertiary vol-
canic rocks exposed in the northern rim of Milpitas Wash
(fig. 1). An alternative possibility is that the reflections re-
sult from an eastward change to more uniform bedding.

Thin layers of transparent fabric are interlayered with
high-amplitude reflections in the middle of the central
basin. Laterally continuous reflections near the top of the
basin likely represent the change from coarse-grained
conglomeratic deposits to the horizontally layered Bouse
Formation.

BASIN SIZE

Reflections that can be recognized on the four repro-
cessed reflection profiles in Milpitas Wash allow crustal
structures to be matched in three dimensions and provide
an estimate of the size of the two large basins within Mil-
pitas Wash. The east-west width of the western basin rang-
es from 8 km (line 2) to 10.5 km (line 5); the east-west
width of the central basin is 6 km. On tie-line 6, the north-
south length of the central basin is 10 km. The basins
extend significantly deeper than can be projected from sur-
face geology.

. SUBBASIN REFLECTIONS

The high-angle normal faults imaged on the reflection
profiles appear to merge with, or to end at, a zone of anas-
tomosing low-angle reflections between 2.5 and 4.0 s (figs.
3-6). These reflections bound middle-crustal lozenge- or
lens-shaped zones, which can be discerned in three dimen-
sions from the four reflection profiles in Milpitas Wash.
Smaller, individual lenses can be identified within larger
lenses, and their overall shape is not affected by migration
(fig. 9). Short, laterally continuous reflections create a cur-
vilinear seismic fabric within these lenses. Some of the
lenses are repetitive reflections that define coherent, dense
fabrics (line 2, figs. 3 and 4). Several of the lenses main-
tain their individual character multidimensionally on the
four reflection profiles in Milpitas Wash and can be
matched from one profile to the next by their internal fab-
ric and overall shape.

Previous workers have interpreted the lensoidal reflec-
tions seen in the middle crust of southeastern California as

anastomosing Tertiary detachment faults or their ductile
equivalents (Adams and others, 1983; Hillemeyer, 1984;
Frost and Okaya, 1986; Hamilton, 1982, 1987). If the Mil-
pitas Wash anastomosing reflections represent faults of the
same extensional system, they indicate that the low-angle
normal faults are anastomosing in three dimensions. Alter-
natively, the reflections may represent the intersection of
older fabrics with fault surfaces; therefore, some parts of
lenses may be older structures. The pattern of reflections
could also represent an overprinting of multiple extension-
al faults on preexisting structures, such as Mesozoic thrust
faults.

Truncation of the highly reflective Mesozoic compies-
sional fabric by the Tertiary detachment faults and associ-
ated ductile, middle-crustal fabric is thought to best
explain the lens or lozenge shape of the profiles (figs. 24,
4A). Alternatively, sill-like intrusions of Miocene grano-
diorite might also produce the lozenge shape by truncating
the Mesozoic fabric (figs. 2B, 4B) (Dillon, 1975; Frost and
others, 1989).

MESOZOIC STRUCTURES

The upper crust in the Chocolate Mountains region
images as a series of tilted fault blocks on the reflection
profiles from Milpitas Wash. The Chocolate Mountains are
tilted to the southwest, and so high crustal levels are ex-
posed on the southwest side and the deepest crustal levels
are exposed on the northeast side. Structural components
of the Late Cretaceous Chocolate Mountains thrust system
crop out on the southwest side of the Chocolate Mountains
(Dillon and others, 1990). In the area of Milpitas Wash,
and particularly in the northeastern Chocolate Mountains,
the Chocolate Mountains thrust system has been segment-
ed and tilted by younger extensional faults. These relations
are also revealed in the seismic images of the subsurface
(Morris, 1990). -

CHOCOLATE MOUNTAINS THRUST

The Chocolate Mountains thrust in the Chocolate
Mountains (Dillon, 1975; Haxel, 1977) may be projected
onto the Milpitas Wash seismic profiles because this
structure is well exposed in surrounding mountain rang-
es. The depth of this projected contact on the seismic
lines in the Chocolate Mountains is based on cross sec-
tions of Dillon (1975). The Chocolate Mountains thrust,
which placed Precambrian(?) and Mesozoic gneissic
rocks over the late Mesozoic Orocopia Schist (Dillon,
1975; Haxel, 1977), has been overprinted by several ep-
isodes of normal faulting (Haxel and others, 1988; Dillon
and others, 1990; Jacobson, 1990). These later exhuma-
tion faults were localized along and in some places have
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partly to completely excised the original Chocolate
Mountains thrust fault.

A flat fault or fault zone (D, figs. 4 and 6) is recorded
as a weakly reflective planar surface that separates the con-
trasting fabric of two seismic packages, likely Orocopia
Schist in the footwall and gneissic rocks in the hanging
wall. The depth of this projected fault zone on the reflection
profiles is also based upon the geologic cross sections of
Dillon (1975). The hanging-wall package of Proterozoic(?)
and Mesozoic gneiss and plutonic rocks appears transparent
on these seismic profiles, owing to its small-scale structural
and compositional heterogeneity (Dillon, 1975). This trans-
parent fabric contrasts with short, subhorizontal reflections
that are interpreted as the Orocopia Schist of the footwall.

The fault or fault zone D is thought to have a ramp-
and-flat geometry; it was cut and extended in the Tertiary
by normal faults related to regional detachment faulting.
The detachment faults tilt to the northeast in the Chocolate
Mountains and the southwest in the Trigo Mountains, there-
by creating an intervening antiform in the upper plate
(figs. 2, 3, and 4).

Exposures of low-angle faults in the Chocolate Moun-
tains show various degrees of mylonitization (Dillon and
others, 1990). Mylonitic zones are so thin (a few meters at
most) that they are not directly imaged on seismic profiles,
and associated faults would thus be defined by the bound-
ary between rocks of different seismic character. In con-
trast, faults with a thick chlorite breccia zone do seem to be
imageable (Wang and others, 1989).

Criteria for distinguishing the Mesozoic thrust surfaces
from later exhumation faults are still being formulated
(G.B. Haxel, oral commun., 1989; Dillon and others, 1990).
Based upon surface geology, fault D could be either (1) an
early Tertiary low-angle normal fault with top-to-the-north-
east motion that overprinted the Chocolate Mountains
thrust in the Late Cretaceous soon after it formed (Haxel
and others, 1988; Simpson, 1990; Dillon and others, 1990;
Richard and Haxel, 1991), (2) a later (early Tertiary?) low-
angle normal fault, such as the Arrastra Wash fault and
structurally higher Sortan fault in the Chocolate Mountains
(Haxel and others, 1985, 1988), or (3) a Miocene detach-
ment fault (Hamilton, 1988; Frost and others, 1987). Fault
D is likely a hybrid structure of one, two, or all three types
of the faults listed above. Adding to the complexity, differ-
ent aspects of overprinted events might be observed locally
(G.B. Haxel, oral commun., 1992).

BASE OF THE OROCOPIA SCHIST

In addition to the seismic fabric identified as the Oro-
copia Schist, a pronounced reflection interpreted as the
base of the Orocopia Schist (S, figs. 4 and 6) can be iden-
tified beneath Milpitas Wash. Reflection S maintains its
orientation after migration (fig. 9) and can be used to

match crustal structures; rocks below it have more highly
reflective seismic fabrics than the Orocopia Schist. This
same strong reflection can also be identified on several
seismic profiles from the southwest side of the Chocolate
Mountains (Morris, Frost, and Okaya 1986; Morris,
Okaya, and others, 1986; Morris, 1990). The highly reflec-
tive zone beneath the Orocopia Schist could be modeled
several ways: as oceanic rocks in a microcontinent colli-
sion (Haxel and Dillon, 1978, Haxel and Tosdal, 1986,
Dillon and others, 1990, Tosdal and others, 1989), as sub-
ducted oceanic rocks (Crowell, 1981, Jacobson and others,
1988, Yeats, 1968), as continental North America, in
which the Orocopia Schist represents a wedge between
North America and overlying accreted terranes (Vedder
and others, 1983), or a remnant of North American craton-
al rocks preserved and tilted above a Tertiary ductile struc-
ture (E.G. Frost, oral commun., 1991).

On Milpitas Wash lines 2 and 5, reflections of greater
lateral uniformity lie beneath the western basin, between
1.5 to 2.5 s, within fabric interpreted as the Orocopia
Schist. These reflections provide a structural component
that can be matched multidimensionally on seismic lines 2
and 5; the interpretations shows them dipping gently to the
west and terminating in diffractions (C, figs. 4 and 6). The
reflections could represent contacts in the southern Choco-
late Mountains between the Orocopia Schist and middle-
Tertiary laccoliths, such as the granodiorite exposed at
Mount Barrow (Dillon, 1975; Frost and others, 1987)
(figs. 4B and 6). The southwest-dipping reflections of both
the Orocopia Schist and basal reflection S continue west,
where they are truncated by faults of the San Andreas fault
system (E.G. Frost, oral commun., 1990).

SEISMIC FABRIC OF THE MIDDLE AND LOWER
CRUST

A distinctive subhorizontal seismic fabric of short,
discontinuous reflections is imaged on all the reflection
profiles between 4.0 and 8.5 s; they characterize middle to
lower crust. The fabric is generally coherent, with gently
dipping, laterally continuous reflectors, some with strong
impedance contrasts. Short, discontinuous reflectors are
also seen throughout this seismic package, which has the
same character on all the reprocessed Exxon profiles in the
Chocolate Mountains region (figs. 4 and 6; Morris, 1990).

Layering in the lower crust may produce this laminar
seismic fabric; commonly it is interpreted to represent my-
lonitic zones produced by generation of new lower crust
and structural reworking of older crustal components (Frost
and Okaya, 1986; McCarthy and Thompson, 1988; Wang
and others, 1989; McCarthy and others, 1991). In southern
California, this fabric is imaged on the CALCRUST Whip-
ple lines and on donated and reprocessed industry lines
from the western Mojave (Spongberg and Henyey, 1987).
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Such discontinuous fabrics also can be seen on deep seis-
mic profiles from other regions of extensional faulting
(Brewer and Smythe, 1984; Hauge and others, 1987; Smith
and Bruhn, 1984; Klemperer and others, 1986).

The southwestward dip of reflection S contrasts with
these short-scale, horizontal orientations of the middle and
lower crustal fabrics. This contrast suggests that the reflec-
tion at the base of the Orocopia Schist is a preserved Meso-
Zoic structure.

A strong horizontal to subhorizontal package of reflec-
tions characterizes the base of the crust between 8.5 and 9 s
on all the profiles. It is laterally continuous on several of
the lines (figs. 4 and 6). The depth to this zone of reflec-
tions translates to a crustal depth of approximately 24 km,
which closely matches the depth of the Moho in a USGS
refraction survey of the Chocolate Mountains (Fuis and
others, 1982).

SUMMARY

High-angle normal faults form half-grabens that are
major Tertiary structural features in the upper crust. These
half-graben basins overlie pronounced middle-crustal re-
flections, some of which seem best interpreted as zones of
low-angle normal faults or ductile shear. Basin develop-
ment appears to be largely the passive response of the
upper-plate crust to tilting by movement along a middle-
crustal zone of extensional faults. Anastomosing detach-
ment faults, or their related ductile equivalents, appear to
have overprinted Mesozoic reverse faulting of the Choco-
late Mountains thrust system. Elements of the Chocolate
Mountains thrust are identifiable on the records, although
segmented by the extensional faults.

Sedimentary rocks that fill the half-graben basins may
exhibit foldlike structures due to faulting and stratal tilt-
ing; the lower units are more strongly deformed than up-
per sections containing conglomerate and volcanic rocks.
The reflection profiles suggest the interpretation that early
formed, high-angle faults are tilted to more gentle dips by
progressive deformation along younger normal faults, Ap-
parent folds—antiforms and synforms—are produced par-
allel and perpendicular to the movement direction by the
interaction of multiple high-angle normal faults and the
shapes of the fault blocks. Tilting of the Tertiary strata and
underlying crystalline rocks formed an antiform by a com-
bination of multiple normal faults above a regional detach-
ment fault or faults.
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Introduction to Tertiary Rocks of the Far West Basins

By John C. Crowelll

The stratigraphic sections presented in this chapter
formed in nonmarine basins from early to middle Miocene
time and lie at the west and southwest edge of the Mojave
Desert. These basins are the Diligencia basin, exposed in
the eastern Orocopia Mountains to the northeast of the San
Andreas fault zone, and the Soledad basin (Jahns and Mue-
hlberger, 1954), exposed in the central Transverse Ranges
to the southwest of the San Andreas fault zone. The
Soledad basin consists of the Vasquez Rocks, Texas Can-
yon, and Charlie Canyon subbasins and contains uncon-
formably overlying units. Because of their markedly similar
basin history, stratal facies, and the character and inferred
history of underlying and associated rocks, the two regions
are considered as displaced about 330 km by the younger
San Andreas fault system (Crowell, 1960, 1962; Crowell
and Walker, 1962; Bohannon, 1975).

LATEST OLIGOCENE AND EARLY MIO-
CENE BASINS

The Diligencia Formation (Crowell, 1975) of the Dili-
gencia basin and the Tick Canyon Formation (Jahns, 1940)
and Vasquez Formation of the Soledad basin are of latest
Oligocene and early Miocene age. The youngest beds in the
Diligencia Formation are younger than about 19 or 18 Ma,
whereas those in the Vasquez Formation are probably not
younger than 20 Ma. These rocks are described in greater
detail in this volume (Crowell, this volume; Hendrix, this
volume). Deposits of other Oligocene and early Miocene
basins are preserved in the far-west basins region, both
northeast and southwest of the San Andreas fault system,
but they are not represented by stratigraphic columns in this
volume and are not discussed here.

MIDDLE AND UPPER MIOCENE
FORMATIONS

Nonmarine basin deposits of middle and late Miocene
age, or those ranging in age between 16.2 and 5.3 Ma

IInstitute for Crustal Studies and Department of Geological Scienc-
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(Cowie and Bassett, 1989), are widespread in the far-west
basins region, both northeast and southwest of the San An-
dreas fault zone. The Mint Canyon Formation was depos-
ited in the Soledad basin, now lying between the San
Andreas and San Gabriel faults (Hendrix, this volume).
The Mint Canyon Formation and the correlative Caliente
Formation in the Lockwood and Cuyama Valley areas
(fig. 1) are primarily middle Miocene in age (Ehlig and
others, 1975; Ehlert, 1989). Ridge basin strata were depos-
ited between 12 Ma (at the end of the middle Miocene)
and about 3 Ma (mid-Pliocene) (Crowell and Link, 1982),
and they conformably overlie older Soledad basin beds.

TECTONIC INTERPRETATIONS

The tectonic events in the far-west basins region,
which straddles the San Andreas fault system, include sev-
eral distinctly different episodes and styles. The history of
the Diligencia and Soledad basins suggests that extension,
with presumed crustal thinning and detachment faulting,
probably began in latest Oligocene time. These events oc-
curred both to the east and west of, and are mainly older
than, the San Andreas fault system in southern California.
The basins enlarged and evolved in latest Oligocene and
early Miocene time and were succeeded by other deposi-
tional centers with different origins and orientations that
received deposits of the Barstow, Mint Canyon, and Cali-
ente Formations and the Ridge Route Formation (Clem-
ents, 1937) in middle and late Miocene time. The complex
tectonic history of the region has apparently been associat-
ed with detachment faulting, rotation, and lateral displace-
ment of crustal blocks as the San Andreas fault system
evolved. The working out of this history and the docu-
menting of the several tectonic overprintings remains as a
geologic challenge. '

ROTATION OF CRUSTAL BLOCKS AND DETACH-
MENT FAULTING

The concept that tectonic blocks in southern California
have been rotated around vertical axes is based on paleo-
magnetic data (Luyendyk and others, 1985; Carter and
others, 1987; MacFadden and others, 1990), which are
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supported by the reconciliation of some geological mis-
matches in the western Transverse Ranges (Jones and oth-
ers, 1976; Link and others, 1984; Crowell, 1987). For
example, paleomagnetic interpretations of data from the
Vasquez Formation indicate that its strata were rotated as a
whole about 53° clockwise in the early Miocene and then
about 16° counterclockwise thereafter (Terres and Luy-
endyk, 1985). Strata of the Diligencia basin, on the other
hand, have orientations about 45° different from those of
the Soledad basin (Carter and others, 1987). The lack of
alignment of the rock units (Spittler and Arthur, 1973)
may well be accounted for by these rotations. In addition,
Terres (1984) related an apparent increase in the amount
of clockwise rotation across the Diligencia basin, from
about 45° at the northern margin to about 170° near the
Clemens Well fault on the south, to increasing proximity
to the San Andreas fault zone.

Such tectonic rotations would seem to require detach-
ment of upper crustal rocks from those beneath, but as yet
no detachment faults have been satisfactorily described al-
though they have probably been identified (Morris, 1987,
Robinson and Frost, 1989; Bishop and Ehlig, 1990). Be-
cause the Vasquez and Diligencia strata lie in depositional
contact upon pre-Tertiary rocks, such a detachment fault

(or faults) lie within the basement at depth. Moreover,
Goodmacher and others (1989) recognize tilted blocks
suggesting extensional deformation. In fact, throughout the
region—both northeast and southwest of the San Andreas
fault zone—searches are underway for the inferred detach-
ment faults. Regional tectonic reconstructions must take
into account the likelihood of rotations and detachments,
much of which is associated with crustal extension (Ten-
nyson, 1989).

DISPLACEMENTS ON THE SAN GABRIEL AND
SAN ANDREAS FAULT SYSTEMS

Rocks of the Diligencia and Soledad basins are sepa-
rated geographically by about 250 km and are found on
opposite sides of the main San Andreas fault. Similarities
between the stratigraphic sections include age, lithology,
approximate stratigraphic sequence, abundance of volcanic
rocks, distinctive rock types of limited provenance, and
the character of basement rocks beneath and surrounding
the Tertiary strata. In addition, the sequence of geologic
events as interpreted from the rocks is similar, so it is un-
likely that these events were repeated independently and
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coincidentally at great distance. I therefore have proposed
that the two basins were either adjacent or part of a linear
chain before displacement on the San Andreas fault
(Crowell, 1960, 1962; Crowell and Walker, 1962). Al-
though these correlations and interpretations have been
controversial (Spittler and Arthur, 1973), both the strati-
graphic correlation and the concept of major right slip of
about 250 km on the main strand of the San Andreas fault
zone in southeastern California have been strengthened by
subsequent work (Bohannon, 1975; Ehlig and others,
1975; Powell, 1981).

West of the San Gabriel and San Andreas fault zones,
in the Lockwood and Cuyama Valley areas, a stratigraphic
sequence lithologically similar to the Vasquez Formation
of the Soledad basin overlies lithologically similar base-
ment rocks. The two sequences probably are correlative
and have been displaced about 70 km by the San Gabriel
fault (Crowell, 1960, 1962; Carman, 1964; Ehlig and oth-
ers, 1975). The total right slip on the combined San An-
dreas and San Gabriel faults is therefore about 320 km, an
amount nearly equal to that recognized in central Califor-
nia (Stanley, 1987; Graham and others, 1989).

Major strike-slip displacement along the San Andreas
fault system began about 12 Ma, although some precursor
right-slip displacements may already have been underway.
The San Gabriel fault scarp first spewed coarse conglom-
erates from its rising scarp into the oldest part of the
Ridge basin sequence at about 12 Ma (Crowell, 1982;
Stitt, 1986). Inasmuch as the San Gabriel fault probably
joins strands of the San Andreas fault system on the south-
east in the Cajon Pass-San Gorgonio Pass region, the com-
bined San Gabriel-San Andreas fault system is also as old
as 12 Ma.

An age of 12 Ma for the combined San Gabriel-San
Andreas fault system also is indicated by reconstruction of
the source region for the Mint Canyon Formation and cor-
relative Caliente Formation (Ehlig and others, 1975; Eh-
lert, 1989), which are the youngest units that have been
offset by 320 km. Soledad basin paleocurrent indicators
(Ehlig and others, 1975; Hendrix, this volume) suggest a
source for these units to the northeast, an area now trun-
cated and displaced by the San Andreas fault. Distinctive
volcanic clasts from these units are almost certainly
derived from the northern Chocolate and Orocopia
Mountains region. The Caliente Formation contains litho-
logically similar clasts, and paleocurrent data indicate that
it represents the westward continuation of Mint Canyon
deposits, now offset by the San Gabriel fault. The Caliente
Formation extends westward into the Cuyama Valley area
and changes from terrigenous to marine facies (Lagoe,
1987; Ehlert, 1989). The Mint Canyon and Caliente For-
mations thus represent a throughgoing drainage from the
Orocopia-Chocolate Mountains region to marine embay-
ments along the Pacific margin, which remained intact un-
til late in Miocene time.

Major right slip and the development of the present-
day course of the San Andreas fault system is primarily a
Pliocene and Quaternary event. The modern active strand
of the San Andreas fault from the central Transverse
Ranges to within the Salton Trough is probably no older
than about 5 Ma (Crowell, 1982). It truncates beds of this
age in the northern part of Ridge basin, and its course
along this stretch is viewed as related to the opening of
the Gulf of California and coeval tectonic events (Crowell,
1982; Curray and Moore, 1984).
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The Diligencia Formation, Orocopia Mountains,
Southeastern Calif.

By John C. Crowell!

INTRODUCTION

The uppermost Oligocene and lower Miocene Diligen-
cia Formation, consisting of as much as 2,000 m of irregu-
larly interbedded nonmarine conglomerate, sandstone,
siltstone, limestone, evaporite, and associated volcanic
flows and intrusions, crops out in the eastern Orocopia
Mountains, Riverside County, California (fig. 1). De-
scribed briefly in Crowell (1960, 1962), the unit was for-
mally named and a type section designated in Crowell
(1975). The formation is well exposed in rugged desert
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Figure 1. Map showing some geologic and geographic features
discussed in text.

canyons and on ridges, where steeply dipping, folded and
faulted beds display marked lateral changes in facies.

Spittler and Arthur (1982) have published the most
complete description of the Diligencia Formation, which is
drawn on extensively here. Articles by Bohannon (1975,
1976) and Squires and Advocate (1982) have added much
useful information and interpretation. Refer also to Wil-
liams (1956), Gillies (1958), Spittler and Arthur (1973),
Arthur (1974), and Spittler (1974a) for further discussion
of the Diligencia Formation.

My field work and investigations were conducted in
1956 and 1957, assisted by Allan G. Barrows in studying
the volcanic rocks and Don E. Wilhelms in interpreting the
sedimentary rocks.

REGIONAL SETTING AND TECTONICS

The rocks of the Diligencia Formation are truncated
and limited on the southwest and west by the Clemens Well
fault, interpreted as a major branch of the San Andreas fault
system (Crowell, 1975; Smith, 1977; but see Goodmacher
and others, 1989). On the north, the formation lies uncon-
formably upon strata of the marine Eocene Maniobra For-
mation (Crowell and Susuki, 1959), which in turn lies
unconformably upon Cretaceous and older granitic and
gneissic rocks (Crowell, 1962; Crowell and Walker, 1962;
Powell, 1982). On the south, near Salt Creek Wash, the
Diligencia Formation lies depositionally upon a basement
uplift of augen gneiss, migmatite, quartzite, and amphibo-
lite of Proterozoic age (Silver, 1971). The unconformity
here is vertical to locally overturned, and on the east the
unconformity passes laterally into a steep reverse fault so
that at places a few meters of the lowest conglomerate beds
have been faulted out during post-middle Miocene north-
south contraction. The augen gneiss beneath the Diligencia
Formation is truncated farther south by the Clemens Well
fault. Because these basement rocks to the south are differ-
ent from those exposed to the north, a major buried fault
(suture?) is inferred to lie hidden beneath the Diligencia
Formation. This hidden fault may truncate and limit the
Eocene Maniobra Formation on the south and, therefore, be
post-middle Eocene and pre-late Oligocene in age, or it
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may be overlapped by the Eocene beds and be pre-Eocene
in age. On the east the formation is overlapped by Quater-
nary alluvial deposits of Salt Creek Wash, and it has not
been recognized farther to the east or southeast.

The Diligencia Formation has been cut by northwest-
trending faults and folds (some are markedly compressed
near vertical limbs) that are crosscut by northeast-striking
faults. The result is a conjugate fault pattern that is con-
spicuous throughout the region (Powell, 1981). Hinge
lines of the folds, which form ideal piercing points where
they meet the fault surfaces, are offset by the largest of the
northeast-striking faults as much as 1 km with dominantly
left slip (Crowell, 1975). Although some faults on the
north may have been active during Diligencia sedimenta-
tion (Spittler and Arthur, 1982), most of the deformation is
younger than middle Miocene and older than Quaternary
in age.

Paleomagnetic data derived from the intercalated vol-
canic rocks indicate tectonic rotation around near-vertical
axes (Terres, 1984; Carter and others, 1987). Inasmuch as
the age of the youngest of these flows is 19.1x1.9 Ma
(Crowell, 1973, table 1), the rotations have taken place
since that time. Some of the rotation probably occurred
during the middle and late Miocene when extensional tec-
tonics predominated in the region, especially in the Mo-
jave and Colorado Deserts to the north and east (this
volume); rotations may have occurred during displacement
along early or middle Miocene detachment surfaces at
depth (Robinson and Frost, 1989). Some of the rotations
may have occurred since about 5 Ma in association with
major transform movements on the San Andreas fault sys-
tem and the opening of the Gulf of California. Terres
(1984) suggested that they were related to simple shear
along the evolving San Andreas fault system, including the
Clemens Well fault, because the clockwise rotations in-
crease in magnitude southwestward toward the Clemens
Well fault from about 100° to as much as 170°. It is un-
clear, however, whether large or small tectonic units were
rotated, and additional research is needed to determine the
timing of rotation and size and depths of rotated units.

The Diligencia Formation and underlying basement
rocks are quite similar lithologically to the Vasquez, Plush
Ranch (Carman, 1964), and Simmler Formations and their
underlying rocks in the central Transverse Ranges and
southern Coast Ranges. This suggests that a chain of simi-
lar basins was irregularly aligned across southern Califor-
nia prior to dismemberment and dextral displacement of
about 320 km by the San Andreas fault system (Crowell,
1960, 1962, 1975; Bohannon, 1975).

STRATIGRAPHY AND LITHOLOGY

The sedimentary and volcanic rocks constituting the
Diligencia Formation are subdivided into interfingering

mappable lithologic units of differing thickness and lat-
eral extent. No single continuous stratigraphic section is
fully representative because of marked facies changes
between these units. The beds were laid down within a
nonmarine basin bounded by mountains on the north,
south, and southwest, as inferred from the organization
of alluvial fan facies; also, paleocurrent indicators,
which are mainly centripetal, indicate that the basin cen-
ter migrated irregularly and laterally through time.
Coarse-grained deposits, such as conglomerate and sand-
stone, predominate at the basin margins. Fine-grained
clastic deposits and associated limestone and evaporite
formed in the central part of the basin, which was occu-
pied by an ephemeral playa lake. The strata have been
disrupted by post-early Miocene deformation; as a result,
the original eastern and northern extent of deposition is
unknown. The uppermost units of the sequence are erod-
ed away.

BASAL CONGLOMERATE

Conglomerate with interbedded sandstone and silt-
stone lies unconformably upon a terrane of augen gneiss
and related rocks on the south (col. 4-A, pl. 3). Clasts are
embedded in a reddish-brown earthy matrix and consist
mainly of gneiss derived from underlying metamorphic
rocks. Maximum clast size exceeds 2 m in diameter. On
the north, the basal conglomerate lies unconformably upon
the Eocene Maniobra Formation and consists primarily of
clasts transported from granitic terranes even farther to the
north, with only a minor contribution from the Eocene
beds. To the northwest, monolithologic breccias composed
of granitic clasts intertongue within the unit. The breccias
are interpreted as debris flows from nearby rugged topog-
raphy. The basal conglomerate is the lower part of unit 1
of Spittler and Arthur (1982).

CONGLOMERATE AND ARKOSIC SANDSTONE

Strata of the basal conglomerate interfinger upward
into brown and red sandstone with interbedded siltstone
and mudstone. Granitic clasts and feldspar-rich sand-
stone layers predominate. Some conglomerate lenses on
the southwest contain clasts of anorthosite, syenite, and
the Lowe Granodiorite of Ehlig (1981) that were appar-
ently derived from a terrane similar to that preserved in
the hanging wall of the Orocopia thrust southwest of the
Clemens Well fault (Crowell, 1975). No debris derived
from the Orocopia Schist, however, has yet been recog-
nized within the Diligencia Formation. These conglom-
erate and arkosic sandstone beds are included in the
middle and lower upper parts of unit 1 of Spittler and
Arthur (1982).
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TUFF AND SANDSTONE

Green and white resistant tuff beds, interbedded with
brown sandstone and siltstone layers, underlie volcanic
rocks of the Diligencia Formation in the section on the
northwest. In the southern part of the outcrop area, these
beds are within unit 1 of Spittler and Arthur (1982).

BASALT AND ANDESITE

Basalt lava flows and slightly younger intrusions of
andesite are conspicuous within the Diligencia Formation,
especially on the east. More than a dozen distinct basalt
flows are intercalated with thin siltstone beds. The silt-
stone locally contains ostracodes, indicating deposition in
a lacustrine or fluvial deltaic environment. The basalt
flows, which reach a maximum thickness of 160 m, are
mainly massive but some contain amygdules. Andesite
crops out as sills, dikes, and irregular bulbous intrusions
and load masses, suggesting intrusion into soft sediment
near the top of the volcanic sequence. The chemical com-
position and petrography of the volcanic rocks are de-
scribed by Spittler and Arthur (1982), who assigned them
to their volcanic unit (between units 1 and 2).

EVAPORITE BEDS

Thin-bedded gypsum, limestone, calcareous siltstone,
and minor tufa occupy the central part of the Diligencia
basin. Intercalated purple siltstone and mudstone layers
carry traces of borates. Gray limestone beds, characterized
by jointed and reticulated surfaces, form resistant hogbacks
on the northwest. The evaporitic beds and associated rocks
are included in unit 2 of Spittler and Arthur (1982).

BRECCIA

Tongues of monolithologic breccia crop out in the up-
per parts of the formation, especially on the northwest. The
breccia exhibits a mosaic structure in which angular frag-
ments as much as 1 m across interlock with very little ma-
trix. In places these mosaic rocks are massive and easily
confused with shattered, in-place basement, but they are
mainly interbedded with brown sandstone. The breccia
lenses are interpreted as debris flows deposited in an alluvi-
al environment or as landslides from nearby steep slopes.

UPPER SANDSTONE AND SHALE

On the northwest, bedded brown and gray sandstone,
shale, and mudstone are interbedded with lenses of mono-

lithologic mosaic breccia and minor beds of gray lime-
stone. Paleocurrent structures abound, such as small-scale
cross-stratification and ripple marks. These strata, includ-
ing breccia lenses, are included in units 3 and 4 of Spittler
and Arthur (1982).

AGE

The age of the Diligencia Formation is latest Oli-
gocene and early Miocene on the basis of K-Ar ages
from basalt flows and an Oreodont jawbone recovered a
short distance stratigraphically above the basalt. The vol-
canic flows, collected north of Canyon Spring in the east-
ern part of the outcrop area, give K-Ar ages of 23.0x2.9,
20.6+8.9, and 19.1+1.9 Ma (plagioclase) (Crowell, 1973;
Spittler, 1974b). All ages are recalculated using modern
decay constants. The extremes of the confidence limits
(25.9, 29.5, and 21.0 Ma, respectively) range down into
the Oligocene, which is widely accepted as ending at
23 Ma (Cowie and Bassett, 1989). The jawbone (Mery-
chyus sp. cf. M. calaminthus, Jahns), described by Wood-
burne and Whistler (1973), is “of late Arikareean or less
possibly, early Hemingfordian age.” The volcanic rocks
and the fossil come from the middle part of the Diligen-
cia Formation, so the lowest part of the formation may
include Oligocene beds. Other rare fossils, such as ostra-
codes and fish remains and a fragment from a camel jaw
(Squires and Advocate, 1982), have not yet been useful
in dating.
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Soledad Basin, Central Transverse Ranges, Calif.

By Eric D. Hendrix!

INTRODUCTION

The Soledad basin of Bailey and Jahns (1954) lies
within the central Transverse Ranges. It is geographically
and structurally bounded by the western San Gabriel
Mountains crystalline basement on the south, the Liebre
Mountain crystalline basement and Ridge basin to the
north, the San Andreas fault zone to the east, and the San

'Department of Earth & Space Sciences, University of California,
Los Angeles, CA 90024, and Applied Environmental Services Inc.,
23113 Plaza Pointe Drive, Suite 100, Laguna Hills, CA 92653

Gabriel fault zone to the west (fig. 1). San Gabriel crys-
talline basement that contributed clastic material to
Soledad basin sedimentary rocks includes the Proterozoic
granulite-grade Mendenhall Gneiss of Oakeshott (1958)
and lithologically equivalent units, a Proterozoic layered
intrusion of anorthosite, syenite, and gabbro and their am-
phibolite-grade equivalents, the Early Triassic Lowe
Granodiorite of Ehlig (1981), and mid- to Late Creta-
ceous granitic plutons. Stratigraphic units of the Soledad
basin, from oldest to youngest, are the Vasquez Forma-
tion, Tick Canyon Formation of Jahns (1940), and Mint
Canyon Formation (col. 4-B, pl. 3). The deposition of
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Figure 1. Map showing location of some geographic and geologic features named in text. Hachured lines are detachment faults,
hachures on downdropped side; other faults are high angle. Soledad basin encompasses area between Soledad fault and Pelona detach-
ment fault. PDF, Pelona detachment fault, is distinct from previously named high-angle Pelona fault (see text).
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these three nonmarine units spans a period of roughly 16
million years between 26 and 10 Ma. For the sake of
brevity, stratigraphic data and sedimentologic interpreta-
tions are discussed together for each unit.

Best-fit palinspastic corrections for 240 km of Neo-
gene San Andreas fault displacement (Crowell, 1975; this
volume; Powell, 1981) place the Soledad basin immediate-
ly southwest of the Orocopia Mountains region during its
inception in the latest Oligocene (approximately 26 Ma).
Thus, it originally lay within the southwestern part of the
middle Tertiary highly extended terrane. Recently, detach-
ment faulting characteristic of other segments of the high-
ly extended terrane has been interpreted in the Soledad
basin (Bishop, 1989). Bishop and Ehlig (1990) used the
name “Pelona detachment fault” for the primary detach-
ment fault of the basin, but this name creates confusion
with the previously named, geographically distinct Pelona
fault (fig. 1; Muehlberger, 1958), which I interpret as a
high-angle listric fault within the upper plate of the pri-
mary detachment fault. The Pelona detachment fault is in-
terpreted as having exerted a primary control over Soledad
basin evolution, in general, and Vasquez Formation sedi-
mentation in particular.

VASQUEZ FORMATION

Representing both the earliest and thickest sedimenta-
ry accumulation within the Soledad basin, the Vasquez
Formation is exposed within three geographically separate,
fault-bounded subbasins (Jahns and Muehlberger, 1954;
Muehlberger, 1958). Only the southern two subbasins
(Vasquez Rocks and Texas Canyon subbasins) are dis-
cussed herein (Hendrix and Ingersoll, 1987; Hendrix,
1989). The northernmost subbasin (Charlie Canyon sub-
basin) is sedimentologically unique because it lacks (1)
distinctive alluvial megacycles that can be correlated be-
tween the other two subbasins, (2) sedimentologic evi-
dence of paleodrainage with the other two subbasins, and
(3) the distinctive sedimentologic evolution observed in
the other two subbasins. Owing to this uniqueness, the
northern structural margin of the Soledad basin proper is
considered herein to be the Pelona detachment fault of
Bishop and Ehlig (1990) and the Sierra Pelona, a promi-
nent ridge that exposes an antiform composed of the Pelo-
na Schist immediately north of the Texas Canyon
subbasin. Lithostratigraphic correlations have been estab-
lished previously between the Vasquez Rocks and Texas
Canyon subbasins (Hendrix and Ingersoll, 1987).

The Vasquez Formation in the Vasquez Rocks sub-
basin is as thick as 5,500 m and is depositional upon and
faulted against crystalline basement along the Soledad and
Mint Canyon faults (fig. 1). In the Texas Canyon subbasin
the formation is slightly more than 4,000 m thick. As illus-
trated on the composite time-stratigraphic column (col

4-B, pl. 3), rocks in the Vasquez Rocks subbasin (col. 4-B,
left side) are divided into four informal units (basal, vol-
canic, megacyclic, and upper units), whereas rocks in the
Texas Canyon subbasin (col. 4-B, right side) are divided
into three units (megacyclic, middle, and upper units).

BASAL UNIT

The lowest part of the Vasquez Formation, recognized
only in the Vasquez Rocks subbasin, consists of coarse,
clay-rich, matrix-supported breccia interpreted as debris
flow deposits on small alluvial fans, with associated mi-
nor conglomeratic sandstone and limestone in the north-
eastern part of the subbasin. Sparse paleocurrent data
suggest that sediment transport was toward the northeast,
whereas the highly variable clast suites along strike imply
a provenance of multiple local source areas (Hendrix and
Ingersoll, 1987). The basal unit is nonconformable on
crystalline basement and highly variable in thickness
(range 0-330 m). It exhibits general thickening toward the
northwest, yet it lacks observable significant lithofacies
variation either vertically or along strike. The absence of
recognized fault-related sedimentologic variation suggests
that the differences in outcrop thickness are the result of
either .infilling of original topography by small alluvial
fans or deposition in small, fault-controlled basins. The
facies and thickness variations along strike, coupled with
the varied clast composition, indicate that the Soledad
fault to the south was not yet active as the key upper-
plate structure controlling the geometry and depositional
systems of this subbasin.

VOLCANIC UNIT

The volcanic unit is recognized only in the Vasquez
Rocks subbasin and consists of subalkaline and calc-alka-
line basaltic andesite and dacite lava flows and sills (Wei-
gand, 1982). The unit thins northwest along strike from a
maximum of 1,300 meters near the Soledad fault to a min-
imum of 400 meters in the Tick Canyon block (between
the Mint Canyon and Green Ranch faults, fig. 1). Dacitic
and rhyodacitic flows.associated with basaltic andesite are
also found in the Soledad Pass area 20 km east of the
Vasquez Rocks subbasin (Weigand, 1982), as are volcanic
domes, radial dikes and abundant volcanic breccia, fea-
tures suggesting proximity to a volcanic center (Buesch
and Ehlig, 1982; D.A. Buesch, oral commun., 1990).

Interstratified conglomerate and sandstone are found
in the volcanic unit within the Vasquez Rocks subbasin
proper but are absent from the eastern volcanic zone of
the Soledad Pass area, implying a topographically posi-
tive volcanic edifice east of the principal subbasin. These
interstratified epiclastic rocks reflect a homogeneous
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southern plutonic provenance, and they coarsen and thick-
en abruptly and uniformly southward toward the Soledad
fault (fig. 1). These relationships contrast sharply with re-
lationships observed in the basal unit and indicate that
displacements on the Soledad fault and development of
half-graben subbasin geometry began during volcanism
(Hendrix and Ingersoll, 1987). Sedimentologic variations
in the overlying megacyclic unit document the control ex-
erted by this fault over subsequent basin evolution.
Potassium-argon ages from flows within this unit con-
strain the maximum age of Soledad basin inception and

initial extension. Published ages are 24.9+2.1 Ma and -

23.9+0.8 Ma (plagioclase) (Crowell, 1973) and 24.922.0
Ma (whole rock) (Weigand and Frizzell, 1986; V.A. Friz-
zell, written commun., 1986).

MEGACYCLIC UNIT

The megacyclic unit is recognized within both sub-
basins and comprises four allocyclic, upward-fining and
upward-thinning alluvial megasequences. The megase-
quences were generated by prograding alluvial fans in re-
sponse to episodes of displacement along the Soledad,
Vasquez Canyon, and (high-angle) Pelona faults. They
consist of breccia, conglomerate, sandstone, and mud-
stone; one megacycle contains air-fall tuff. In the Vasquez
Rocks subbasin, the basal part of the unit interfingers with
the uppermost part of the volcanic unit in the Vasquez
Rocks subbasin, but along the eastern margin of the Texas
Canyon subbasin it is faulted against retrograded mylonitic
schist along a poorly exposed, low-angle normal fault
(Pelona detachment fault) (Bishop, 1989). This unit attains
a maximum thickness of 2,300 m adjacent to the Soledad
fault in the Vasquez Rocks subbasin and 1,600 m in the
Texas Canyon subbasin.

Provenance data imply that the two subbasins were
structurally isolated from one another during deposition
of the megacyclic unit. Paleocurrent data, conglomerate
clast compositions, and facies architecture suggest that
sediment was transported northward across the active
Soledad fault into the Vasquez Rocks subbasin from a
source area composed of the Early Triassic Lowe Grano-
diorite. In the Texas Canyon subbasin, gneissic and gra-
nitic clasts were transported westward with volcanic
clasts derived from the Soledad Pass area. Sediment also
was derived from a northerly source of granite and quartz
monzonite across the active, high-angle Pelona fault
(Hendrix and Ingersoll, 1987; fig. 1). Small, segmented,
debris-flow- and sheetflood-dominated alluvial fans
formed in response to a period of rapid fault-controlled
subsidence in both subbasins, as interpreted from thick-
ness trends, conglomerate petrofacies, and facies archi-
tecture (Hendrix and Ingersoll, in press). Typical alluvial
channel-fill sequences (for example, Bull, 1977) and evi-

dence for bedform migration (for example, cross-stratifi-
cation) are rare. Facies and thickness trends indicate that
the Vasquez Rocks subbasin formed as a half-graben with
maximum subsidence along the Soledad fault, whereas
the Texas Canyon subbasin formed as an asymmetric gra-
ben with maximum subsidence along its north (high-
angle Pelona fault) margin and subordinate subsidence
along its south (Vasquez Canyon fault) margin (fig. 1).
Thickness variations within stratigraphic markers, ephem-
eral-lacustrine lithofacies at a distal basinal position rela-
tive to the locus of maximum subsidence (Soledad fault),
and an areally limited basaltic andesite flow in the Tick
Canyon area of the Vasquez Rocks subbasin suggest that
synsedimentary normal faulting along the Lang or Green
Ranch faults occurred at a minor volcanic center in this
area (Hendrix and Ingersoll, in press).

Although unfossiliferous, lithogenetic units as distinct
as the tectonically generated, upward-fining alluvial se-
quences of the megacyclic unit were used to correlate be-
tween the otherwise physically separate Vasquez Rocks
and Texas Canyon subbasins. This correlation is strength-
ened by the presence of distinctive Vasquez volcanic clasts
in the megacyclic unit of the Texas Canyon subbasin. The
clasts were derived from the Soledad Pass volcanic center
to the east. Although the two subbasins were physically
separate at this time, the simultaneous generation of pro-
gradational fan megasequences by faulting imply that the
causative high-angle faults were somehow linked, presum-
ably along the underlying Pelona detachment fault.

MIDDLE UNIT

A distinctive 250-m-thick sequence of breccia and
sandstone defines the middle unit of the Vasquez Forma-
tion in the Texas Canyon subbasin. Its presence indicates
a period of intensified activity along the Pelona (high-
angle) fault or perhaps decreased activity along the
Vasquez Canyon fault. Stratigraphically correlative strata
in the Vasquez Rocks subbasin occur in the uppermost
part of the megacyclic unit and record a period of fan
retrogradation and diminished relief along the Soledad
fault. The middle unit and correlative strata may reflect
an important episode of structural adjustment throughout
the Soledad basin prior to deposition of the upper unit.

UPPER UNIT

The upper unit is characterized in both subbasins by
drab-colored conglomerate and minor sandstone, which
show increased textural maturity relative to underlying stra-
ta. Diagnostic sedimentary structures include well-devel-
oped clast imbrications, scour-and-fill, and normal grading,
although massive bedding is equally common. The upper
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unit attains thicknesses of 1,600 m and 2,150 m in Vasquez
Rocks and Texas Canyon subbasins, respectively.

The two subbasins coalesced and became integrated
during deposition of this unit. Integration is documented in
the Texas Canyon subbasin by the appearance of plutonic
clasts that could only have been transported from a south-
ern source in the San Gabriel Mountains. Integration prob-
ably was accomplished through erosion and partial
overtopping of Mint Canyon ridge, a structural barrier of
plutonic rocks (between the Vasquez Canyon and Mint
Canyon faults, fig. 2) that had separated the two subbasins
during deposition of the megacyclic unit (Hendrix and In-
gersoll, 1987). The integration of subbasin depositional
systems and the lateral uniformity of alluvial lithofacies
and conglomerate sheets suggests evolution to a broad fan
system, in marked contrast to the abrupt lithofacies varia-
tions of the underlying megacyclic unit. The change from
localized, wedge-shaped alluvial fans to more extensive,
broad fan systems has been interpreted in other basins as
evidence of decreased subsidence rate (Paola, 1988; Blair
and Bilodean, 1988). Conglomerate sedimentology sug-
gests accumulation as primarily hyperconcentrated traction
deposits and more dilute streamflood deposits, in contrast
to the mass flow and sheetflood deposits of the megacyclic
units.

The characteristics of the upper unit of the Vasquez
Formation may signal a decrease in basinal (fault-related)
subsidence rate and an enlargement of the drainage basin
and alluvial depositional system during progressive exten-
sion of the Soledad basin (Hendrix and Ingersoll, 1987; in
press). Larger drainage basins characteristically yield low-
er sediment input per each event of flood discharge reach-
ing the fan environment (for example, Hooke, 1968; Wells
and Harvey, 1987). An enlarged drainage basin and con-
comitant increase in sediment transport distance are addi-
tionally suggested by an increasing number of subrounded
to subangular clasts within the upper unit of both sub-
basins, in contrast to the ubiquitous angularity of clasts
within the underlying megacyclic unit.

TICK CANYON FORMATION

The 300-m-thick Tick Canyon Formation of Jahns
(1940) overlies the Vasquez Formation with angular dis-
cordance ranging from 30° to 90°. The Tick Canyon For-
mation thins rapidly to the north-northwest along strike,
eventually lapping out across plutonic rocks of Mint
Canyon ridge and the southwestern corner of the Texas
Canyon subbasin (Muehlberger, 1958). The subjacent un-
conformity cuts downsection northward and removes a
significant part of the Vasquez Formation.

The Tick Canyon Formation consists of a basal vol-
caniclastic breccia in its southern exposures and a gneiss-
and granite-clast breccia in its northern exposures. The

southern exposures appear to occupy an east-trending,
large paleochannel incised into the Vasquez Formation
along the south side of the Green Ranch fault. The basal
breccias fine upsection into a sequence of conglomerate,
reddish to gray mudstone, and sandstone that are inter-
preted as fluviolacustrine deposits (Ehlert, 1982). Clast
imbrications and b-axis alignments from the basal brec-
cias suggest local derivation from the north or northeast
(E.D. Hendrix, unpub. data, 1988), whereas conglomer-
ates higher in the section suggest paleoflow from the east
and northeast (Ehlert, 1982). Volcanic clasts in the basal

-conglomerate of the Tick Canyon Formation lithologi-

cally resemble reworked volcanic rocks of the Vasquez
Formation, although a small percentage of the clasts are
volcanic rocks unknown in the Soledad basin area but
possibly derived from the northern Chocolate Mountains
east of the San Andreas fault zone. The Tick Canyon
Formation is the oldest unit in Soledad basin that con-
tains clasts of the Pelona Schist, specifically cataclastic
and greenschist-grade varieties that were derived from
uplift of Sierra Pelona, northeast of Texas Canyon subba-
sin (Ehlert, 1982). Clasts of cataclastic and mylonitic
rocks derived from the Pelona Schist decrease upsection
as clasts of muscovite-albite schist increase, probably in
response to erosional unroofing and exposure of the Pelo-
na detachment fault..

A controversial vertebrate assemblage from the Tick
Canyon Formation constrains the minimum age of the un-
conformably underlying Vasquez Formation and its pre-
Tick Canyon deformation. Originally interpreted as late
Arikareean in age (21 to 20 Ma) (Jahns, 1940; Wood-
burne, 1975), oreodont fossils from the Tick Canyon For-
mation are now considered to represent a dwarfed variety
of a species whose stratigraphic range extends into the
lower part of the Hemingfordian (land mammal) Stage
(Lander, 1985) and perhaps is as young as 19 or 18 Ma.
This younger age assignment would permit more time,
perhaps as much as 2 m.y. or more, in which to deform
and -erode the Vasquez Formation prior to Tick Canyon
time, thus avoiding temporal conflicts introduced by the
older age determinations (Woodburne, 1975; Ehlert, 1982).

MINT CANYON FORMATION

The Mint Canyon Formation is exposed over a much
greater region than the Tick Canyon Formation. It com-
prises between 1,300 and 1,800 meters of fluvial and la-
custrine sedimentary rocks (Muehlberger, 1958; Ehlert,
1982). On the stratigraphic column (col. 4-B, pl. 3) these

rocks are divided into a lower, gray-brown conglomeratic

sandstone unit of braided fluvial origin and an upper sand-
stone, siltstone, and limestone unit of fluviodeltaic and flu-
violacustrine origin (Ehlert, 1982; Saul and Wooton,
1983). Paleocurrent data suggest a large, well-integrated,
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A. About 24 Ma, initial deposition of megacylic unit of Vasquez Formation

Early Vasquez sedimentation in nonintegrated subbasins via debris-flow and sheetflood processes on
small, segmented alluvial fans; subsidence rate is greater than sedimentation rate
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B. About 21 Ma, deposition of upper unit of Vasquez Formation

Decrease in basin subsidence rate as detachment lower plate rebounds. Sedimentation on broad
alluvial fans via hyperconcentrated flood and streamflood processes within enlarged integrated

subbasins
E ° : 5
> 3 Get
] e 380
8 §, g [ SOUTH
NORTH £ g ] a3c
KILOMETERS = < het 2ca
(arbitrary datum) K] § b E % & §
3 ANCESTRAL & 52 H 5588 3
SIERRA PELONA & =2 Vasquez Rocks *
a Texas Canyon g a subbasin
subbasin
0 -0
N —
2=~ Vincent thrust fault 3
= e =]
3 = -3
R = = - = — - ' L6

C. About 18 Ma, end of crustal extension

Flexural deformation of Vasquez Formation, growth of angular unconformity, and deposition of Tick

Canyon Formation, development of angular unconformity, and deposition of Tick Canyon Formation during
final stages of lower-plate rebound
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Figure 2. Schematic cross sections showing phases in structural and stratigraphic evolution of
Soledad basin from about 24 (A) to 18 Ma (C). Between these phases, detachment lower plate is
structurally denuded, leading to isostatic rebound, which profoundly affects sedimentation in upper-
plate alluvial basins. Vincent thrust fault shown dashed; low- and high-angle normal faults shown
solid. Arrows show relative direction of movement.
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west-flowing fluvial system, and provenance data indicate
that distinctive quartz latite porphyry and other volcanic
and plutonic rocks from the northern Chocolate Mountains
were eroded to supply sediment to this system. Clasts of
pre-Tertiary plutonic and metamorphic rocks were also lo-
cally derived from the Soledad basin area. Clasts of the
Pelona Schist, particularly muscovite-albite greenschist,
_increase in abundance upsection in the Mint Canyon For-
mation and are in greater abundance than in the underly-
ing Tick Canyon Formation. Northwest of the Texas
Canyon subbasin, a conglomerate (San Francisquito Can-
yon breccia unit of Sams, 1964) consisting exclusively of
clasts derived from the Pelona Schist interfingers with the
lower, braided fluvial unit of the Mint Canyon Formation.
Textural maturity increases noticeably upsection between
the Tick Canyon and Mint Canyon Formations.

Vertebrate assemblages within the lower, conglomerat-
ic sandstone unit of the Mint Canyon Formation are early
to middle Barstovian (middle Miocene) in age, but the
lowermost part of the Mint Canyon Formation may be as
old as late Hemingfordian (late early Miocene) (Durham
and others, 1954; Woodburne, 1975; E.B. Lander, oral
commun., 1987). Vertebrates from the upper fluviodeltaic
and fluviolacustrine unit indicate a late Barstovian to early
Clarendonian (late middle Miocene to late Miocene) land-
mammal age (Woodburne, 1975; Saul and Wooton, 1983);
these ages are corroborated by a fission-track age of
10.8+0.5 Ma (zircon) from air-fall tuff in the upper unit
(Terres, 1984).

On the basis of vertebrate age assessments then in use,
Jahns (1940) interpreted the contact between the Mint
Canyon and underlying Tick Canyon Formations as a dis-
conformity. The new data suggest that the two formations
are much closer in age than originally believed, a conclu-
sion consistent with conformable contacts observed by Eh-
lert (1982).

BASIN EVOLUTION AND STRUCTURAL
IMPLICATIONS

The best evidence for kinematic association of
Soledad basin evolution with detachment faulting is pre-
served on the northeastern margin of the Texas Canyon
subbasin, where the base of the megacyclic unit of the
Vasquez Formation is truncated by a fault zone defined by
a 10-m-thick chloritic mylonite lying structurally above
the Pelona Schist, although clasts of the Pelona Schist are
absent in the overlying Vasquez Formation (Hendrix and
Ingersoll, 1987; Bishop and Ehlig, 1990). The fault zone
dips between 20° and 45° south-southwest in its present
configuration and represents, at least in part, a middle Ter-
tiary detachment fault that has excised at least 1,000 m of
thrust-zone rocks of the Paleocene Vincent thrust fault
(Ehlig, 1981; Evans, 1982). The detachment is also proba-

bly exposed within the Mill Canyon window in the west-
ern San Gabriel Mountains south of the Soledad fault (fig.
1), where strongly L-tectonized, mylonitic Mesozoic gran-
odiorite and Proterozoic(?) gneiss are in low-angle (de-
tachment?) fault contact over brittlely sheared anorthositic
rocks; both of these rock types are also commonly found
in the Vincent thrust hanging wall (Ehlig, 1981; Carter,
1982). When compared to the Mill Canyon window, the
structural position of the detachment fault within the Texas
Canyon area suggests that the detachment fault originally
extended northward to a lower structural horizon, pene-
trating the Pelona Schist of the original Vincent thrust
footwall (fig. 2A). Similar structural localization and cross-
cutting relationships between Paleocene thrust and middle
Tertiary detachment faults are observed in offset Soledad
basin equivalents in the Orocopia Mountains (Robinson
and Frost, 1989; Crowell, this volume). This structural
geometry, and the antithetic sense of rotation of the upper-
plate block of the Vasquez Rocks subbasin, implies north-
ward transport of the detachment’s upper plate (fig. 24). In
the model proposed here, the Soledad, Green Ranch,
Vasquez Canyon, and (high-angle) Pelona faults were
high-angle, listric upper-plate structures which flattened
into and were linked by the Pelona detachment fault.
Isostatic uplift and rebound of the detachment footwall
beneath the extended upper plate (for example, Spencer,
1984; Howard and John, 1987; Davis and Lister, 1988)
could have caused the net decrease in subsidence rate that
is interpreted to have resulted in the sedimentologic differ-
ences between the megacyclic unit and the upper unit of
the Vasquez Formation (fig. 2B). If so, then the available
age constraints imply that extension was ongoing for at
least 3 to 4 million years before the depositional record
showed the effects of lower-plate rebound. A similar
mechanism has been suggested to explain temporal varia-
tions in depositional systems in other detachment-related
basins (Beratan, this volume). Uplift and doming of the
detachment footwall would also have arched the detach-
ment itself, thus explaining the present shallow southward
dip of the detachment fault in the Texas Canyon area (fig.
2C). The culmination of isostatic uplift may be reflected in
the deformation of the Vasquez Formation prior to Tick
Canyon time, as’the rising footwall flexure caused local
block-rotation contraction in the upper plate. Pre-Tick
Canyon deformation could not have been related to pro-
posed clockwise rotations of the central Transverse Ranges
crustal block (Terres, 1984), because regional displace-
ment histories of units across the San Andreas fault system
require that these clockwise rotations occurred no earlier
than 16 Ma, or 2 million years after earliest Tick Canyon
Formation deposition. The appearance of clasts of the
Pelona Schist in the middle part of the Tick Canyon For-
mation implies that the rising footwall (Sierra Pelona anti-
cline) of the basal detachment fault breached the surface
and created a sediment source immediately after deposi-
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tion of the Tick Canyon Formation began. Fission-track
retention ages of 17.5+2.1 Ma (apatite) from upper-plate
rocks of the western San Gabriel Mountains (Cummings
and others, 1982), signal the culmination of a significant
pretransform-fault (pre-Mint Canyon Formation) uplift and
cooling event during deposition of the Tick Canyon For-
mation, roughly 6 to 8 million years after the initiation of
Soledad basin (upper plate) extension at about 26 Ma.

Whereas the Tick Canyon Formation reflects the infill-
ing of local depressions formed during the final phase of
extension and footwall rebound, the Mint Canyon Forma-
tion reflects (1) broad integration between the Soledad ba-
sin region and areas to the east across the former volcanic
center of Soledad Pass, (2) development of external drain-
age, and, (3) in the upper part of the Mint Canyon Forma-
tion, the effects of transform tectonics (Crowell, 1975).
Onlap of the lower conglomeratic sandstone unit of the
Mint Canyon Formation (approximately 16 Ma?) across
normal faults of the detachment upper plate (Soledad,
Pelona, Green Ranch, and Vasquez Canyon faults) (Jahns
and Muehlberger, 1954) suggests that crustal extension
had ceased in this area by early middle Miocene time.
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