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FOREWORD

The Idaho Bureau of Mines and Geology by its
statutory mission is the lead agency for the coordi-
nated investigation, assembly, and interpretation of
scientific information on the geologic resources of the
state. This publication on Idaho’s Cenozoic geology is
the first such comprehensive effort since our agency
began in 1919. It brings together a compendium of
Tertiary and Quaternary knowledge of significance
and value.

The work provides a multidiciplinary view of the
dynamic sequence of tectonic, volcanic, geomorphic,
hydrologic, glaciologic, and climatic events that have
shaped the rock and landform character of this
region. Comprising much of the middle and northern
Rocky Mountains and extending for nearly 600 miles
from its southeast corner to its northwest edge, the
state also involves accretionary terranes on a dia-
strophically active margin of the North American
continent. As such it embraces a fugue of endogenetic
and exogenetic processes during the Cenozoic Era
which are globally significant.

In recent years, Idaho’s population has grown
rapidly, and the U. S. Census Bureau forecasts a 50
percent increase by the end of the first decade of the
twenty-first century. Accompanying this growth, the
state’s economy is diversifying from one dominated
by agriculture, lumbering, and mining to cne that
includes increased tourism and recreational use of the
land, the construction and utilization of facilities for
food processing, light manufacturing, high-tech elec-
tronics industries, commercially applied scientific re-
search, transportation, and power generation. Ac-
companying these changes, a leveling off or reduction
is possible in the forest products and minerals-based
industries; with foreign markets agricuiture should
expand. Nevertheless all of these enterprises will
continue to stress the state’s natural resources.

Many of these resources because they involve the
soils, lakes and rivers, ground water, rock formations
for construction aggregates as well as nonfuel min-
erals, phosphate ore for fertilizers, recreational areas
and wilderness, plus even the cherished open spaces,
are all or partly in the geologic realm. Thus the
potential for a progressive use of our resources, or for
premature destruction or unwitting waste, will be
governed by their accurate identification and scien-
tific interpretation. From this then can stem respon-
sible and appropriate planning for wise use, for
conservation, and for protection in the interest of
coming generations.

In light of these prospects, the importance of this
volume is to provide a needed descriptive and scien-

tific background. Specific groups who will draw upon
this new geologic knowledge include university and
high-school teachers as well as the public at large.
There will be value as well to the geologic and allied
professions in the state exploring for minerals, energy
resources, and construction materials.

The value to agriculture and forest industries is
patent, as it is to future urban and rural planners who
will strive for balance in the use and conservation of
limited ground-water sources, in better control of soil
erosion, and in planning and zoning decisions that
best fit the geologic framework of the land. This
significance is highlighted by the fact that nearly all of
Idaho’s population resides in or obtains livelihood
from areas underlain by volcanic rock and sedi-
mentary formations of Cenozoic Age.

Basic information in this volume will also help in
identifying and predicting geologic hazards, such as
faults that have the potential for dangerous carth-
quakes, areas with potential for slope failure, and
floods or volcanicity based on previous patterns in
recent geologic time. During the Cenozoic Era, Idaho
has been repeatedly affected by major climatic
changes controlling the character of its water re-
sources, and it has been one of the most active
earthquake and volcanic sectors of our Earth,

This volume gives us scientific reasons to suspect
that this geologic activity has not diminished over the
brief span of man’s historic occupation of the state. In
fact, much of this book deals directly with the
volcanism and tectonism which have occurred in
Idaho during the Cenozoic Era.

Not to be taken lightly is the aesthetic value of the
book’s contents through its contribution to the better
understanding of our planet. This is relevant to
Idaho’s citizens and to visitors interested in knowing
how, why, and when the beautiful scenery and other
facets of the Gem State’s geologic endowment came to
be formed. Most of the papers in this volume describe
not only the geologic character but aiso the origin of
surface features that form our landscape. Many of the
studies relate to areas of great scenic attractiveness
visited by large numbers of pecple each year.

This information will also be significant to the
private and public portions of our state’s economy.
To geologists engaged in further enquiry in the north-
western United States, these ideas and references
should be invaluable., This compendium is a baseline
of knowledge from which the next generation of
geologists can identify new areas of basic and applied
scientific enquiry to be pursued for the further
betterment of the citizens and economy of Idaho.



The Idaho Bureau of Mines and Geology has a key
role to play as a clearinghouse for geologic and
mineral resource information for the state. The
publication of the Cenozoic Geology of Idaho
furthers that role and befits our mission within the
government of Idaho.

As noted in more detail in the editors’ preface, we
have benefitted from a large number of excellent
professional contributions by geologists of the U. S.
Geological Survey and from academic scientists with
various university affiliations. The volume is, there-
fore, a successful product of a major combined effort
and represents the best in informal state-federal-
university cooperation at the personal and individual
scientist level. To each of these authors, we are deeply
indebted and grateful.

Our own Idaho Bureau of Mines and Geology

staff has gone more than the extra lap to sustain
professional quality and to release this information in
a timely fashion. To be noted, too, are the
considerable financial resources that have been
involved in the preparation stages. It is clearly
amazing that such an enormous task has been
accomplished so well by so few in such a limited time.
Particularly to be thanked for extraordinary effort
are the two scientific editors, Drs. Bonnichsen and
Breckenridge, and our superb and dedicated pro-
fessional editor, Roger Stewart, together with his
proficient editorial staff.

Maynard M. Miller

Chief—Idaho Bureau of Mines and Geology

Dean—College of Mines and Earth Resources,
University of Idaho



PREFACE

The Cenozoic Era was a time of dramatic display of
geologic forces. Landscapes and life forms have come
and gone in this span of time called “the age of
mammals.” The Cenozoic Geology of Idaho provides
a scientific look into the last 65 million years of
Earth’s history in the area that is now our state. In
Idaho, we can trace a nearly complete record of both
ordinary and spectacular geologic events right up to
the present. Here at the edge of an active continental
margin, this land of Idaho has undergone large-scale
tectonic uplift and faulting, gigantic volcanic erup-
tions as large as anywhere on Earth, glaciation of both
alpine and continental scale, and two floods unrivaled
on this planet. Indeed, some of Idaho’s geologic fea-
tures are being used as analogs to guide investigations
into the geologic past of other planets. To study
Idaho's young geologic terrane in both a physical and
scientific sense is especially exciting.

In recent years Idaho’s population has grown
rapidly, a trend likely to continue into the next
century. An accurate descriptive and interpretive
scientific understanding of Idaho’s geology is funda-
mental to making sound decisions for conserving the
state’s natural resources in the future. Providing this
information to the public is an important purpose of
this volume. For it, the Idaho Bureau of Mines and
Geology has brought together an array of geologic
research papers on the Cenozoic Era. Much of 1daho
especially the more heavily populated parts of the
state, is underlain by geologic formations and
materials that had their origin during this portion of
geologic time.

We have organized this volume into fourteen chap-
ters on particular aspects of the Cenozoic geology of
the state. In general, the papers on volcanism and
tectonic events are in the first eight chapters, and the
papers on sedimentary materials and geomorphology
are in the last six. As a practical function, the chapters
are generally arranged in a sequence progressing from
papers on older deposits and phenomena at the
beginning of the book to papers on younger materials
and events in the latter part. Within the chapters
where it has been possible, the articies have been
arranged from the more general studies to the more
specific.

This volume of papers is the outgrowth of num-
erous geologic research programs in Idaho supported

Xxi

by several sponsors: agencies of the U. 8. government,
including the U.S. Geological Survey, the Depart-
ment of Energy, the National Aeronautics and Space
Administration, and the National Science Founda-
tion; the University of Idaho and many other colleges
and universities around the country; the National
Geographic Society; several companies; and the Idaho
Bureau of Mines and Geology.

As editors, we take great pleasure in acknowledg-
ing our gratitude to the many individuals and organi-
zations whose efforts have contributed to the geologi-
cal knowledge collected here. First of all we thank the
authors for their full cooperation in getting the manu-
scripts into final edited form and for their patience as
the volume progressed through an extensive editorial
process before taking its published form. We wish also
to express our special appreciation for the fine papers
from various scientists with the U. S. Geological Sur-
vey, an agency whose research has contributed much
over the years to the knowledge of Idaho’s geology.

We are indebted to the following individuals for
their expertise in anonymously reviewing various
manuscripts: Richard W. Allmendinger, Earl H. Ben-
nett, Robert C. Bright, Gary P. Citron, Harry R.
Covington, Donald W. Fiesinger, David G. Frey,
William B. Hall, Peter R. Hooper, Robert W. Jones,
John S. King, Eugene P, Kiver, Mel A, Kuntz, Wil-
liam P, Leeman, Don R. Mabey, Harold E. Malde,
Brainerd E. Mears, Jr., Lisa A. McBroeme, David H.
MclIntyre, Steve S. Oriel, Kurt L. Othberg, Kenneth
L. Pierce, Susan M. Price, William E. Scott, John A.
Sharp, C. Jack Smiley, Gerald R. Smith, Dallas B.
Spear, Debra W. Struhsacker, and Paul L. Williams.

We are especially grateful to the publication staff
of the Idaho Bureau of Mines and Geology for their
diligence and care. Production of the volume was
efficiently managed by Roger C. Stewart, the bureau’s
editor, and he was capably assisted by Susan Buckle.
Additional support was provided by Pamela Peterson
and Serena Smith. Finally, we would like to express
our appreciation to Maynard M. Miller, the chief of
the bureau, for his guidance, and to Earl H. Bennett,
the associate chief, for his understanding, as other
important bureau projects were put aside so that this
volume might be completed.

Bill Bonnichsen
Roy M. Breckenridge
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Stratigraphic and Structural Framework of the Challis
Volcanics in the Eastern Half of the Challis
1° x 2° Quadrangle, Idaho

by

D. H. Mclintyre!, E. B. Ekren!, and R. F. Hardyman!

ABSTRACT

Volcanism in the eastern haif of the Challis 1° x 2°
quadrangle, Idaho, began about 51 million years ago
with voluminous eruptions of intermediate lava from
numerous centers and lasted until approximately 40
million years ago. At about 48.4 million years ago,
explosive volcanism began in the Van Horn Peak
cauldron complex with an eruption of rhyodacite
ash-flow tuff, and it continued intermittently until
about 45 million years ago, when alkali-rhyolite ash-
flow tuffs were erupted from the Twin Peaks caldera,
the youngest part of the cauldron complex. The
emplacement of small intrusive masses of rhyodacite
south of Challis at about 40 million years brought
volcanic activity to a close. The volcanic rocks are cut
by northwest-trending faults with right-lateral hori-
zontal slip components and by northeast-trending
faults with left-lateral slip components. The northeast-
trending Custer and Panther Creek grabens were
formed during volcanism in the cauldron complex.

INTRODUCTION

The principal aim of this paper is to provide a
broad overview of the Challis Volcanics and its struc-
tural setting in the eastern half of the Challis 1° x 2°
quadrangle, Idaho. Geologic map coverage of the
area is not yet complete, but enough is known to
draw a fairly clear picture of the regional relations.

The volcanic rocks within the area fall into two
categories: The first is the lavas and volcaniclastic
rocks of intermediate to mafic composition (rhyoda-
cite to MgO-rich basalt) that are the products of

'U. S. Geological Survey, Denver, Colorado 80225,

small-volume, chiefly nonexplosive eruptions from
numerous widely scattered vents. These eruptions
occurred from at least 51 to about 47 million years
ago, with one small vent area active as late as 40
million years ago. The aggregate volume is large.
These rocks generally correspond to the latite-andesite
member of Ross (1937), but some were also included
in a unit calied basalt by Ross (1937, plate 1). The
second category is the rhyolite lavas and domes and
the rhyodacitic to alkali rhyolitic ash-flow tuff and
tephra derived from a cauldron complex in the
northern part of the area from about 48.4 to about 45
million years ago. These rocks occur as intracauldron
fill in the northern part of the area and as outflow,
both subaqueous and subaerial, in the southern part.
In addition, ash-flow tuff and tephra locally are
present that were derived from sources west and
southeast of the map area. All the tuffaceous rocks
and the rhyolite lava were included by Ross (1937) in
the Germer Tuffaceous Member and the Yankee
Fork Rhyolite Member.

Several reversals of magnetic polarity are recorded
by the volcanic rocks. The polarities of several vol-
canic units are shown in Table 1.

The volcanic rocks are broken by northwest- and
northeast-trending faults, Displacements commonly
are oblique, with left-lateral horizontal slip compo-
nents on northeast-trending faults and right-lateral
slip components on northwest-trending faults.

INTERMEDIATE AND
MAFIC ROCKS

Intermediate and mafic lavas and associated vol-
caniclastic rocks predominate in the southern part of
the area, where they rest upon a rugged, high-relief

Mclntyre, D. H., E. B. Ekren, and R. F. Hardyman, 1982, Stratigraphic and structural framework of the Challis Velcanics in the eastern half of the Challis 1° x 2° quadrangle, Idaho, in Bill
Bonnichsen and R. M. Breckenridge, editors, Cenozoic Geology of Idaho: Idaho Bureau of Mines and Geology Bulletin 26, p. 3-22.
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Table |. Magnetic polarities for several Challis Volcanic strati-
graphic units shown in Figure 5. Polarities determined in field
with fluxgate magnetometer.

Umt .

Tuff of Rcd Rldge
Tuff of Challis Creek .
Tuff.of Table Mountairn
Tuff of Ninemile Creek
Tuff of Pennal Gulch
Fuff cf Enghirmle Creek
Tuff-of Herd: Lake: :
Latite'and K-rich andesne lava
Tuff of Elfis Creek:
Dhacite: of Anderson Spnng :
Rhyalite: of Mill Creek Summit
Lavas-of Block’ Crek :
Rhyodacue and K~nch andeme :
Quartz latite ash-flow {u
Creek-Jerry Peak’ area

surface carved on Precambrian and Paleozoic sedi-
mentary rocks. Locally, the pre-Tertiary rocks were
much broken by high-angle faults prior to deposition
of the volcanic rocks (Hobbs and others, 1975; Hays
and others, 1978; Mclntyre and Hobbs, 1978). The
volcanic rocks were erupted from numerous centers
scattered throughout the area. About a dozen such
centers are known or confidently inferred within the
map area, and many undoubtedly remain to be
discovered (Figure 1). The amount of material erupted
from any single center was small in most places.
Where mapping has been sufficiently detailed to
discriminate between products of adjacent centers,
the diameter of each deposit was found to be less than
about 8 kilometers. Nevertheless, the total volume of
these rocks is large, because of the large area they
cover,

Products of all these eruptions vary widely in
composition and mineralogy. During the brief erup-
tive history of a single center, however, there was
little variation in composition. The K,0-8i0: varia-
tion in these rocks is shown in Figure 2. Table 2 lists
analyses for numbered large points on Figure 2; the
numbers on Figure 2 refer to correspondingly num-
bered analyses in Table 2.

The indermediate and mafic rocks are readily
divided into two groups on the basis of their appear-
ance: (1) light-colored rocks with prominent pheno-
crysts of plagioclase, pyroxene, or amphibole and
biotite, and (2) dark, crystal-poor, “basaltlike” rocks
with phenocrysts of pyroxene or olivine and plagio-
clase. Chemical analyses show that the light-colored
rocks are best called dacite and rhyodacite. The dark
“basaltlike” rocks include potassium-rich andesite,
andesite, and latite, in addition to minor volumes of

MgO-rich basalt and potassium-rich basalt. Compar-
isons of phenocryst contents with whole-rock chemi-
cal analyses show that rock classifications based
solely on phenocryst mineralogy are misleading and
generate considerable confusion when applied to
these rocks.

DACITE AND RHYODACITE

Rocks in this range of composition (Figure 2
and Table 2) form a network of marginally over-
lapping lava accumulations that surround the many
vents in the central part of the area {Figure 1). These
accumulations take the form of small siratovolcanoes
and dome complexes. Many phenocryst assemblages
differ among the accumulations. Intermediate plagio-
clase, always present, is accompanied by various
combinations of mafic phenocrysts including biotite,
amphibole, clinopyroxene, orthopyroxene, and al-
tered olivine, Assemblages in apparent equilibrium
include (1) plagioclase, amphibole, and minor biotite,
and (2) plagioclase, clinopyroxene, orthopyroxene,
and biotite. Disequilibrium assemblages are common,
most showing a reaction between amphibole and
pyroxenes. Some rocks contain minor xenocrystic
quartz.

The oldest and the youngest rocks in the area
belong to this group of nonexplosive dacite and
rhyodacite. The oldest (51.1 million years; Table 3) is
a dacite lava; the youngest (39.7 million years; Table
3) is an intrusive rhyodacite. Table 4 compares the
major element composition of the 40-million-year-old
intrusive rocks with the composition of the older
(49 million years) eruptive rocks of the same area.
Both sequences of rocks have the same phenocryst
assemblage (plagioclase, orthopyroxene, clinopyrox-
ene, biotite), but the younger rocks have slightly
higher MgO and CaO contents and lower K,O con-
tents as would be expected for products of later
partial melting of the same parent material that
yielded the older rocks.

POTASSIUM-RICH BASALT, ANDESITE,
AND MgO-RICH BASALT

Potassium-rich basalt and andesite commonly oc-
cur together and are often indistinguishable without
chemical analyses. The MgO-rich basalt, a local
variant of the potassium-rich basalt, on the other
hand, is readily identified in thin section. These three
rock types occur most commonly as flows in and east
of the Warm Springs Creek graben (Figure 1) and as
discordant and concordant intrusive masses farther
west; this distribution of extrusive versus intrusive
masses is probably a function of depth of erosion.
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EXPLANATION

Wall of cavldron or caldera

__té. FAULT, Bar and ball on downthrown side,

arrows give sense of strike-slip motion

Broad zone of faults
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Figure 1. Map showing principal velcanic and tectonic features in eastern half of Challis 1° x 2° quadrangle, Idaho. Lava compositions
prevalent in various parts of the area are labeled; other rocks, including pre-Tertiary, are also present in these areas. Data from
unpublished mapping by the authors and from Siems and others (1979), Hays and others (1978), Hobbs and others (1975), Mclntyre and
Hobbs (1978), and F. Foster (unpublished data).
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Figure 2. K,0-5i0; diagram for analyses of volcanic rocks from the eastern half of the Challis {° x 2° quadrangle, Idaho. Many points
represent averages of two or more analyses from a single map unit. Numbered points are those for analyses shown in Table 2. Total data

set is 61 analyses.

The flows commonly weather brown to reddish
brown and are dark gray, greenish gray, and black
where fresh. They are crystal-poor rocks containing
small phenocrysts of olivine, clinopyroxene, orthopy-
roxene, and plagioclase in any combination. Orthopy-
roxene, clinopyroxene, and plagioclase are prominent
in some of the potassium-rich andesites, which also
locally contain olivine phenocrysts. Quartz xenocrysts
with rims of finely granular clinopyroxene or clots
consisting entirely of clinopyroxene after quartz are
common although minor constituents in some flows.
In flows with well-crystallized matrices, minute crys-
tals of brown mica may occur together with the usual
plagioclase, clinopyroxene, and opaque oxides. The
MgO-rich basalt is characterized by sparse olivine
and clinopyroxene microphenocrysts, commonly in a
glassy matrix, with little or no plagioclase. These
crystal-poor, commonly glassy rocks lack cumulo-
phyric textures.

Most of the intrusive masses west of the Warm
Springs Creek graben are clustered in a belt that
trends southeastward for about 25 kilometers from
Mill Creek Summit. The masses include dikes, plugs,
and irregular sills, many of which are bordered by
prominent zones of glassy, fused tuff in the vitric tuffs

they transect. The mineralogy of these intrusive rocks
is identical to that of the flows described above.

The oldest rocks in this group are the 50.3-million-
year-old potassium-rich andesite lavas that are inti-
mately associated with rhyodacite lavas south of
Challis (Table 3). The bulk of this sequence, however,
falls in the approximate age range of 47 to 46 million
years. Andesite lavas in this age range that are
exposed in the northeastern part of the area rest upon
the tuff of Ellis Creek, which has been dated at 48.4
million years (Table 3). These lavas are, in turn,
overlain by a sequence of pyroclastic flows capped by
the tuff of Challis Creek, which has a potassium-
argon age of 45 million vears.

The intrusive masses west of Warm Springs Creek
graben cut rocks as young as the rhyolite flows at
Mill Creek Summit, which have been dated at 48.5
million years. We suspect that this group of intrusive
rocks has essentially the same age as the lavas
exposed to the east.

LATITE AND SYENITE

Latite lavas, potassium-rich andesite lavas, and a
spatially associated intrusive mass of syenite occur in
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Table 2. Average chemical analyses (weight percent) and CIPW norms for volcanic rocks in the eastern half of the Challis 1° x 2° guadrangle.
[All analyses by U. S. Geological Survey analysts: J. Baker, G. Chlo¢, P. Elmore, J. Glenn, Z. Hamlin, J. Kelsey, H. Kirshenbaum,
P. Klock, B. Lai, H. Moore, H. Smith, J. Taggart, and J. Wahlberg]
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the southeastern part of the quadrangle (Figure 1).
Lavas of similar character may extend as far to the
west as the Red Ridge area, but no chemical analyses
are available yet to confirm this conjecture. Ross
(1937) mapped all these lavas as basalt, justifiably so
because there are few clues in outcrop or thin section
that indicate their true composition. Most flows are
brown and reddish brown, weathering gray to black.
For the most part, they contain only sparse pheno-
crysts of clinopyroxene. Some flows contain minor
plagioclase and a few contain olivine phenocrysts.
These lavas and associated pyroclastic breccias form
an overlapping series of shieldlike accumulations sur-
rounding several vents. Locally exposed thicknesses
commonly exceed 400 meters. The youngest lavas in
this sequence, exposed at Spar Mountain (Figure 1),
are black glassy rocks containing conspicuous altered
olivine in addition to clinopyroxene and minor
plagioclase. Devitrification produced spherulites as
much as 2 centimeters in diameter. The Spar Moun-
tain rocks are markedly more potassic than those
lower in the sequence; an average of three K;O
analyses is 4.75 percent.

The syenite, first described by Ross (1937), forms
an irregular, sill-like mass, as much as 120 meters
thick southeast of Spar Canyon, that intrudes vol-
canic mudstones, sandstones, and mudflow conglom-
erates (Hays and others, 1978). Pink alkali feldspar
crystals as much as 2 centimeters long, biotite as
much as | centimeter, and clinopyroxene as much as
5 millimeters are the most conspicuous constituents;
chlorite and carbonate locally replace the mafic

minerals or occupy voids. Calcite veins several centi-
meters in width traverse some outcrops. The northeast
and southwest margins of the mass are fringed by a
dark basaltlike rock that contains altered olivine
phenocrysts. Thin sections of this rock show that the
altered olivine phenocrysts are set in a fine, holo-
crystalline groundmass of alkali feldspar and biotite,
indicating that this rock is a fine-grained, more mafic
marginal variant of the syenite.

No potassium-argon age data are available for
these rocks. Biotite in the syenite is sufficiently
altered to cast doubt on its suitability for potassium-
argon determinations. The latite lavas occupy about
the same levels in the regional stratigraphic sequence
as the potassium-rich andesite, suggesting that they
may be similar in age (48-47 million years).

CAULDRON-RELATED
VOLCANIC ROCKS

Cauldron-related activity started with the eruption
of the tuff of Ellis Creek about 48.4 million years ago
and ended with the ash eruptions and collapse of the
Twin Peaks caldera about 45 million years ago.
Available potassium-argon ages and stratigraphic
relations show that by the time the ash eruptions
started the relatively quiescent nonexplosive dacite
and rhyodacite outpourings described earlier were on
the wane. Eruptions of potassium-rich basalt, an-

Table 3. Potassium-argon ages of volcanic rocks in the eastern half of the Challis I° x 2° quadrangle. [Data from Armstrong {1975), Marvin
and Dobson (1979), Mclntyre and others (1976), and R. F. Marvin (written communication, 1980). Ages from Armstrong (1975)
recalculated using currently accepted constants: 0K/ Kroa = 1.167 x 1074 A = 0.581 x 10°1/yr; )\B =4.962 x 1079/ yr (Steiger and Jager,
1977).]
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Table 4. Chemical analyses (weight percent) and CIPW norms for
49-million-year-old rhyodacite flows and 40-million-year-old
rhyodacite intrusions south of Challis. [All norms recalculated
to 100 percent, H2O-free]

1. 49-million-year-old flows, average of 4 analyses.

2. 40-million-year-old intrusions, average of 3 analyses.

3. Analysis | oxides recalculated to 100 percent, volatile-free, with
total iron as FeO.

4. Analysis 2 oxides recalculated as in 3 above.

desite, and latite, however, continued well into the
period of cauldron-related, ash-flow tuff volcanic
activity.

ROCKS OF VAN HORN PEAK
CAULDRON COMPLEX

The Van Horn Peak cauldron complex, exclusive
of whatever parts were destroyed or obfuscated by
the Casto pluton (see discussion in Tuff of Ellis
Creek), occupies an elliptical subsided area about 34
kilometers by 48 kilometers (22 miles by 30) miles
within Figure 1. Van Horn Peak intracauldron rocks
are also found west of the Casto pluton, west of the
area shown in Figure 1. The cauldron complex,
including the youngest major structure of the com-
plex, the Twin Peaks caldera (Hardyman, 1981}, is
the source of nearly all the ash-flow tuffs exposed in
the eastern part of the Challis 1° x 2° quadrangle.
The complex is named after Van Horn Peak, a major
ash-flow tuff vent on a ring-fracture zone near the
northeastern boundary of the complex (Ekren, 1981;
Figure I). We use the term “cauldron complex” to
denote a volcanic terrane within which numerous
related cauldrons occur. Although the cauldrons
originally were basin-shaped topographic depressions
(calderas) that were more or less bounded by arcuate
faults, subsequent events have greatly modified them.
In fact, the cauldron complex, at present, is both
structurally and topographically high compared with
most of the adjacent outflow terrane.

Most rocks within the cauldron complex have
been hydrothermally aitered. Many of these altered
volcanic rocks were included by Ross (1934) in the
unit he named “Casto Volcanics.” Geologic mapping
and petrographic studies (Rahn, 1979; Wagstaff,
1979; unpublished mapping by the authors, 1979-
1981; MclIntyre and Foster, 1981) have shown con-
clusively that all these rocks are part of the Challis
Volcanics. We concur with the conclusion of Cater
and others (1973) that the term “Casto Volcanics” be
abandoned.

Tuff of Ellis Creek

The caldera cycle started with the massive erup-
tions of the tuff of Ellis Creek. This tuff is known to
extend for several kilometers north of 45°00° N.
latitude and as far south as 44°20°—a distance of
about 80 kilometers. Its extent east to west probably
was similar, and these dimensions because of deep
post-tuff erosion are minimum values. The westerly
extent can never be accurately determined because it
has been completely removed by deep erosion.

Outside the cauldron complex, the tuff of Ellis
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Creek is a green-gray, densely welded rock that tends
to weather to smooth outcrops which deceptively
suggest partial welding (Figure 3). The tuff is as much
as 400 meters thick near the eastern cauldron bound-
ary from whence it thins gradually eastward. It is as
much as 150 meters thick along U. S. Highway 93
near the mouth of Hat Creek (Figure 1} at a distance
of about 25 kilometers from the ring-fracture zone,
and it probably originally extended several kilometers
beyond this point. In this eastern area, however, it
probably never constituted a continuous thick prism
of tuff because of extremely rugged underlying paleo-
topography. This paleosurface was developed on a
variety of pre-Tertiary and Tertiary strata (McIntyre
and Hobbs, 1978). High areas that probably were
never blanketed by the tuff existed in close proximity
to the cauldron boundary. Within the caldron, the
tuff of Ellis Creek is more faulted, sheared, and
hydrothermally altered than it is outside; but the
consanguinity of the tuffs in the two areas is readily
apparent on the basis of characteristics of pumice and
other fragments, mineralogy, and color. The tuff is
exposed in a broad belt between Duck Creek Point
and Sleeping Deer Mountain (Figure 1). In this belt,
which lies entirely within the cauldron complex, the
tuff is as much as [,300 meters thick, and where the
tuff adjoins the Casto pluton or other intrusive rocks
of Tertiary age, the tuff is very dark gray and black.
The black color is due to abundant magnetite dust in

Figure 3. Tuff of Ellis Creek; view to northeast along U. S.
Highway 93 north of Ellis, Idaho. In this area the tuff rests on
intermediate lava and is overlain by a few tens of meters of
tuffaceous sedimentary rocks and a sequence of intermediate
lavas.

the groundmass and in the ferromagnesian minerals.
The dark tuff weathers massive and closely resembles
intrusive rock of dioritic composition. Recent map-
ping by Ekren and Gordon May (unpublished data,
1981-1982) has shown that dark intracauldron Ellis
tuff with the “intrusive dioritic™ appearance occurs
also on the west side of the Middle Fork of the
Salmon River about 20 kilometers west of Middle
Fork Peak (Figure 1). The best exposures there are in
the vicinity of Shellrock Peak where the tuff adjoins
the west flank of the Casto pluton. The tuff (probably
at least 60 meters thick near Shellrock Peak) dips
toward the west. In contrast, the thick tuff on the east
side of the pluton in the belt extending from Duck
Creek Point through Sleeping Deer Mountain dips
toward the east or southeast. The suggestion is
strong, therefore, that the pluton emplaced itself into
deeply buried tuffs of the cauldron complex and, in
doing so, it arched the tuffs into a broad anti-
clinorium. The western boundary of the Van Horn
Peak cauldron complex filled by Ellis tuff lies just
west of Shellrock Peak and is cut there by later
cauldrons.

The presence of a segment of the Van Horn Peak
cauldron complex lying west of the Casto pluton
indicates that the cauldrons to the east and those to
the west of the pluton (Leonard and Marvin, 1982
this volume) are not separate and distinct complexes
that, having formed, were then further separated by
the emplacement of the Casto pluton. Instead, the
Challis Volcanics and volcanic centers in both areas
are parts of a single large volcanic field, the central
part of which contains numerous cauldrons. If the
Casto pluton had not been emplaced, and had the
original calderas remained intact without deformation
or deep erosion, the vast central part would have
resembled a lunar landscape with some craters cross-
cutting others. It appears to us, therefore, at this stage
of our knowledge that the Van Horn Peak cauldron
complex is merely the eastern or southeastern part of
the vast cauldron-riddled source terrane of Challis
Volcanics, and that the Thunder Mountain caldera
and related cauldrons compose the western part of
the same source terrane. Without doubt, some caul-
drons or cauldron segments await discovery on both
sides of the Casto pluton.

The area that subsided or collapsed as a direct
result of the eruptions of the tuff of Ellis Creek, which
is the most widespread tuff in the Challis Volcanics, is
as yet incompletely known. Outcrops of the tuff of
Ellis Creek that are 150 meters thick and are at least
25 kilometers from the eastern cauldron rim suggest
that the volume of erupted material was enormous.
The occurrence of intracauldron tuff of Ellis Creek
near Shellrock Peak indicates the possibility exists
that a circular cauldron about 60 kilometers in
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diameter may have formed as a direct result of the
massive eruptions of the tuff of Ellis Creek. For
reasons discussed on later pages, this area did not
include the grabens at either end of the Van Horn
Peak complex (Figure 1).

The tuff of Ellis Creek is a multiple-flow compound
cooling unit and is rhyodacite in composition (Table
2). It is characterized by (1) abundant phenocrysts
that locally constitute as much as 50 percent of the
volume of the rock and (2) abundant mafic pheno-
crysts consisting of subequal biotite and hornblende
that together make up as much as 32 percent of the
total phenocrysts. The tuff does not contain alkali
feldspar phenocrysts, which distinguish it from the
overlying tuff of Eightmile Creek (Table 2) and most
of the younger ash-flow tuffs within the cauldron
complex. Exclusive of phenocrysts in some cognate
and pumice clasts, the plagioclase phenocrysts range
in size from about 2 to 5 millimeters; the quartz
grains are as much as 4 millimeters or slightly larger
in diameter and most show considerable resorption.
The plagioclase phenocrysts, where unaltered, show
conspicuous oscillatory zoning.

The tuff of Ellis Creek typically contains well-
flattened pumice fragments darker than the matrix.
These are commonly 3 centimeters long in the
outflow tuff and as much as 1 meter long in the
intracauldron tuff (Figure 4). The tuff also contains
cognate fragments that are not appreciably flattened.
These last, which must have been solidified when
ejected, together with some typical pumice fragments,
commonly contain phenocrysts 1.5 to 3 times larger
than those in the enclosing matrix. Both intracauldron
and outflow rocks contain these distinctive cognate
and pumice clasts.

Although the tuff of Ellis Creek is characterized by
pumice fragments darker than the matrix, it does
contain layers a few meters to several tens of meters
thick in which pumice fragments are lighter than the
matrix. There are no obvious mineralogic differences
between the light and dark pumice fragments or
between the fragments and the matrix, but the light
and dark fragments probably came from different
parts or levels of the magma chamber.

The tuff of Ellis Creek shows no systematic
mineralogic variations from base to top, although
zones of bedded tuff and zones of partial welding
indicate multiple ash flows and a complex cooling
history. Our sampling thus far shows the rock to be
rhyodacite throughout. The lack of mineralogic and
chemical changes from base to top suggests that the
tuff of Ellis Creek, like certain tuffs in Owyhee
County (see Ekren and others, 1982 this volume), was
erupted from a magma chamber that did not contain
a high-silica rhyolite roof zone which appears to
characterize high-level magma chambers. The hy-

Figure 4. View of large flattened pumice fragment in intracauldron
tuff of Ellis Creek near Sleeping Deer Mountain, ldaho.

drous mafic mineral assemblage of the tuff of Ellis
Creek shows, however, that its magma chamber
probably was positioned at higher levels of the crust
than were the Owyhee chambers. This level was
sufficiently shallow so that the partial exhaustion of
the Ellis Creek chamber during the early phases of
Ellis Creek eruptions was immediately followed by
cauldron collapse. Eruptions of the tuff of Ellis Creek
continued, however, after collapse began because the
tuff is so much thicker within the complex than it is
outside. Stated another way, subsidence and tuff
eruptions occurred concurrently.

Tuff of Eightmile Creek

The eruptions of the rhyodacitic tuff of Eliis Creek
were followed by the eruption of a quartz latite tuff
which has been variously named or mapped but
which probably everywhere is the same unit. In the
Custer graben it has been called the tuff of Eightmile
Creeck (Tables 2 and 3 and Figure 5; Mclntyre,
unpublished mapping, 1976). In the Challis quad-
rangle (Mclntyre and Hobbs, 1978) the unit is thin
and discontinuous and was mapped, in places, with
the underlying tuff of Ellis Creek, or in other places
with the overlying tuff of Pennal Gulch. At Meyers
Cove near the northern end of the cauldron complex,
the tuff may be about 800 meters thick (Ekren,
unpublished mapping, 1979) and was included in the
tuff of Camas Creek, unit A by Rahn (1979). In the
Meyers Cove area it probably comprises more than
one cooling unit as it does in the Custer graben. At
Mount Jordan in the Custer graben (Figure 1), the
tuff may be as much as 600 meters thick (F. Foster,
unpublished mapping, 1980). The large thicknesses at
Meyers Cove and Mount Jordan suggest that an
elongate area extending from a few kilometers north
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Figure 5. Correlation of principal stratigraphic units, castern half of Challis 1° x 2° quadrangle, Idaho. [Potassium-argon ages made
available after this manuscript was prepared (R. F. Marvin, written communication, February 2, 1982) now provide age control for two
units in the Jerry Peak area. Biotite in vitrophyre from the tuff of Herd Lake has an age of 48.1 + 1.7 million years. Biotite from the unit
labelled “intermediate ash flows and mudflow conglomerate™ has an age of 49.0 + 1.8 million years. Hornblende from the same sample has
an age of 49.0 + 2.9 million years. Both stratigraphic units are older than we guessed they might be at the time this figure was constructed.]

of Meyers Cove through the Custer graben probably
subsided during the eruption of the tuff. This sub-
sidence may have been a function of both magma
withdrawal and concomitant crustal rifting (see dis-
cussion in Rocks and Faults of Custer Graben).

The tuff is green gray and light gray and, like the
tuff of Ellis Creek, contains thick zones in which the
pumice is darker than the matrix and thinner zones in
which the pumice is lighter than the matrix. The
degree of welding varies from very dense with ex-
tremely flattened pumice to partial welding with
pumice showing only slight flattening. Two thin
sections—one from Meyers Cove, the other from
Custer graben—each contained nearly 45 percent
phenocrysts. The bulk of the rock examined thus far,
however, contained fewer than 40 percent pheno-
crysts. Of these, quartz constitutes from 2 to 22
percent, alkali feldspar from 3 to 25 percent, plagio-
clase from 35 to 65 percent, and mafic minerals from
10 to 23 percent. The mafic phenocrysts consist of

biotite and hornblende in ratios of about 3:1. Sparse
clinopyroxene and orthopyroxene that rarely consti-
tute more than 1 percent of the total phenocrysts were
observed in the least altered rocks. The pyroxene and
most of the biotite and hornblende are altered in
exposures on Mount Jordan and at Meyers Cove.
The freshest rock in the region occurs near Eightmile
Creek and especially around Tenmile Creek where a
sample containing fresh biotite yielded a potassium-
argon age of 46.9 million years (Table 3). The tuff in
nearly all thin sections contains abundant zircon and
apatite and trace amounts of allanite.

Tuffs of Camas Creek, Black
Mountain, and Pennal Gulch

Several cooling units of ash-flow tuff, exposed in
the Meyers Cove area, rest on the tuff of Eightmile
Creek and are overlain by tuffs that postdate the
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initial collapse of the Van Horn Peak cauldron
complex (see discussion in Rocks and Faults of
Panther Creek Graben). These various cooling units
are all genetically related and were included in the
tuffs of Camas Creek by Rahn (1979). They correlate
outside the cauldron complex with part of the tuff of
Pennal Gulch (Mclntyre and Hobbs, 1978). We refer
to the intracauldron rocks of this suite as the tuffs of
Camas Creek-Black Mountain because of the excel-
lent exposures in these two localities, and we continue
to refer to the outflow tuffs as the tuff of Pennal
Gulch. We do this because most of the tuffs in this
suite did not spill over the cauldron rim and have no
counterparts in Pennal Gulch or elsewhere outside
the complex. Those that did, with a few exceptions,
cannot be correlated precisely with their thicker
counterparts within the complex. The intracauldron
rocks are at least 3,000 meters thick; the outflow
units, on the other hand, including interbedded
tuffaceous sandstones and ash-fall tuffs between the
thin cooling units, exceed about 300 meters in
thickness in only a few places.

The intracauldron tuffs are mostly red, red-brown,
or reddish gray where hydrothermal alteration is
relatively mild. Most of the various cooling units are
only a few tens of meters thick and tend to be densely
welded. They are separated from each other by thin
zones of bedded tuff and sandstone. Some cooling
units show zones of weak or moderate welding at
their bases in which pumice clasts (mostly darker
than the enclosing matrices) show only slight to
moderate flattening. These basal zones grade upward
within a few meters into rocks in which the pumice is
commonly flattened into thin delicate wisps. Such
zones are well exposed at Meyers Cove and also on
the north face of Black Mountain (Fitzgerald, 1977)
where the densely welded rocks are dark brownish
gray, dark gray, and in places black. Pumice is
extremely obscure in the dark gray and black rocks
whose colors in most places are a function of intense
silicification and abundant magnetite dust. One or
more of these intracauldron tuffs in the Camas Creek
and Black Mountain areas is flow layered and easily
confused with lavas. Most of the cooling units
contain sparse to abundant small volcanic lithic
fragments, which are gray and crystal poor. A few
fragments are composed of siltstone and quartzite.

Both the intracauldron and outflow tuffs are
characterized by small phenocrysts. The most con-
spicuous of these, plagioclase, averages less than 2
millimeters in length. The amount of phenocrysts is
highly variable. Some tuffs (mostly poorly welded)
contain as little as 5 percent phenocrysts; others
contain as much as 48 percent. Mostly they contain
about 20 percent within the cauldron complex and

about 10 percent outside where the rocks are weakly
welded. Typically these tuffs contain no quartz pheno-
crysts or only trace amounts. Plagioclase is ubiquitous
and exceeds alkali feldspar. The abundance of the
latter is extremely erratic. Some cooling units contain
none, others trace amounts; and in others, alkali
feldspar may constitute as much as 30 percent of the
total phenocrysts. The abundance of mafic pheno-
crysts ranges from about 4 percent to 30 percent of
the total phenocrysts. Biotite is nearly ubiquitous
and, in a few rocks at or near the base of the
sequence, is the sole or principal mafic phenocryst.
Hornblende is common but never dominant. Some
rocks that crop out both near the base and near the
top of the sequence within the cauldron complex
contain altered pyroxene as nearly the sole mafic
constituent. Pseudomorphs after pyroxene in these
rocks include two different combinations of propylitic
alteration products, which suggests that two chem-
ically different pyroxenes were originally present.

The distribution and descriptions of the tuff of
Pennal Gulch east and southeast of the cauldron
complex are shown on the map of Mecintyre and
Hobbs (1978). The distribution of the tuffs of Camas
Creek-Black Mountain within the cauldron complex
is not as well known. The thick sequence in the
Meyers Cove area (Rahn, 1979) gradually wedges
out westward toward Sleeping Deer Mountain (Figure
1), apparently as a result of both internal thinning
and deep erosion that preceded the deposition of the
overlying quartz-biotite tuff and rhyolitic tuff of
Challis Creek (Ekren, unpublished mapping, 1980).
The tuff is not present in the Panther Creek graben,
which postdates the Camas-Black Mountain sequence.

In the Custer graben a thin cooling unit, which
occurs above the tuff of Eightmile Creek, is called
informally the tuff of Ninemile Creek (Mclntyre,
unpublished mapping, 1976). The lithology of this
tuff reveals that it is definitely part of the Camas-
Black Mountain sequence. Furthermore, this rock
can be correlated with reasonable certainty with a
cooling unit at Meyers Cove {unit C of Rahn, 1979)
and with a cooling unit in the tuff of Pennal Gulch at
Table Mountain (Figure 5; Mclntyre and Hobbs,
1978).

The caprock at Table Mountain can also be
correlated with tuff within the cauldron complex.
This caprock is a densely welded ash-flow tuff that
was fed from the vent at Van Horn Peak (Figure 6;
Ekren, 1981). The rocks in both vent and sheet are
distinctive because they contain plagioclase as the
sole felsic phenocryst and biotite and altered pyroxene
as mafic constituents, The tuff is characterized in the
vent and the outflow sheet by delicate fiamme and
extremely thin-walled shards.
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Figure 6. Yan Horn Peak, Idaho, viewed from north. Dark, pluglike
mass is densely welded vent tuff that correlates with the tuff of
Table Mountain,

ROCKS AND FAULTS OF
CUSTER GRABEN

The Custer graben (Figure 1) is a southwest-
trending linear depression that formed in response to
both crustal rifting and magma withdrawal. Available
data suggest that rifting and volcanism began later in
the Custer graben than in the adjoining cauldron
complex. The Panther Creek graben to the northeast
(Figure 1) formed still later.

A potassium-rich andesite lava sequence (andesite
of Bonanza Peak of Siems and others, 1979) crops
out both within and outside the graben and probably
predates graben subsidence. A fault within the graben
displaces this andesite at least 750 meters. This
displacement probably was greatly exceeded by move-
ment along the graben-bounding faults. The extrusive
rocks that are chiefly confined to the graben consist
of rhyolite lavas, quariz latitic ash-flow tuff, and
tephra.

The oldest rock of the intra-graben sequence is a
series of rhyolite lava flows having a minimum
thickness of 400 meters. Most of the rhyolites are
crystal poor and contain plagioclase, biotite, amphi-
bole, and locally, quartz. Both black vitrophyric and
pink, devitrified, finely flow-laminated rocks are
present. Lavas of this sequence are exposed for at
least 13 kilometers along a southwest trend within the
graben. In the Mill Creek Summit area, a quartz-
bearing flow unit of local extent is also present. These
quartz-bearing rocks yiclded a potassium-argon age
of 48.5 million years (Table 3).

The previously described tuff of Eightmile Creek
overlies the rhyolite lavas. This unit is 200 meters
thick in several localities within the graben, and as

mentioned earlier, may be 600 meters thick on Mount
Jordan (F. Foster, written communication, 1980). It
is overlain locally by a thin flow of intermediate lava
and in some other local areas by a crystal-poor
rhyolite vitrophyre. In most areas, however, the tuff
of Eightmile Creek is overlain by crystal-poor, non-
welded tuff as much as 120 meters thick, which in
turn is overlain by the previously described tuff of
Ninemile Creek, which was recognized at Meyers
Cove and beneath the tuff of Table Mountain. The
lack of Ellis tuff in the Custer graben indicates that
the graben did not form as a result of the voluminous
eruptions of Ellis tuff. The lack of Ellis tuff also
indicates that the graben did not exist as a topo-
graphic low when the Ellis tuff was erupted.

Rocks within the graben are cut by numerous
northeast-trending faults in addition to those at its
margin. A left-lateral horizontal component of move-
ment is evident on some; the best documented
example is one described by Anderson (1949). Many
of these faults were invaded by rhyolite dikes, irregu-
lar plugs, stocklike masses, and extrusive domes,
Several of the rhyolite masses have been fractured by
renewed fault movements; these fractured zones were
favorable loci for epithermal silver-gold mineraliza-
tion. The silver-gold mineralization near the southeast
graben margin (Lucky Boy, General Custer) is local-
1zed by faults and fractures in andesite that forms the
roof of a complex intrusion. The intrusion ranges in
composition from tonalite to granite (Anderson,
1949; Mclntyre, unpublished data).

A few basaltic dikes also are present. At one
locality, lat 44°28'23”N., long 114°40’41”W ., a com-
posite basalt and rhyolite dike contains a 9-meter-
wide zone of mixed basalt and rhyolite. Thin sections
show that the two liquids intermingled and thus were
injected simultaneously,

ROCKS AND FAULTS
OF PANTHER CREEK GRABEN

The Panther Creek graben at the northeastern end
of the cauldron complex i1s a counterpart of the
Custer graben, but as mentioned earlier it apparently
started to form at a later date than either the Custer
graben or the main cauldron complex. This conclu-
sion is based on the fact that the extremely thick
intracauldron tuffs of Camas Creek-Black Mountain
do not occur in the graben north of the buried north
boundary of the main complex (Figure 1). In this part
of the graben, tuffs younger than the Camas Creek-
Black Mountain sequence rest directly on the tuff of
Ellis Creek or on potassium-rich basalt that is
intercalated or intruded in the Ellis Creek. Apparently
the caldera, whose north boundary is now mostly
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hidden, was filled completely with flat-lying Camas
Creek-Black Mountain tuffs before the first graben
tuffs swept over the area, because there is no angular
unconformity between the Camas Creek-Black Moun-
tain rocks and the graben-filling strata near the
cauldron wall. If any Camas Creek rocks were
emplaced in the graben area, they had been removed
by erosion prior to graben development. The present
dip of the strata within both the graben and the
complex is due to eastward tilting that is probably
related to intrusion of the Tertiary Casto pluton. The
fact that the youngest strata in the Panther Creek
graben dip less steeply than the oldest indicates tilting
was contemporaneous with graben development. The
graben is actually a tilted block whose bounding
faults on the southeast side have great aggregate
displacement (probably about 4,000 meters), and
whose bounding fault on the northwest side has only
a few hundred or a few tens of meters of displacement.

The bounding fault on the west side either merges
with the cauldron boundary (Figure 1) or abuts it.
The fault does not cut the cauldron wall. The
bounding fault on the southeast side, in contrast, cuts
the cauldron boundary. This fault zone was locally
intruded by crystal-poor, flow-laminated rhyolite.
Subsequent fault movements fractured the rhyolite
masses, and, like the rhyolite counterparts in the
Custer graben, the fractured masses were favorable
loci for silver and gold mineralization, in particular at
the Singheiser and Rabbits Foot mines.

In addition to the volcanic strata described below,
the Panther Creek graben contains a great thickness
of postvolcanic, poorly consolidated, poorly sorted
conglomerate and tuffaceous sandstone. Much of this
material actually slid into place during the evolution
of the graben. The material remains unstable, and
landslides are commaonplace. Some of these siides
periodically dam Panther Creek. Locally, the graben-
filling material is well stratified, and in places, for
example near Moyer Creek (Figure 1), it contains
considerable carbonaceous debris. The graben-filling
material near Opal Creek and the two forks of Moyer
Creek (Figure 1) is mantled with a considerable
amount of glacial debris derived from deep valley
glaciers that flowed westward from Taylor Mountain.
Glacial striae high on the walls of these valleys (E. B.
Ekren, unpublished mapping, 1979) suggest an ice
thickness that requires an ice cap on Taylor Mountain
itself.

The oldest volcanic rocks in the Panther Creek
graben consist of rhyodacite lavas that we have
correlated mineralogically with the lavas of Block
Creek of Mclntyre and Hobbs (1978). Biotite from
lava at the top of the rhyodacite sequence in the
Panther Creek graben yielded a potassium-argon age

of 48.6 million years (Table 3). The rhyodacite lava
sequence in the Panther Creek graben averages no
more than a few tens of meters thick. It rests directly
on the Yellowjacket Formation of Proterozoic or
Precambrian Y age and is overlain by the tuff of Ellis
Creek. The tuff of Ellis Creek, in turn, is overlain by a
sequence of quartz latite and rhyolite tuffs that from
oldest to youngest include a lithic-rich tuff sequence
as much as 300 or 400 meters thick, a flow-layered
tuff with conspicuous alkali feldspar phenocrysts that
is also 300 or 400 meters thick, a quartz and biotite-
rich tuff about 400 meters thick, a flow-layered red
rhyolite lava(?), and tuffs related to and including the
tuff of Challis Creek.

Lithic-Rich Tuffs

Three or more resistant, mostly vitrophyric, ash-
flow tuff cooling units that are characterized by
abundant lithic fragments crop out just above the tuff
of Ellis Creek or its interfingering potassium-rich
basalt for a distance of about 15 kilometers in the
western part of the graben. The vitrophyric tuffs
pinch out both southward and northward from the
central part. The vitrophyric and lithic-rich character
of these rocks suggests that they are the distal ends of
sheets erupted from sources outside the graben. These
sources presumably lay to the west because of a
general lack of Tertiary volcanic rocks in terranes
east of the graben.

The rocks are densely welded and form distinct
hogbacks. Where devitrified, they show stretched,
locally lamellar pumice fragments. In vitrophyric
parts, the pumice is shiny, black, and well-flattened;
the vitric matrix is brown, brownish gray, or reddish
gray.

The lithic-rich tuffs are typically crystal-poor rocks
containing 2 to 10 percent phenocrysts, which are
principally plagioclase less than 2 millimeters long.
The basal cooling unit is fairly rich in mafic pheno-
crysts; the other two contain only trace amounts, Two
thin sections of the lowest unit contained 3 percent
and 6.5 percent phenocrysts consisting respectively of
73 and 78 percent plagioclase, 10 percent and 18 per-
cent nonpleochroic orthopyroxene, and trace amounts
of hornblende, biotite, alkali feldspar, and quartz, in
order of decreasing abundance. Magnetite composed
3 percent of the phenocrysts in both thin sections of
the lowest unit. The lithic fragments that characterize
all three cooling units consist mostly of small (1-4
centimeters) fragments of lava having virtually the
same mineralogy as the enclosing tuff. They probably
were torn from the walls of the vent during the
eruption of the tuffs. Other fragments include crystal-
poor tuffs and sparse quartzite and siltite.
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Alkali Feldspar Tuff

The alkali feldspar tuff, so called because of its
readily visible alkali feldspar phenocrysts, together
with the next overlying quartz-biotite tuff forms a
distinct hogback above the tuffs of Camas Creek-
Black Mountain within the cauldron complex. It
forms ledgey outcrops {locally a hogback) for a short
distance within the Panther Creek graben where the
tuff crops out above the lithic-rich tuffs previously
described. The tuff has been mapped from the
southern part of the Panther Creek graben southwest-
ward for a distance of about 30 kilometers, nearly to
Sleeping Deer Mountain (Figure 1). Throughout this
area the tuff occurs in a series of repetitious fault
blocks, every block tilted to the southeast and
bounded by normal faults that dip toward the
northwest.

The alkali feldspar tuff is flow layered from base to
top and is another example of ash-flow tuff that
coalesced in large part to liquid before final emplace-
ment and cooling (see Ekren and others, 1982 this
volume). Shards and pumice are intact, however, in a
few scattered localities in the basal vitrophyre, and
they also occur in local zones within the devitrified
interior of the compound cooling unit. The alkali
feldspar tuff is at least 300 meters thick in exposures
near Flume Creek between Sleeping Deer Mountain
and Meyers Cove (Figure 1). Throughout these
¢xposures it tends to weather platy and hackly
because of the pronounced flow layering. In places
the devitrified rock is extremely spherulitic, and the
basal vitrophyre is everywhere coral pink and perlitic.
The rock is hydrothermally altered throughout its
area of exposure and varicolored in shades of gray,
yellow, pink, and red-brown. It is phenocryst poor;
seven thin sections from widely spaced localities
contained from 4 to 10 percent crystals. The alkali
feldspar is less abundant than plagioclase in all but
one thin section, but it is far more conspicuous in
outcrop because it escaped intense alteration. The
plagioclase, in contrast, in most localities is extremely
altered and obscure in hand specimen. The plagioclase
makes up 40 to 66 percent of the phenocrysts, alkali
feldspar 30 to 55 percent, and altered mafic minerals
less than 1 to 10 percent. The preexisting mafic
minerals were apparently pyroxene and a trace a-
mount of biotite.

The source of the alkali feldspar, flow-layered tuff
probably was the central cauldron complex. The Pan-
ther Creek graben was not well expressed at this time,
possibly because of basin filling by the lithic-rich
tuffs.

Quartz-Biotite Tuff

The quartz-biotite tuff, so called because of its

conspicuous quartz and biotite phenocrysts, is dis-
tributed farther to the north and west than the alkali
feldspar tuff. It extends for a short distance north of
the north boundary of the Challis 1° x 2° quadrangle,
and it overlaps the alkali feldspar tuff just east of
Sleeping Deer Mountain. Like the alkali feldspar
tuff, the quartz-biotite tuff probably was erupted
from a source within the central cauldron complex.

The quartz-biotite tuff attains its maximum thick-
ness near Flume Creek (Figure 1) within the cauldron
complex. In places there and also near lower Silver
Creek, the tuff consists of two cooling units that are
locally flow layered and flow brecciated. The lowest
cooling unit possibly is quite local in areal extent. It is
commonly separated from the alkali feldspar tuff by
about 20 meters of biotite-rich tuffaceous sandstones
and even-bedded lacustrine siltstones and from the
overlying cooling unit by a thinner sequence of
similar strata. It is thin (30 meters) near the Silver
Creek-Camas Creek junction and possibly pinches
out both to the north and west.

The quartz-biotite tuff, whether consisting of one
or two cooling units, is predominately light gray or
light green-gray in its more northern and western
exposures. Near Silver Creek and as far to the west as
Flume Creek (Figure 1), it is red or reddish brown
except where bleached by hydrothermal solutions.
Mostly the unit contains pumice fragments darker
than the matrix. This is true whether the matrix is
light gray or reddish brown. Where the matrix is
gray, the fragments commonly are brown or green-
brown. The size and character of these well-flattened
brown pumice fragments set in a gray matrix are
startlingly similar to those in both the tuff of Ellis
Creek and the tuffs of Camas Creek-Black Mountain,
thereby suggesting a common magmatic source for all
these rocks,

The quartz-biotite tuff contains 20 to 38 percent
phenocrysts, principally quartz, alkali feldspar, and
plagioclase in subequal amounts. These felsic crystals,
however, vary considerably in relative abundance; in
some outcrops quartz is the most abundant, and in
others alkali feldspar or plagioclase is dominant. The
quartz is as much as 4 millimeters (in a few places as
much as 6 millimeters) in diameter and commonly
quite smoky; in places it is as dark as the biotite.
Some of the alkali feldspar is chatoyant. Mafic
phenocrysts, principally biotite, constitute 4 to 18
percent of the total phenocrysts. Where the mafic
content is low, the quartz-biotite tuff is not easily
distinguished from the overlying tuff of Challis Creek
which in places also contains smoky quartz and
chatoyant alkali feldspar. In twenty-three thin sec-
tions from outcrops extending from the north border
of the quadrangle to Sleeping Deer Mountain (Figure
1}, biotite was found to be always dominant, and in
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places it is the sole mafic. Hornblende is commonly
present and in the more mafic-rich zones constitutes
as much as 4 percent of the total phenocrysts. Sparse
altered mafic pseudomorphs after pyroxene(?) occur
in most rocks.

Quartz and some alkali feldspar phenocrysts are
slightly to extensively resorbed. The quartz in some
rocks is optically anomalous, having an optic angle of
as much as 15 or 20 degrees. Grains yielding the
abnormal 2V’s are not strained, and they do not show
inclusions. Like the tuffs of Camas Creek-Black
Mountain, the quartz-biotite tuff contains abundant
accessory zircon, and most thin sections contain a few
grains of allanite.

Flow-Layered Red Rhyolite

The flow-layered red rhyolite is entirely confined
to the Panther Creek graben. It forms a gentle
hogback extending from just north of Silver Creek to
slightly north of the Challis quadrangle boundary, a
distance of about 10 kilometers. No conclusive evi-
dence was found to indicate that this unit is a
flow-layered welded tuff. We presume it is rhyolite
lava, which in at least one locality consists of two
cooling units having the same phenocryst mineralogy.
The lower unit is only a few tens of meters thick and
sandwiched between two flows of potassium-rich
basalt. The lower of the two basalts appears to rest
directly on the quartz-biotite tuff. The higher cooling
unit of red rhyolite is as much as 400 meters thick.

The rhyolite typically contains 10 percent pheno-
crysts consisting of 80 to 95 percent euhedral alkali
feldspar as long as 6 millimeters, a trace to 3 percent
quartz, a trace to 5 percent plagioclase, and | to 12
percent pseudomorphs after pyroxene(?). The rock
contains flattened vugs that are partly filled with opal
and vapor-phase crystals of tridymite and alkali
feldspar. The sparse plagioclase phenocrysts in this
rhyolite are commonly cloaked with alkali feldspar.

The flow-layered red rhyolite, being confined to
the Panther Creek graben, probably was fed from a
vent in the graben. The extrusion of this thick and
widespread unit (for a lava) was immediately followed
by rapid subsidence of the graben as indicated by
thick accumulations of bedded tuffs and nonwelded
ash-flow tuffs, all of rhyolitic compositions.

Tuff of Challis Creek in the
Panther Creek Graben and
Northern Cauldron Complex

The tuff of Challis Creek forms conspicuous and
in places spectacular outcrops north and west of the
caldera source for this unit, the Twin Peaks caldera.
At least six cooling units of the tuff of Challis

Creek are preserved at and near Castle Rock. The
Castle Rock monolith is formed by two thick cooling
units of densely welded red tuff that are separated by
two, thin units of red tuff. These units overlie a slope-
forming nonwelded red tuff that, in turn, overlies the
quartz-biotite tuff. The upper, capping tuff of the
monolith is overlain by at least one more red cooling
unit in exposures east of the monolith. The entire
sequence is at least 500 meters thick. The overall
phenocryst content ranges from 14 to 20 percent and
consists of 24 to 52 percent quartz, 43 to 70 percent
alkali feldspar, and a trace to 4 percent of plagioclase.
The lower four units at Castle Rock contain sparse
flakes of biotite. The upper units appear to contain
only clinopyroxene having a small to moderate optic
angle and less abundant hypersthene. Quartz grains
in all cooling units are bipyramidal and tend to be
smokey. Alkali feldspar is weakly to strongly chatoy-
ant in all the cooling units near Castle Rock.

In exposures extending throughout the length of
the Panther Creek graben, the occurrences of soft,
punky, varicolored ash-flow tuff and associated ash-
fall tuff weather to a vast variety of red, orange, and
pink hoodoos and monoliths. The punky rock ex-
hibits a mineralogy typical of the tuff of Challis
Creek, but it is not clear how the punky units
correlate with the cooling units at Castle Rock, nor is
it clear how the units at Castle Rock correlate in
detail with the rocks exposed in the Twin Peaks
caldera.

ROCKS AND GENERALIZED
STRUCTURE OF TWIN PEAKS
CALDERA

The Twin Peaks caldera is a roughly circular
collapse structure about 20 kilometers in diameter
(Figure 1) that formed about 45 million years ago as a
result of the eruptions of the tuff of Challis Creek
(R. F. Hardyman, 1981 and unpublished mapping,
1979-1981). The subsided block consists primarily of
two thick, dense, cooling units, each 300 to 400
meters thick, separated by variable thicknesses of
nonwelded pyroclastic debris. These two thick cooling
units are overlain locally by several thin rhyolite ash-
flow tuffs that are nearly confined to the subsided
cauldron. The extreme variations in thickness of
these units suggest the possible breakup of the initial
collapsed block. The outflow sheet is thin, exceeding
30 to 4¢ meters in only a few places. Erosional
remnants of the tuff of Challis Creek are found as far
as 40 kilometers from the caldera margins.

The main ring-fracture zone forms a moderately
well-defined topographic low around the western and
southern boundaries of the caldera. Various intrusive
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rocks together with several thick deposits of caldera
wall-slump debris are localized along this ring-fracture
zone. A latite intrusive mass and accompanying
outflow lava form the east margin of the caldera. The
northern margin is not well defined topographically
but is marked by a series of rhyolite dikes and eroded
domes that separate the thick intracaldera tuff of
Challis Creek from older volcanic rocks outside the
caldera.

The tuff of Challis Creek is alkali rhyolite in
composition (Table 2, analysis 12). It is red, reddish
brown, and orange (in a few places light gray) and, in
most exposures within and outside the caldera, the
tuff is densely welded. Like other ash-flow tuffs
erupted from the cauldron complex, the tuff of
Challis Creek contains zones in which all the pumice
clasts (as long as 10 centimeters) are darker than the
matrix and other zones in which the clasts are lighter
than the matrix. The two principal ash-flow cooling
units are not separable solely by mineralogy, although
the higher unit tends to have smokier quartz pheno-
crysts and apparently more conspicuously chatoyant
alkali feldspar. Typically, the tuff has from 25 to 35
percent phenocrysts consisting of 29 to 50 percent
bipyramidal quartz, 49 to 69 percent alkali feldspar, a
trace of plagioclase, and a trace to 2 percent py-
roxene-—clinopyroxene and subordinate hypersthene.
A trace of biotite occurs locally. In most samples the
pyroxenes have been destroyed. Most of this destruc-
tion probably occurred during the devitrification
process and is not due to hydrothermal alteration,
Zircon is an abundant accessory, and allanite is fairly
common. We have not been able to distinguish the
various cooling units on the basis of their mineralogy.

The tuff of Challis Creek is a widespread regional
stratigraphic marker, as Figure 5 shows. At Challis,
east of Round Valley, and near Grandview Canyon, a
single, densely welded cooling unit rests on an
irregular erosion surface carved on the underlying
tuff of Pennal Gulch, To the southwest, at Joe Jump
Basin, a single, densely welded cooling unit, 55 meters
thick, is overlain by 90 meters of nonwelded ash-flow
tuff with the same phenocryst mineralogy. In Spar
Canyon, at least two densely welded cooling units are
present, each about 30 meters thick and separated by
about 35 meters of nonwelded tuff.

ROCKS FROM SOURCES
OUTSIDE THE AREA

Two separate ash-flow tuff sheets in the area that
have not been previously discussed were derived from
sources outside the area of Figure 1. In addition, a
sequence of quartz latitic or rhyolitic ash-flow tuff
and tephra, at the base of the local sequence exposed

in the southeast corner of the map area, was also
derived from a source outside the area.

Tuff of Herd Lake

One of the rhyolitic ash-flow tuff sheets, the tuff of
Herd Lake, occurs as erosional remnants capping
ridges over an area of about 25 square kilometers in
the southeastern part of the area. It locally attains a
thickness of about 150 meters near Herd Lake, where
it consists of two cooling units. The rock is a low-
silica, high-alkali rhyolite containing sparse 1-milli-
meter phenocrysts of plagioclase, biotite, and clino-
pyroxene. Most exposures consist of devitrified,
red-purple or red-brown, locally lithophysal rock with
fine flow laminae; these rocks show no trace of relict
pumice or vitrociastic textures. An exposure on the
ridge 3.7 kilometers south of Jerry Peak reveals a
marginal vitrophyre rich in shards. This exposure, the
sheetlike aspect of the deposit, and an iron-titanium
oxide equilibration temperature in excess of 1000°C,
indicate that the unit was emplaced as a very hot ash
flow that coalesced and moved like a lava prior to
final chilling.

The distribution of the tuff of Herd Lake and the
lack of a possible source within the area of Figure |
suggest a source toward the southeast, most probably
tn or near the White Knob Mountains.

The tuff of Herd Lake rests on latite and potas-
sium-rich andesite and probably is older than the tuff
of Challis Creek.

Tuff of Red Ridge

A second rhyolitic ash-flow tuff sheet with a
source outside the area is exposed principally as
erosional remnants on ridgecrests in the area of Big
Lake Creek, Boulder Creek, and Red Ridge (Motzer,
1978). Farther east in the Spar Canyon area, discon-
tinuous remnants of the unit occur interbedded with
volcanic sandstone, mudstone, and conglomerate, in
close association with remnants of the tuff of Challis
Creek. The rhyolitic ash-flow tuff, the tuff of Red
Ridge, is a grayish purple and reddish brown, crystal-
poor, pumice-poor rock as much as 140 meters thick
with crystals of anorthoclase, amphibole, and clino-
pyroxene less than | millimeter in size. The shard-rich
matrix is readily seen in all samples examined to date.
A partial chemical analysis for alkalis and alumina
shows that the rock borders on the peralkaline; the
agpaitic index is 0.93. No other rock unit so far
discovered in the area resembles the tuff of Red Ridge
in phenocryst mineralogy or chemistry.

The distribution of the unit and the orientation of
flow-deformed lithophysae at one locality near Big
Lake Creek indicate a source to the west, most likely
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one associated with the Sawtooth pluton. The ash
flow probably traveled eastward, skirting the north
end of the White Cloud Peaks (concealed beneath
explanation on Figure 1) and then moved southward
into a depression along their castern flank.

No potassium-argon age is available for this unit.
Its close stratigraphic association with the tuff of
Challis Creek suggests that the tuff of Red Ridge is of
about the same age or slightly younger, that is, about
45 million years. Potassium-argon ages for the Saw-
tooth pluton (Armstrong, 1975) are 45.7 million years
and 44.9 million years, indicating that an association
of the tuff of Red Ridge with the pluton is permitted
by available potassium-argon age data.

Tuff Sequence in Sage Creek-
Jerry Peak Area

A sequence at least 300 meters thick of dacitic to
quartz latitic tuff and tephra is exposed locally
beneath the potassium-rich andesite and latite lavas
in the southeastern part of the quadrangle. The
quartz latitic ash-flow tuffs commonly contain alkali
feldspar, plagioclase, and biotite; the dacitic rocks
contain only plagioclase. Toward the south, a few
thin flows of pyroxene and amphibole-bearing lavas
are intercalated within the tuff sequence. Conglom-
erate rich in cobbles and boulders of gray quartzite
underlies these rocks. The entire sequence is exten-
sively broken by faults and distinctly more deformed
than the overlying sequence of lavas. The distribution
of these rocks suggests that they were erupted from
sources southeast of the map area.

YOUNGER GRANITIC
INTRUSIVE ROCKS

- CASTO PLUTON

The Casto pluton (Cater and others, 1973, p. 26)
was intruded into the north-central part of the Challis
volcanic field, beginning about 46.6 million years ago
(R. F. Marvin, written communication, 1982). The
batholith was first mapped and described by Ross
(1934) who noted that the principal rock type was
pink granite composed of about 28 percent quartz, 48
percent microperthite, 13 percent oligoclase, 7 percent
biotite, and 3 percent hornblende. He noted that the
quartz content ranged from as little as 10 percent to
as much as 50 percent and also that in some rocks
hornblende exceeded biotite. Thin sections show that
rocks with low quartz and high hornblende contents
are adamellites, according to the classification of
Johannsen (1948). Although the granite is predomi-

nantly pink in color, the freshest rock locally tends to
be light gray or light pinkish gray. Quartz in all thin
sections examined thus far shows slight to moderate
straining.

The Casto pluton “intrudes its own ejecta”™ as
pointed out by Cater and others (1973). The pluton
actually occupies the central (axial) part of a north-
east-trending regional anticline whose southeastern
limb includes the Van Horn Peak cauldron complex
and whose northwestern limb includes the Thunder
Mountain caldera and associated volcanic fields
(Leonard in Cater and others, 1973; Leonard and
Marvin, 1982 this volume).

INTRUSIVE PORPHYRIES

Ross (1934, p. 60-63) described various porphyritic
rocks that he believed were, in large part, border
facies of the “pink granite.” In addition to these, in
and adjacent to the Challis volcanic field are abundant
dikes and irregular-shaped intrusive masses that in
aggregate, are comparable in volume to the “pink
granite.” The most important of these rocks are a
“pink porphyry” that is characterized by phenocrysts
of smoky quartz and a “gray porphyry” characterized
by phenocrysts of euhedral white plagioclase.

Pink Porphyry

The pink porphyry in most localities corresponds
to the “pink granophyre” of Ross (1934). The rock
typically contains bipyramids of smoky quartz about
4 millimeters in diameter; subequal alkali feldspar and
plagioclase as large as 8 millimeters, and sparse flakes
of biotite. These phenocrysts are set in a micrographic
groundmass that varies in grain size from nearly a
graphic texture to one that can be seen only with a
petrographic microscope. In a few localities, for
example, near the Yellowjacket mine, the pink por-
phyry is extremely coarse grained, with quartz pheno-
crysts as large as 1 centimeter, and both alkali
feldspar and plagioclase as large as 5 centimeters. A
large, single alkali feldspar crystal (sanidine) yielded a
potassium-argon age of 44.4 + 1.0 million years. The
pink porphyry everywhere forms discordant intrusive
masses.

Gray Porphyry

The gray porphyry contains 35-50 percent pheno-
crysts of plagioclase as large as | centimeter and
abundant mafic phenocrysts consisting of varying
proportions of pyroxene, hornblende, and biotite.
The gray porphyry is everywhere somewhat hydro-
thermally altered. In contrast to the everywhere
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discordant pink porphyry, the gray porphyry is
commonly concordant. Several masses of gray por-
phyry in the central part of the Van Horn Peak
cauldron complex north of the Twin Peaks caldera
are clearly sill-like and other masses whose bases are
not exposed probably resemble laccoliths. The gray
porphyry in a few localities contains sparse pheno-
crysts of quartz.

REGIONAL CENOZOIC STRUCTURE

The pre-Tertiary rocks southeast of the cauldron
complex are cut by northwest- and north-trending
high-angle faults, many of which do not displace the
volcanic rocks (Hobbs and others, 1975; Hays and
others, 1978). Several of these faults bound horst
blocks of pre-Tertiary rocks that form the positive
elements of the rugged topography upon which the
volcanic rocks were deposited. This block faulting
with a dominant northwest trend appears to be
restricted to the areas south and southeast of the
cauldron complex. Major postvolcanic movement on
the northwest-trending faults produced the Pahsime-
roi graben and Warm Springs Creek graben (Antelope
Flat-Round Valley graben of Baldwin, 1951, p. 898)
and affected other areas of volcanic rocks. Movement
on these northwest-trending faults has continued into
the Quaternary.

Conspicuous faults of northeast trend, as well as
northwest, cut the volcanic rocks in the area southeast
of the cauldron complex. Faults of both trends
commonly show evidence of lateral or oblique slip.
The northwest-trending faults have right-lateral hori-
zontal components of slip, the northeast-trending
faults, left-lateral. This pattern is remarkably consis-
tent over the entire area. A well-documented excep-
tion is near the mouth of Basin Creek, where faults
trending N. 55° E. to N. 70° E. have right-lateral
displacement (Choate, 1962; Mclntyre, unpublished
mapping, 1981).

Within the volcanic rocks of the cauldron complex,
in marked contrast to the area to the southeast, the
dominant fault trend is northeast. Faulting and
graben subsidence were concurrent with volcanism.
The northeast-trending Custer and Panther Creek
grabens have no pronounced topographic expression
today. It does not appear likely that significant
postvolcanic subsidence affected the Custer graben;
rather, it seems likely that the cessation of subsidence
coincided with the cessation of associated volcanism.
Evidence cited earlier shows that the Custer graben is
older than the Panther Creek graben, which does
contain thick basin-filling deposits that postdate the
tuff of Challis Creek, indicating that, in the Panther

Creek graben, subsidence did continue for a time
following volcanism.

The pattern of lateral movement on northwest-
and northeast-trending faults suggests a component
of north-south compression (Figure |). Concurrent
subsidence of the Panther Creek and Custer grabens
suggests a right-lateral couple operating in a north-
south direction.

Current earthquake activity reveals that a com-
ponent of north-south extension is present, at least in
the western part of the area. A focal mechanism
solution for an earthquake there on September 11,
1963, indicated normal faulting on an east-trending,
steep fault plane (Sbar and others, 1972). Thus, the
present tectonic regime in the area is different from
that during the volcanism, when a component of
north-south compression apparently was present.
Our mapping has delineated a group of east-trending,
high-angle faults in the epicentral area of this earth-
quake. Obliquely raking slickensides on one exposed
fault plane indicate a left-lateral component during
some past gvent.

SUMMARY AND DISCUSSION

Volcanism in the eastern half of the Challis 1° x 2°
guadrangle began with the eruption of intermediate
lavas over a broad area from numerous vents, This
activity, which commenced about 51 million years
ago, lasted for roughly 2 million years. Toward the
north, the mode of eruption abruptly changed to
predominantly explosive, with accompanying caul-
dron collapse. It should be noted that this change of
mode was not accompanied by or a direct conse-
quence of change in bulk magma composition. The
first regionally extensive explosive product, the tuff
of Ellis Creek, still was of intermediate composition,
not greatly different from rhyodacite lavas that had
erupted earlier. Subsequent explosive products of the
cauldron complex became progressively more silicic
and potassic with time, ranging from the initial
rhyodacite through quartz latite to rhyolite and
finally to alkali rhyolite. This activity took place from
48.4 to 45.0 million years ago.

Cauldron subsidence partly preceded and was then
accompanied by the formation of two northeast-
trending, linear volcano-tectonic depressions, the
Custer graben and the Panther Creek graben, that
were the loci of numerous rhyolite intrusions, extru-
sive domes and flows, and epithermal silver-gold
mineralization. The Casto pluton was intruded along
the northwest margin of the Panther Creek graben
during the formation of the graben and at about the
same time as alkali rhyolite was erupted from the
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Twin Peaks caldera at the southeast margin of the
cauldron complex.

Toward the south, eruption of potassium-rich
andesite and latite lavas took place during the time
that the cauldron complex was active. The lava
eruptions ended sometime before explosive eruptions
to the north had ceased.

Small flows of potassium-rich olivine basalt, inter-
calated throughout the sequence of ash-flow tuffs in
the cauldron complex, indicate the constant avail-
ability of mafic magma while the more silicic magmas
were erupting. In the Custer graben, a composite
rhyolite-basalt dike with a broad zone of mixing
demonstrates the contemporaneity of the two magmas
during the waning phase of activity in that area. A
comparable bimodality of composition locally is
evident in the older sequence of intermediate lavas
where potassium-rich andesite, with phenocrysts of
olivine, clinopyroxene, and plagioclase locally ac-
companied the eruption of rhyodacite. In one place,
potassium-rich andesite and rhyodacite lavas from
adjacent vents are interbedded, proving that both
materials were available at about the same time and
place. Both the early intermediate magmas erupted as
lavas, and the later, explosively erupted, intermediate
to silicic magmas associated with cauldron subsidence
probably were produced by partial melting of crustal
rocks. The associated more mafic rocks probably are
closely related to mantle-derived mafic magmas that
rose into the crust and provided the heat that
accomplished the melting. The potassium-rich andes-
ites and latites toward the south probably are directly
evolved from mantle-derived mafic rocks.

The sequence of events described above is not
universal within the Challis volcanic field. The pres-
ence of quartz latitic ash-flow tuffs exposed beneath
the potassium-rich andesite and latite lavas in the
southeast part of the quadrangle shows that an
explosive eruption at some center southeast of the
map area began with more silicic compositions than
those initially available in the Van Horn Peak
cauldron complex. The sequence of events deduced
for the Thunder Mountain area (Leonard and Mar-
vin, 1982 this volume) differ somewhat from that
outlined here. Similar differences in the sequence of
volcanic events may become clear elsewhere in the
region as more data become available.
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Temporal Evolution of the Thunder Mountain Caldera
and Related Features, Central Idaho

B. F. Leonard! and R. F. Marvin!

ABSTRACT

The eruption of latite ash flows 50 million years
ago began an episode of voicanic activity that lasted
about 7 million years. Ash flows and minor lava
flows, first latitic, then rhyolitic, built the Thunder
Mountain field of Challis Volcanics to a height of
1,500 meters before subsidence of a nearly circular
cauldron block 60-65 kilometers in diameter. Subsi-
dence of the Quartz Creek cauldron, dated at 47
million years, was accompanied by development of
the Cougar Basin caldera, within which the Sunnyside
rhyolitic ash flow (an informal, locally recognized
unit) was erupted from a central vent 46-47 million
years ago. The eruption of the Sunnyside rhyolite was
attended by development of the Thunder Mountain
caldera, to which most of the Sunnyside was confined.
The caldera was filled to shallow depth with vol-
caniclastic sediments containing plant remains of
Eocene age. The caldera floor was tilted, perhaps by
diapiric(?) emplacement of the Casto pluton about 44
million years ago. A minor vent near the caldera edge
spilled latite lava across the tilted caldera floor. The
highest latite flow has a date of about 43 million
years; younger dates obtained from the flow very
likely reflect argon loss from glass. The outpouring of
latite lava is the last volcanic event recorded in the
caldera. The dates of the earliest intrusives (47-million-
year-old dikes of the cauldron margin} and of the
latest (37-million-year-old dike of the Little Pistol
swarm) indicate that intrusive activity began within
the explosive stage of local volcanism and apparently
ceased some few million years after extrusion of the
youngest lavas of the field. Within this interval, the
eastern margin of the cauldron was invaded by the
Casto pluton, and myriad small stocks and dikes of
rhyolite and latite were emplaced, mainly along the
margins of the cauldron and its nested calderas.
Twenty-eight new potassium-argon dates document
the history summarized here.

'U. S. Geological Survey, Denver, Colorado 80225.

INTRODUCTION

The Thunder Mountain caldera is the central
feature of an irregular field of Challis Volcanics
(Figure 1) that formed during the Eocene at the
geographic center of the Idaho batholith. The caldera
is old, has been deformed repeatedly almost from its
inception to the present, and is virtually indistinguish-
able topographically from the jumbled fault blocks of
the Salmon River Mountains in which it lies. Never-
theless, the caldera has evolved in much the same way
as the better exposed and better studied calderas of
Oligocene to Pleistocene age in the western United
States, We present here a geologic sketch of the local
volcanic field and an outline of the temporal evolu-
tion of the Thunder Mountain caldera and related
features. The main conclusions of this report were
given earlier as an abstract (Leonard and Marvin,
1975).

Formality requires the naming of two subsidence
features that were glossed over in the abstract. The
Thunder Mountain caldera nests within a larger
caldera, here named the Cougar Basin caldera (Figure
1}. The northern and eastern sectors of the Cougar
Basin caldera are hard to reach and poorly known,
and our attempts to date the subsidence of the caldera
isotopically have been frustrated by the difficulty of
preparing suitable mineral separates. For these rea-
sons, the Cougar Basin caldera receives little more
than its name in this report. Both calderas are
outlined by remnants of their wall rocks, but part of
the subcircular outline of the calderas is now masked
by a northeast-trending linear structure, too complex
to be labeled a medial graben, that passes through the
calderas and ends near the north margin of the
cauldron. The cauldron—the large volcanic subsi-
dence structure that delimits the Challis Volcanics of
the Thunder Mountain field—is here named the
Quartz Creek cauldron (Figure 1), The northern sector
of the cauldron nearly coincides with the principal
trough of the 1,800-gamma contour of the aeromag-
netic map of Cater and others (1973, plate 1). The
southwest sector coincides approximately with the
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smoothed 1,600-gamma contour of an aeromagnetic
map kindly made available by Don R. Mabey, U. S,
Geological Survey.

Principal place names used in the text are shown
on published topographic maps of the U. S. Geologi-
cal Survey, chiefly on the Big Creek and Yellow Pine
15-minute quadrangles and the Challis and Elk City
2-degree quadrangles. The name Land Monument
Mesa is not shown on published maps. The name is
for the mesa 1.7 kilometers north-northeast of the
Dewey mine, Thunder Mountain district. Most of the
sample locations (Figure 2) are referred to maps
available when the fieldwork was done. Since then,
new maps have replaced or supplemented some of the
old ones. As anyone who wishes to visit the sample
sites will soon find only the newer maps available,
the principal changes are noted here, The former
15-minute quadrangles have been subdivided into
the Wolf Fang Peak, Big Creek, Edwardsburg, Pro-
file Gap, Yellow Pine, Stibnite, Big Chief Creek,
and Chilcoot Peak 74-minute quadrangles; the Mon-
ument, Safety Creek, and Rainbow Peak 7%-minute
quadrangles now supplement the 2-degree quad-
rangles for the area northeast and east of Thunder
Mountain. The elevations of sample sites are reported
in feet because elevations are so shown on the
topographic maps of the region. Horizontal distances
have been converted from English to metric units.
Plate 1 of Cater and others (1973) shows reconnais-
sance geologic information for all but the western
part of the area treated in our report.

GEOLOGIC SKETCH

The Quartz Creek cauldron that delimits the
Thunder Mountain field is crudely circular in plan,
60-65 kilometers in diameter, bounded on the west
and northwest by a system of ring faults and an
attendant swarm of dikes, and along its eastern sector
invaded by the Eocene Casto pluton (Figure I).
Radial faults and subsidiary ring fractures dissect the
cauldron block, but their pattern is largely obscured
by a host of younger faults produced by regional
rotational stress and by recent regional and local
subsidence. Within the cauldron block, vertical dis-
placement along major subsidence faults exceeds
several kilometers, causing plutonic Precambrian
intrusives, low- to high-grade Precambrian meta-
morphic rocks, and various facies of the Cretaceous
Idaho batholith to lie in disarray against one another
and against the Challis Volcanics.

The Challis Volcanics of the Thunder Mountain
field comprise (1) two units of regional extent, (2) a
pyroclastic and volcaniclastic filling unit, confined to

the Thunder Mountain caldera and its environs, and
(3), as a minor part of the filling unit, late flows
confined to the caldera but separated from other
components of the caldera filling by an erosion
surface of at least local extent.

The units of regional extent are a lower, latitic unit
and an upper, rhyolitic unit. Both are largely ash-flow
tuffs and their welded equivalents. The lower unit of
latite tuff and breccia is 400-500 meters thick. It rests
on rocks of the Idaho batholith and older meta-
morphic complexes, locally contains consolidated
mudflow debris rich in blocks of batholithic grano-
diorite and grus derived therefrom, contains at least
two thin flows of latite, and in composition ranges
without evident order from latite to quartz latite. The
latitic unit is exposed only at the cauldron edge and at
the periphery of the main area of Challis Volcanics;
its extent throughout the field is conjectural. The
upper unit of rhyolite tuff and welded tuff is 1,000-
1,100 meters thick. It rests on the latite unit but laps
onto the adjacent plutonic and metamorphic terrane.
In addition to the predominant rhyolitic pyroclastics,
the upper, rhyolitic unit contains one or more thin
flows of rhyolite, two or more of andesite, and a few
lenses of volcanic sandstone and granodiorite-bearing
mudflow debris. The disposition of the two units of
regional extent (Figure 1) indicates that they were
formed before major subsidence of the cauldron, but
the vent or vents from which they issued have not
been identified.

The filling unit, confined to the Thunder Mountain
caldera and its environs, has three subunits. The
lowest is the Sunnyside rhyolite.

The informal name Sunnyside rhyolite is adopted
in this report for a subunit of local interest in the
Challis Volcanics of the Thunder Mountain field.
Mining men and geologists familiar with the Thunder
Mountain district customarily use the name Sunny-
side rhyolite, and it is appropriate to accede to their
custom. The informal name Sunnyside rhyolite cor-
responds to the equally informal rhyolite of Sunny-
side (Leonard, in Cater and others, 1973, p. 46) and
to the Sunnyside rhyolite crystal tuff, Sunnyside
rhyolite tuff, Sunnyside tuff, and Sunnyside welded
tuff of Shannon and Reynolds (1975).

The Sunnyside rhyolite is a crystal-rich tuff, evi-
dently the product of a single ash flow more than 200
meters thick, that is dominantly a single cooling unit
with local, thin cooling units near the top. The major
cooling unit is thought to have a thin, basal vitrophyre
(seen only as slivers along faults), a thick medial zone
of welded tuff with discontinuous vapor-phase zones
near its upper contact, and a capping of nonwelded
tuff, perhaps 10-20 meters thick, that thickens north-
eastward toward the distal end of the flow. The
distribution of pumice fragments and biotite flakes in
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the Sunnyside rhyolite suggests that the ash flow
issued from a vent near Thunder Mountain, at the
center of the volcanic field.

Current work by E. B. Ekren and Gordon May
(oral communication, 1982) leads them to conclude
that the Sunnyside rhyolite of Leonard’s usage com-
prises deposits from two major ash flows, and that
multiple cooling units may be present in the lower ash
flow. Thus our treatment of the Sunnyside rhyolite in
this report may be too simple.

The Sunnyside rhyolite is overlain by the Dewey
beds. The informal name Dewey beds is adopted in
this report for a subunit of local interest in the Challis
Volcanics of the Thunder Mountain field. Mining
men and geologists familiar with the Thunder Moun-
tain district customarily use the name Dewey beds,
and their name for the subunit is conveniently
adoptable here. The name correspends to the vol-
caniclastic subunit of Leonard (in Cater and others,
1973) and to the Dewey beds, Dewey conglomerate,
Dewey conglomerates, Dewey strata, Dewey unit,
Dewey volcaniclastic beds, and Dewey volcaniclastics
of Shannon and Reynolds (1975).

The Dewey beds consist of water-laid volcanic
conglomerate, volcanic sandstone, mudstone, carbo-
naceous shale, a little lignite, and at one place lake
beds of laminated carbonaceous mudstone and air-
fall(?) tuff. This largely volcaniclastic subunit, rich in
material eroded from the Sunnyside rhyolite, is well
exposed only at the Dewey mine, where its drilled
thickness exceeds 90 meters. The outcrop, near site 5
of Figure 2, is too small to show on Figure 1. Frag-
mentary plant fossils from the volcaniclastic subunit
are Eocene (J. A. Wolfe, written communication,
1967; oral communication, 1968, 1981). Associated
with the volcaniclastic rocks is a black, carbonaceous
breccia of uncertain stratigraphic position and ir-
regular distribution, interpreted as ancient mudflow
debris. Carbonaceous mudstone, perhaps representing
an ancient swamp deposit, was exposed by mining in
1981, after fieldwork for this report was finished.

An angular unconformity of a few degrees sepa-
rates the Dewey beds from a pair of thin, vesicular-
topped, anomalously young-looking latite flows de-
rived from a small volcanic center within the caldera
at Lookout Mountain, 10 kilometers northeast of
Thunder Mountain. The flows are indicated on
Figure 1 as flows of Lookout Mountain.

The part of the filling unit below the latite flows is
economically significant, for the upper part of the
Sunnyside rhyolite, undetermined parts of the Dewey
beds, and some of the black breccia contain the low-
grade gold deposits of the Sunnyside and Dewey
mines (Leonard, in Cater and others, 1973, p. 45-52).

Much younger than the Tertiary filling unit is
water-laid Pleistocene gravel that may once have

formed a thin veneer on the southern half of the
caldera floor. The gravel is now found only as relics
along minor faults that dissect the complex graben of
the Thunder Mountain district.

Deposition of the gravel marked the end of the
caldera as a topographic depression. Most of the
former sump is now a high, rolling upland, a few
hundred meters lower than the fringing alpine peaks
and mostly separated from them by canyons formed
in narrow grabens. The caldera floor is perched 1,500
meters above the main drainage from the Thunder
Mountain district.

Tertiary intrusives of the area comprise dikes,
stocks, and a plutonic mass of batholithic dimen-
sions—the Casto pluton—which dominates the south-
east sector of the cauldron. The dikes range in width
from less than | meter to more than 100 meters, and
in length from a few meters to more than 1 kilometer.
Most of the dikes stand vertically. They are domi-
nantiy rhyolitic or latitic in composition, and com-
monly they are porphyritic, but their fabric varies
widely. The dikes, if counted, would surely number
several thousand, most of them concentrated in
swarms, and most of them external to the two
calderas. Two swarms, Smith Creek and Little Pistol,
are labeled on Figure 1, but they are merely parts of
larger arrays of dikes that extend beyond the limits of
the illustration. Locally within these swarms the dikes
lie side by side, without intervening relics of country
rock, yet no dike is seen to cut its neighbors.

A few stocks are present within the dike swarms,
but many more are clustered within the Challis Vol-
canics between the margins of the Thunder Mountain
and Cougar Basin calderas, at sites 12 kilometers
southwest and 13 kilometers northeast of Thunder
Mountain (Figure 1). The stocks are nonequant in
shape, seldom more than a few hundred meters in
mean diameter, variable in fabric, commonly fault
bounded, locally riddled by dikes, and—like the
dikes—dominantly rhyolitic or latitic in composition.
A few stocks, dikes, and less simple intrusives are
dioritic or quartz dioritic.

The dikes, stocks, and pluton are related to
structural settings or events in ways that make it
desirable to treat the intrusives individually or as
geographic and chronologic groups, according to the
problems they present rather than as the class of all
intrusives.

Two great silicified zones within the cauldron
block but outside the Cougar Basin caldera contain
many of the gold, silver, antimony, and tungsten
deposits of the region. The silicified zones are some
kilometers long and tens or hundreds of meters wide,
The western zone is in part coextensive with the
Smith Creek dike swarm and in part peripheral to the
western margin of the cauldron, The eastern zone is
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associated with ring fractures of the Cougar Basin
caldera (see subsequent discussion of the stocks of
upper Indian Creek). The silicified zones and their
mineral deposits receive scant attention in this report
because they have not been adequately dated.

DATING OF VOLCANIC FEATURES

The radiometric dates of thirty samples, including
two dates from the literature, are given in Tables |
and 2 and discussed according to geologic oceurrence,
The radiometric dates approximately fix the main
stages of cauldron and caldera development and

attendant intrusive activity. There are still too few
dates, because rock minerals well suited for dating are
sparse. Some dates are anomalous.

PRESUBSIDENCE STAGE

Lower, Latitic Unit

Samples | and 2 (Table 1) are from the lowest part
of the latitic unit. Sample 1, from welded tuff that
rests on granodiorite of the Idaho batholith at the
west edge of the cauldron, was collected within a few
meters of the contact. The rock is unusual in having a
little phenocrystic sanidine (8.84 weight percent K,O)
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Table 1. Potassium-argon dates of Challis Volcanics and Tertiary intrusives of the Quartz Creek cauldron and Thunder Mountain caldera.
[Calculated according to decay constants recommended by Steiger and Jager (1977).]

'Mostly septechlorite
*Groundmass
3Nearly pure potassium feldspar
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Sample Field Laboratory
Number Number Number Location
1 L-73-1 D2364 Summit of Van Meter Hill, Elev. 8119 ft, SW% sec. 9, T. 19 N, R. 8 E,, Yellow Pine |5-min
quadrangle, Valley County, Idaho. 45°00° N., 115°30° W.
2 L-73-5 D2366 Lip of block stream northwest of Smith Creek, 0.8 km N. 45° W. ol BM 6681, Big Creek 15-min
quadrangle, Valley County, Idaho. 45° 11" N., 115°23" W.
3 L-72-2 2363 Hump 8052, Big Baldy Ridge, north of Springfield Creek, Yellow Pine 15-min quadrangle, Valley
County, Idaho. 44°48° N., 115°20" W.
4 L-73-2 D2365 Knoll 150 m northwest of culvert of Big Creek stream, NWY; sec. 15, T. 20 N, R. 9 E., Big
Creek 15-min quadrangle, Valley County, Idaho.
5 - RO411 Near Dewey mine, Thunder Mountain district, Valley County, {daho. Dated by Geochron
Laboratories (Axelrod, 1966, p. 499).
3 L-73-19 D2933 Talus, 150 m southwest of trail ford near Elev. 6,200 ft, South Fork of Elk Creek, Big Creek
15-min quadrangle, Valley County, Idaho. 45°07.2" N., 115°29.2' W.
7 L-71-4 D2234 Elk Summit road, near head of South Fork Smith Creek, Elev. 7,825, 107 m cast of creek, Big
Creek 15-min quadrangle, Valley County, Idaho. 45°08.5" N, 115°24" W,
8 TM-71-2 D2235 East side of Marble Creek, ~300 m southeast of ruins of Belleco mill, Thunder Mountain
district, Safety Creek quadrangle, Yalley County, ldaho. 44°52° N., 115°02° W.
9 L-74-7 D2934 Lookeout Mountain Ridge, Elev. ~8,000 ft, 0.5 km southwest of junction of Lookout Mountain
and Holy Terror Creek trails, Salety Creek quadrangle, Valley County, Idaho. 44°58.9" N,
115°05.0" W.
10 L-74-5 D2410 180 m south-southwest of Lookout Mountain lookout, Monument quadrangle, Valley County,
Idaho. 45°01.9° N, 115°04.3° W,
Lt L-74-6 D2411 1.24 km south-southeast of Lookout Mountain lookout. 45°01.3° N, 115°04.0° W.

[For samples 12, 13, 14, and 15, see

16

20

21

22

23

24

25

26

27

28

29

30

FWC-6-67

FWC-6-671.

L-71-1

L-73-12

L-73-11

1.-73-22

L-74-11

L-75-MCD

L-72-1

L-73-15

L-73-18

L-73-8

L-73-9

L-71-2

L-74-14

D212l

D2232

D2932

D2517

D2963

D2965

D2966

D2362

D29%62

D2518

D2516

D2961

D2233

D2935

Table 2]

Rock cut, Middle Fork Salmen River, mouth of Aparejo Creek, Aparejo Point quadrangle,
Lemhi County, Idaho. 44°55.25" N., 114°43.7" W,

As above. Dated by R. L. Armstrong (Armstrong, 1974, p. 13).

Talus, nerth side of Camas Creek. ~430 m upstream from Anvil Creek, Yellowjacket
quadrangle, Lemhi County, Idaho. 44°52,5" N,, 114°33.75' W,

Indian Creek Elev. ~6,750 ft, 1.3 km upstream from meadow, Yellow Pine 15-min quadrangle,
Vailey County, Idaho. 44°48.5" N, 115°19.5" W.

Talus, north side of Indian Creek, Elev. ~6,700 ft, 1.3 km upstream from meadow, Yellow Pine
15-min quadrangle, Valley County, Idaho. 44°48.4' N., 115°19.5" W,

240 m nerthwest of Elk Summit, Wolf Fang Peak quadrangle, Valley County, [daho. 45°09.09" N..

115°25.42 W.

Spur, Elev. 6,660 ft, ~0.5 km northeast of mouth of Century Creek and ~0.25 km east of
Monumental Creek road, Rainbow Peak quadrangle, Valley County, Idaho. 44°5598° N.,
115°12.02" W.

Divide north of Paint Creek, Elev. ~8,100 fi, near peak 8123, Monument quadrangle, Valley
County, ldaho. 45°04.7 N, 115°05.2" E.

Big Baldy Ridge, 0.6 km west-southwest of peak 8966, Yellow Pin¢ 15-min quadrangle, Valley
County, Idahe. 44°48" N., 115°18" W.

Stevens Creek-Savage Creek divide, Elev. ~7,500 ft, 75 m east of crest and ~0.8 km northwest
of forks of Savage Creek, Big Chief Creek quadrangle, Valley County, Idaho. 44°46.4' N.,
115°17.7" W.

Elev. 6,500£50 ft, ~0.8 km southeast of mouth of Winchester Creek, Yellow Pine 15-min
quadrangle, Valley County, Idaho. 44°45.6" N., 115°18.5° W.

East side of Little Indian Creek, at mouth; Yellow Pine 15-min quadrangle, Valley County,
Idaho. 44°50.6' N., 115°15.3' W,

Indian Creek, below trail, 1 km downstream from mouth of Little Indian Creek, Big Baldy
quadrangle, Valley County Idaho. 44°50.3' N, 115°14.5* W

Elev, 7,500-7,650 ft, west of Logan Creek, azimuth 280° from Moore Point, Big Creek 15-min
quadrangle, Valley County, Idaho. 45°06" N., 115°26" W.

South end of The Hogback, Elev. 5,900 ft, 500 m southeast of Big Creek Lodge, Big Creek
15-min quadrangle, Valley County, l1dahe. 45°07.4' N, 115°19.25 W.

29
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and some glass. There is no evidence that the
analyzed sanidine fraction contains admixed orthe-
clase from the granodiorite, though small inclusions
of that rock are present locally in the welded tuff. The
sanidine date is preferable to the plagioclase date,
owing to slight alteration of the plagioclase and to
low KO content (0.26 weight percent), but analytical
uncertainty makes the two dates indistinguishable.

Sample 2, from welded tuff that rests on Precam-
brian syenite and quartzite near the northwest end of
the cauldron, was collected within 10-100 meters of
the contact. Plagioclase (0.75 weight percent K;0)
was the only mineral suitable for analysis. There is no
evidence that the plagioclase fraction contains anti-
perthite from the underlying syenite, though inclu-
sions of syenite as well as quartzite are locally present
in the welded tuff. Mafic phenocrysts are sparse and
altered; mafic minerals in the aphanitic groundmass
are perhaps chloritized but too fine grained for
microscopic study. The whole-rock date is a minimum
for the welded tuff. The date was determined as a
guide to interpreting other whole-rock dates from the
area.

Sample 3 is from a slightly amygdaloidal lava flow
near the base of the unit. The depositional contact of

the Challis Volcanics is not exposed at the sample
site. The radiometric dates obtained on phenocrysts
of “hornblende” (0.14 weight percent K,0) and
plagioclase (0.43 weight percent K,Q} differ widely.
The analytical error is large for “hornblende,” owing
to low K;O content and small sample size. The
“hornblende™ is a green amphibole that forms perfect
monocrystalline pseudomorphs after orthopyroxene,
of which no trace except the relict cleavage remains.
Accordingly, we regard the “hornblende” date as
invalid. Fresh, abundant plagioclase has yielded a
date that we are inclined to doubt because it differs so
much from that of the “hornblende.” The processes
that converted orthopyroxene to amphibole and
formed the microscopic amygdules of chlorite, quartz,
and calcite have apparently disturbed isotopic equilib-
rium sufficiently to make the rock unsuitable for
dating,

Sample 4 is from a thin lava flow low in the sec-
tion, probably within 100 meters of the base of the
lower, latitic unit. Hornblende from the holocrystal-
line flow is notably fresh, contains 0.91 weight
percent K,0O, and yields a date that we cannot
question in spite of the small size of the pure separate.
The whole-rock date, determined for comparison, is

Table 2. Potassium-argon dates of latite flows of Lookout Mountain. Age decrease vs. size and quantity of glass patches.

43.4 + 410

#Acceptin ]
IMogtly devitrified Sa

Sample Field Laboratory

Number Number Number Location

10, 11 See Table 1.

12 L-74-8 D2412 150 m east of Black Pole, east side of Marble Creek, Thunder Mountain district, Safety Creek

quadrangle, Valley County, Idaho. 44°57.38° N, 115°04.75" W.

South end Land Monument Mesa, ! km northeast of Dewey mine, Thunder Mountain district,

Rainbow Peak quadrangle, Valley County, Idaho. 44°58" N., 115°08" W.

West edge Land Monument Mesa, 53 m northeast of Land Monument No. 5A, Thunder

Mountain district, Rainbow Peak quadrangle, Valley County, Idaho. 44°58.72' N., 115°08.50" W.

13 AAS-262 D1649
14 L-74-13 D2414
15 L-74-12 D2413

Northeast spur Land Monument Mesa, Elev. 7,830 ft, Thunder Mountain district, Rainbow

Peak quadrangle, Valley County, Idaho. 44°59.48° N., 115°07.58° W.



Leonard and Marvin— Thunder Mountain Caldera 31

substantially younger. The K:0 content of the rock is
3.08 weight percent, more than three times that of the
hornblende. Presumably, some of the radiogenic
argon produced by potassium of the fine-grained
groundmass has been lost by diffusion.

Three of the four mineral samples (1, 2, and 4)
from the lower, latitic unit adequately date this part
of the Challis Velcanics at 48.3 to 50.8 million years,
mean 49.8 + 1.3 (10) or 49.8 + 2.6 (20).

Upper, Rhyolitic Unit

We have not attempted to date the upper, rhyolitic
unit, owing to the scarcity of feldspar phenocrysts,
the scarcity of nonwelded tuffs, and the prevalence of
glass (much of it devitrified) in the welded tuffs.
Axelrod (1966) reported a whole-rock date of 49.0 +
2.0 million years (50.3 million Years, recalculated
according to 1977 decay constants) for welded rhyolite
tuff that he thought overlay the plant-bearing vol-
caniclastic rocks of the Dewey mine, Thunder Moun-
tain district. Leonard’s mapping of this intimately
block-faulted district fails to show evidence for the
existence of any welded tuff above the plant-bearing
beds. The sample may have come from the upper,
rhyolitic unit of the Challis Volcanics or from the
Sunnyside rhyolite, both of which are stratigraphi-
cally lower than the plant-bearing beds and are
exposed close to the Dewey mine in one or another of
the nearby fault blocks. Because the stratigraphic
position of the Axelrod sample is indeterminate, we
do not know how to interpret the published whole-
rock date.

STAGE OF MAJOR SUBSIDENCE

Major subsidence, as used here, refers to the stage
following ash-flow eruptions of regional extent and
preceding eruption of the Sunnyside ash flow into the
Thunder Mountain caldera. Major subsidence pre-
sumably involved much or all of the cauldron block
and very likely produced a large central depression,
the Cougar Basin caldera, within which the Thunder
Mountain caldera formed later. The original shape,
areal extent, and depth of the Cougar Basin caldera
are not adequately known. Until they are known, we
look to the cauldron margins to date the stage of
major subsidence. Here, draped or interfingering
volcanic or volcaniclastic deposits that might provide
direct geologic evidence of subsidence have not been
found. However, the outer ring-fracture zones of the
cauldron contain abundant dikes parallel or sub-
parallel to the ring fractures. Assuming that some of
the dikes might represent magma that rose while the
cauldron block—the piston—was sinking, we have

proceeded to date several dikes. The soundness of the
assumption is open to question, though the assump-
tion has often been made by students of cauldron
complexes.

The largest intrusive along the cauldron edge in
the western sector of the cauldron is an isolated body
of quartz diorite porphyry that forms the ridge west
of the upper reaches of the South Fork of Elk Creek.
For convenience, this body is called the Elk Creek
quartz diorite porphyry intrusive, an informal name.
Dikes of the Profile-Smith Creek swarm are in part
coextensive with the ring-fracture zone next inward
from the cauldron edge. We infer that dikes of the
swarm may have been emplaced at widely different
times, though all are effectively restricted to rhyolite
and latite in composition and none shows crosscutting
relations with its neighbors. The work of dating these
dikes has just begun.

The Elk Creek intrusive cuts granodiorite of the
Idaho batholith. The porphyry, showing 12 percent
phenocrysts of plagioclase, hornblende, and biotite in
the proportions 6:3:1, looks dioritic in hand specimen
but contains in the groundmass 15 percent quartz, 5
percent orthoclase, and a little clinopyroxene and
orthopyroxene in addition to abundant plagioclase
and some hornblende and biotite, It is one of the few
rocks intermediate between the rhyolites and latites
that dominate the Tertiary suite of the region. Biotite
(Table 1, sample 6; 6.255 weight percent K»0), mostly
from the matrix of the porphyry, gives the date 47.1 +
1.6 million years. A pure concentrate of hornblende
from the porphyry could not be obtained.

Hornblende (Table 1, sample 7; 0.847 weight
percent K;O) from the phenocrysts of an unaltered
granophyric latite dike of the Profile-Smith Creek
swarm gives the date 47.3 + 1.3 million years. The
dike was selected because it is a few hundred meters
distant from other dikes and from a major silicified
zone. Rock contacts are not visible in the small
meadow where the dike crops out, but mapping of the
environs suggests that the dike was emplaced in
alaskite of the Idaho batholith.

The 47.1- and 47.3-million-year dates are identical
within the limits of measurement, and they are
reasonable dates for cauldron subsidence if, by anal-
ogy with better-studied cauldrons, subsidence closely
followed regional pyroclastic eruption. However, if
the usual statistical tests are applied, these two dates
cannot be distinguished from the group of dates for
the lower Challis Volcanics, or from the dates for the
Sunnyside ash flow of the caldera filling, or from the
date of the dike to be discussed next. That the dates
of samples 6 and 7 fall where they do may be a happy
accident.

By taking one too many samples, we have compli-
cated the interpretation of cauldron subsidence while
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apparently confirming the inference that dikes of the
Profile-Smith Creek swarm may not all be coeval.
Phenocrystic sanidine (Table 1, sample 21; 6.00 weight
percent K;QO) from a granophyric rhyolite dike well
within the swarm gives the date 45.7 + 1.6 million
years. This date is not distinguishable at 20 from the
47.3-million-year date of the latite dike, sample 7. If
the dates are averaged, they yield a number so close to
the dates for the Sunnyside rhyolite that one could
infer simultaneity or close overlap in subsidence of the
Quartz Creek cauldron, lubricated by magma along
the outer ring fractures, and collapse of the Thunder
Mountain caldera. But if the dates are indeed different,
though not assertably so from the analytical results,
one could infer that magma invaded the ring-fracture
zone more than once. Both inferences are plausible,
and a choice between them cannot now be made, The
requirement for an approximate chronology of in-
trusives of the region is satisfied without bias by
placing the 45.7-million-year date where the reader
finds it in Table [,

CALDERA FILLING STAGE
Sunnyside Rhyolite

The gross structure of the Thunder Mountain
district, as mapped, requires the Sunnyside rhyolite
to overlie one or more local ash flows of the
regionally distributed upper, rhyolitic unit of the
Challis Volcanics. Parts of the Sunnyside contain
fragments of stony rhyolite and rhyolite welded tufT,
both crystal poor, identical in appearance to rhyolites
of the regional unit, but the depositional contact of
the Sunnyside has not been seen in outcrops or drill
cores. Fault contacts alone are mappable.

One dated sample of Sunnyside rhyolite (Table 1,
sample 8) comes from the nonwelded top of the ash
flow, from one of the few sites where the nonwelded
tuff is well exposed and, to the unaided eye, little
altered. Phenocrysts (26 percent) of biotite, horn-
blende(?), quartz, and feldspars lie in an ashy matrix
of mineral fragments and devitrified glass whose
nearly equant particles are 2-12um in diameter. Some
quartz of the matrix has been coarsened and re-
crystallized; however, most of the matrix is remark-
ably unchanged for a rhyolitic tuff of the district. The
mafic phenocrysts, totaling 4 percent, are completely
altered to chlorite and opaque material, but the
feldspar phenocrysts are mostly fresh. Some sanidine
phenocrysts contain small inclusions of altered biotite
and patches of epidote; these were removed to make a
tolerably pure separate of fresh sanidine whose KO
content is 13.53 weight percent. The date of the
sanidine separate is 46.3 + 1.0 million years.

A second sample of Sunnyside rhyolite comes
from the welded interior of the ash flow. It represents
the widespread gray facies of welded tuff, here
brownish gray and crystal rich, with sparse, mod-
erately to highly flattened inclusions of white pumice
and welded tuff 1-2 centimeters long. The matrix of
partly welded ash and abundant, densely welded,
barely devitrified pumice fragments, locally axiolitic,
encloses phenocrysts of fresh biotite, murky horn-
blende, quartz, and fresh sanidine and plagioclase.
The phenocryst content of 46 + 1 percent, including
1.5 percent mafic minerals, is nearly twice that of the
nonwelded Sunnyside rhyolite, but the chemical
composition of the two rocks is nearly identical:
essentially 71 {weight) percent SiO;, 14 percent AL O,
1 percent CaO, 3 percent Na,O, and S percent K,O.
Phenocrystic sanidine from the welded tuff gives the
date 46.3 + 1.1 million years (Table 1, sample 9; 10.30
weight percent K;O). Phenocrystic biotite gives the
date 47.7 + 1.6 million years (sample 9; 6.285 weight
percent K20). The dates are indistinguishable at 2g,
and the sanidine date of this sample of welded tuff is
identical with the sanidine date of sample 8, which
represents the nonwelded upper part of the ash flow,

The three dates are consistent with the geologic
occurrence; the Sunnyside rhyolite is the youngest
ash flow in the Challis that belongs to the Thunder
Mountain volcanic field, and the age of the Sunnyside
is accepted as 46-47 million years.

Crystal-rich welded tuff of the Norton Ridge area
has not been dated (Norton Ridge is at the head
of Norton Creek, Figure 2). The tuff of Norton Ridge
resembles the Sunnyside rhyolite of the Thunder
Mountain caldera and is so shown on Figure 1. Ac-
cording to E. B. Ekren (oral communication, 1981),
the tuff of Norton Ridge also resembles the quartz-
biotite tuff unit assigned by Mclntyre and others
(1982 this volume) to the Van Horn Peak cauldron
complex southeast of the Casto pluton. Presumably
the welded tuff of Norton Ridge is a far-traveled
outflow unit from one volcanic center or the other,
but we do not know which.

Volcaniclastic Subunit

Diamond drilling of the Sunnyside group of claims
by Homestake Mining Company in 1973 confirmed
that the Dewey beds overlie the Sunnyside rhyolite.
Some of the silty felsic laminae in varvelike lake beds
assigned to the volcaniclastic subunit may represent
air-fall tuff, and laminae of similar appearance inter-
bedded with coarse volcaniclastic debris may repre-
sent reworked air-fall tuff. The impossibility of
distinguishing this fine felsic material from ash of the
Sunnyside rhyolite, and the likelihood that younger
ash would be contaminated with products of the
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Sunnyside, has deterred us from attempting to date
the Dewey beds radiometrically.

The geologic age of the Dewey beds, based on
fragmentary plant fossils, is a matter of some dispute.
Plant fossils collected in 1967 by Helmut Ehrenspeck,
then of the U. S. Geological Survey, were examined
by Jack A. Wolfe of the Survey. Mr. Wolfe reported
(written communication, 1967):

Your collection from Dewey mine contains:
Equisetum sp., Osmunda sp., Picea sp., Pinus
spp., Sequoia affinis Lesq., Comptonia colum-
biana Penh., [and] ¢f. Viburnum? n, sp.

Most of the above items are not stratigraph-
ically diagnostic. Sequoia affinis indicates a
Paleogene age. Comptonia columbiana has a
known age range of late Eocene (Princeton,
B.C., and Republic, Washington, floras), but
conceivably this species could have a longer
range. The determination of Viburnum? n. sp. is
based on a specimen that is not well preserved,
this specimen appears conspecific with Vibur-
num? n. sp. from the Princeton flora. it is
probable that your material is of late Eocene
age, but a middle Eocene age cannot be ex-
cluded.

Mr. Wolfe recently stated (oral communication,
1981) that the Princeton and Republic floras are now
regarded as middle Eocene in age. The uneasy shifts
of meaning of middle and late, applied to informal
subdivisions of the Eocene, lead us to abandon both
adjectives in the discussion that follows.

Mr. Wolfe’s conclusion that the fossil plants are of
Eocene age is consistent with our 46.3 1+ 1.0-million-
year date for the upper part of the Sunnyside rhyolite.
If one accepts that radiometric date, the flora is at
most about 46 million years old. (For another
opinion, see Axelrod, 1966. He based his opinion on
the 50-million-year date obtained on a sample whose
stratigraphic position we regard as indeterminate.)
We hesitate to set a younger limit on the age of the
flora because the range of dates obtained on overlying
latite flows is susceptible of several interpretations.
(See below.)

Erosional Hiatus

An erosional unconformity separates the Dewey
beds from overlying latite flows. The erosion surface
cut on the volcaniclastic rocks initially had a gentle
southwest dip or was tilted southwestward, perhaps
as a result of emplacement of the Casto pluton
discussed below.

Latite Flows of Lookout Mountain

A minor volecanic center at Lookout Mountain

produced latite cinders and bombs interbedded with
latite flows. The number of flows is indeterminate. In
this account, we deal with the lowest flow, recognized
only near the vent, and with the two uppermost flows.
The two uppermost flows spread southwestward §
kilometers across the caldera floor, ramping slightly
near the Dewey mine but sending fingers some
distance farther southward. One flow, thought to be
the highest in the section, is exposed at Black Pole,
where it shows an angular unconformity of about 10
degrees against the underlying volcanic sandstone.
The flows look young, resembling more nearly the
Columbia River Basalt Group and the Snake River
Group than basalts in the type area of the Challis
Volcanics, and the beds of cinders and bombs resem-
ble those found at Pleistocene and Holocene cinder
cones. We emphasize the field aspect of the flows
because it does not fit the results of radiometric
dating.

The latite of flows from the Lookout Mountain
center is black, aphanitic, without megascopic pheno-
crysts, and all samples contain glassor devitrified
glass. Microphenocrysts and patches of glass are too
small to be separated from finely crystalline parts of
the matrix, Six samples from the flows yield whole-
rock dates that range from 43.4 to 17.0 million years
(Table 1, samples 10 and 11; Table 2, samples 10-15).
Sample 11 is from the lowest flow exposed in the
section. All other samples are from the highest flow.

The lowest flow, dated at 41.0 + 1.4 million years,
is 5 meters thick. It is underlain by a bed of orange
latite breccia that is rich in volcanic bombs. The
breccia bed is at least 6 meters thick; its base is not
exposed. Overlying the lowest flow is 90 meters of
breccia—mixed blocks, lapilli, cinders, and bombs—
interlayered with many thin flows. Capping the
breccia are the two principal flows of the Lookout
Mountain area. The first of these, 9 meters thick, is
highly vesicular. The second, the highest flow in the
section, is slightly more than 6 meters thick, lies
directly on the first, and is distinguished from it by
having fewer vesicles. The highest flow gives a date of
43.4 + 1.4 million years where sampled (sample 10)
almost vertically above the sample site in the lowest
flow (sample 11). The dates do not match the
stratigraphic order, but they are indistinguishable at
20 of analytical error. It is possible that neither date
indicates an age of extrusion, but the pair of dates
differs significantly and in the right sense from the 46
to 47-million-year age of the Sunnyside rhyolite
(Table 1, samples 8 and 9).

Table 2 shows that samples 12 to 15, dated at 40.3
to 17.0 million years, contain fresh glass and are
therefore prime candidates for argon loss. Disregard-
ing the absolute age of samples 10 and 11, from which
some argon may have been lost before devitrification
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of the glass, we may take the mean of their two dates
as a base against which to compare the remaining
dates from the highest flow. When this is done, we see
that there is no correlation between decrease in age
and volume of glass (V), a good correlation between
decrease in age and mean diameter of glass patches
(s), and a nearly perfect correlation between decrease
in age and the exponential function V°. The coeffi-
cients of correlation and determination remain the
same if the base is taken as 43.4 or 41.0 million years,
instead of 42.3. The correlation between decrease in
age and the function V° is so good, and attempted
correlations between decrease in age and other fea-
tures such as geographic position, distance from the
eruptive center, vesicularity, size of microphenocrysts
or groundmass plagioclase, and position of a hypo-
thetical resurgent intrusive are so poor, that we
attribute the misfit dates of samples 12 through 15 to
argon loss from glass. The best date for the highest
flow is accepted as 43.4 + 1.4 million years, and the
published date of 28.4 million years (Cater and
others, 1973, p. 29; there-undesignated sample AAS-
262, which is sample 13 in our Table 2) is set aside as
having been based on inadequate data. This leaves
the anomalously young appearance of the flow and
other products of the Lookout Mountain center
unexplained. The 41.0-million-year date for the lowest
flow is suspect.

The true age of the highest flow may not be 43.4
million years, but we accept the date provisionally in
conjunction with the geologic relations discussed in a
subsequent section on the Casto pluton.

DATING OF INTRUSIVES,
MAINLY OF
POSTSUBSIDENCE STAGE

Intrusive bodies varying widely in size and fabric
but having mostly the bimodal latite-rhyolite compo-
sitions of the Challis Volcanics were emplaced in
and near the Thunder Mountain field as the cauldron
evolved. Intrusives of Tertiary but pre-Challis age
have not been found. Dikes of the major subsidence
stage have already been discussed. Intrusives mainly
of the postsubsidence stage are now considered,
primarily according to their spatial or geologic rela-
tions and secondarily according to the apparent chro-
nologic age of the geographic or geologic examples.

Casto Pluton

The Casto or Middle Fork pluton is the large north-
cast-trending body of biotite-microperthite granite
that trends diagonally across the Idaho batholith and

separates the Challis Volcanics of the Thunder Moun-
tain field from the Challis Volcanics of the Van Horn
Peak cauldron complex southeast of the Middle Fork
of the Salmon River. The Casto pluton bowed up the
Challis Volcanics to form a major anticline (Ross,
1934, plate 1). The thermal effects of the pluton
locally hornfelsed the Challis weakly, modifying the
generally latitic volcanics enough so that Ross as-
signed these rocks of “paleo aspect” to another
formation, the Casto Volcanics. The term Casto
Volcanics has since been abandoned (Cater and
others, 1973). Rocks formerly assigned to the Casto
are now part of the Challis. The emplacement of the
Casto pluton in the lower, latitic part of the Challis
Volcanics, the readjustment of the terrane during
episodes of block faulting, and the deep erosion of the
roof of the pluton have left the geologic relation of
the pluton to the upper, rhyolitic part of the Challis
uncertain. The dates reported below do little to
resolve the pluton-rhyolite problem, but some struc-
tural evidence sheds light on it.

Three dates for the pluton are available (Table 1,
samples 16, 17, and 18), The problem posed by these
dates baffles the geologist and the analyst. The
geologist, alarmed by the wide range in dates, mis-
trusts all three but supposes that the mean of the
dates might be credible if the core of the pluton
(samples 16 and 17) crystallized much earlier than the
fluorite-rich, miarolitic roof facies (sample 18). The
analyst, observing that the dates decrease sympa-
thetically with the K2O content of the biotite samples
(6.04, 3.91, and 1.875 weight percent for samples 16,
17, and 18, respectively), cautions against averaging
dates that may not be of comparable reliability;
samples 17 and 18 are deficient in K,O, relative to
most biotites.

Samples 16 and 17 {Table 1) represent massive
granite from the interior of the pluton, 1,200 to
2,500 meters below the restored roof. The discrepancy
between the dates of 47.8 million years (this report)
and 43.8 million years (Armstrong, 1974; date re-
calculated according to 1977 decay constants) is
unexplained. Both dates were obtained on F. W.
Cater’s samples from a single site. Except that the
biotite of our sample contained minute inclusions of
ptimary molybdenite before cleaning, the biotite is
typical of the dark green variety commonly found in
the pluton. The 47.8-million-year date may represent
the time of crystallization of the core of the pluton,
but not the time of emplacement of the pluton (see
subsequent discussion).

Sample 18, collected at the southeast edge of the
pluton, is from what we interpret to be a volatile-
enriched, near-roof facies that may have crystallized
somewhat later than the core. However, the 41.6-
million-year date reported for the sample (Table 1) is
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probably invalid. We now know, from X-ray diffrac-
tion analysis and more detailed optical study of a split
of the analyzed sample, that the “biotite” which
looked so clean in thin section and in minus 60-, plus
80-mesh concentrates is an intimate mixture of (1) a
septechlorite, unusually coarse, strongly birefringent,
strongly pleochroic from greenish brown to very dark
brownish green, and optically indistinguishable from
biotite in thin section and in crushed particles larger
than 200 mesh; (2) biotite; and (3) a common green
chlorite. The proportions of (1), (2), and (3) are
roughly 75:20:5. The low proportion of biotite makes
us skeptical of the date obtained from the mixture.
Since we could not initially tell the difference between
the biotite-septechlorite intergrowth of this sample
and the usual biotite, similar in pleochroism, found in
Tertiary rhyolites and granites of the region, it is clear
that the identification of micaceous minerals from
these rocks deserves more than usual care.

Radiometric evidence that the pluton is a post-
subsidence intrusive, rather than one temporally
related to subsidence or to presubsidence volcanism,
is equivocal. The 47.8-million-year date given by
sample 16 is indistinguishable at 2¢ from the mean
date of the lower, latitic unit of the Challis Volcanics,
from the dates of dikes of the cauldron subsidence
stage (samples 6 and 7), and from the dates of the
Sunnyside rhyolite (samples -8 and 9). The 43.8-
million-year date given by sample 17 is distinguishable
only from the mean date of the lower, latitic unit. The
moot status of the 43.8-million-year date makes
inadvisable an averaging of the 47.8- and 438-
million-year dates to give a number that would fit the
geologic argument next to be developed.

Some event imparted a regional slope to the floor
of the Thunder Mountain caldera, for the highest
flows from the Lookout Mountain center spilled
southwestward 8 kilometers and more from the
center. Flow direction is established unequivocally by
the absence of the latite flows north of the center, by
the present regional dip, by vesicle elongation in the
flows, and by local ramp structures. The only event
likely to impart a regional tilt of this extent at the
right time is the emplacement of the Casto pluton.
The geologic maps of Ross (1934, plate 1) and of
Cater and others (1973, plate 1) show, facing the
Thunder Mountain caldera, gentle northwest dips off
the main part of the Casto pluton and southwest dips
off the northwest lobe of the pluton. Local structures
of younger age complicate this relation, but its
existence at the margins of the pluton is clear. The
dips, if originally of regional extent, define a broad
syncline whose axis plunges gently westward and
passes across the caldera at the latitude of the most
southerly remnants of the latite flows. The north limb
of the syncline provided a gentle slope down which

the flows could move, and the south limb of the
caldera wall effectively kept the flows from spreading
farther. According to this reasoning, the caldera floor
had to exist before the pluton was emplaced, and the
floor had to be deformed before the latite flows were
erupted onto it. Deformation of the caldera floor by
the pluton seems geologically reasonable but is be-
yond proof. The sum of the evidence seems to us to
favor postsubsidence emplacement of the pluton, and
the position of the pluton seems clearly to have been
determined by the shape and extent of the Quartz
Creek cauldron. The pluton occupies what was
formerly the eastern sector of the outer ring-fracture
zone of that cauldron, or it occupies disputed territory
between the neighboring Quartz Creek and Van Horn
Peak cauldrons.

How the pluton got there, is a puzzle. Presumably
the edges of the Quartz Creek and Van Horn Peak
cauldrons provided a zone of weakness that the
ascending pluton could make use of. But the pluton is
large. Its thermal aureole is not. The metamorphic
effect on the adjacent Challis Volcanics is slight, and
the effect on the Precambrian Yellowjacket Forma-
tion in the Yellowjacket district seems negligible. The
variety and style of minerai deposit that might be
expected to accompany a fluorite-bearing, potassium-
rich granite have not been reported from the area.
Perhaps the deposits have not been found; perhaps
they are lacking. These strange attributes of the
pluton, as well as the odd assortment of rocks within
it, might be comprehensible if the pluton in large
part rose to its present level of exposure diapirically,
borne upward by ascending magma that locally
consolidated to form the many small intrusives which
penetrate the pluton, and dragging or rafting with it
tracts of the pre-Challis terrane—rocks of the Idaho
batholith suite, Precambrian schists and migmatites,
and bodies of mafic plutonic rock whose assignment
to the Tertiary now seems questionable. The distribu-
tion of these exotic tracts within the Casto pluton is
well shown on plate | of Ross (1934). Nonmagmatic
ascent of the pluton to its present level of exposure is
a working hypothesis to account for strange geologic
facts that bothered Mr. Ross as well as us. The 47.8-
million-year date obtained from the pluton is con-
sistent with the hypothesis. The date may represent
the time of magmatic crystallization of the pluton,
not the time of emplacement of the pluton into its
present environment. Radiometric dating of minor
intrusives within the pluton thus becomes critical for
testing the hypothesis that ascending magma, which
locally produced the minor intrusives, bore the pluton
en masse into its present environment.

We regard the Casto pluton as a postsubsidence
feature structurally and an enigmatic feature petro-
logically. As a structural feature, the pluton is
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reasonably interpreted as having developed after the
eruption of the Sunnyside rhyolite and before the
effusion of the flows of Lookout Mountain, within
the time span represented by the 46 to 47-million-year
dates of the Sunnyside and the estimated 43-million-
year date of the highest flow from the Lookout
Mountain center. As a petrologic feature, the pluton
remains little known and insufficiently dated and thus
inappropriate for discussion here.

Stocks of Upper Indian Creek

Two stocks are present at the south end of the
silicified zone that extends southward from the
Meadow Creek mine near Stibnite, Yellow Pine 15-
minute quadrangle. The silicified zone, described in
reports by Cater and others (1973) and by Curtin and
King (1974}, occupies part of the ring-fracture zone
that bounds the west side of the Cougar Basin caldera.
The stocks are of granite porphyry and quartz diorite
porphyry. Their relative geologic ages are indeter-
minate, but according to isotopic dating the granite
porphyry is older.

The granite porphyry is almost wholly concealed
by fan debris and alluvium that merge at the valley
bottom. The rock contains small miarolitic cavities,
sparse phenocrysts of quartz and feldspar, and abun-
dant, vaguely subhedral patches of coarser micro-
pegmatite set in a finer, nearly equigranular matrix of
quartz, alkali feldspars, and sparse micropegmatite.
The matrix particles, which have an average diameter
of 0.4 + 0.1 millimeter, are distinctly coarser than the
0.02-0.06 millimeter matrix particles of intrusive
rhyolites of the region. Sanidinelike alkali feldspar
(9.41 weight percent K,O) of the matrix of the granite
porphyry gives the date 46.9 + 1.6 million years
{Table 1, sample 19),

The quartz diorite porphyry stock, locally myloni-
tized and bounded by faults, intrudes mainly the
metamorphic-rock component of an area of mixed
rocks—metamorphic rocks invaded by sheets and
small discordant bodies of alaskite of the Idaho
batholith. Small inclusions of Precambrian amphibo-
lite, hornfelsed metavolcanics, and quartzite are pres-
ent in the porphyry, along with rare inclusions of
alaskite. A single inclusion of slightly hornfelsed
rhyolitic crystal tuff, presumably of the Challis Vol-
canics, was observed. The foregoing features, the
gross aspect of the stock, and its microscopic features
are appropriate for a Tertiary stock. The puzzling
feature of the stock is that dikes of aplite—locally
pegmatitic, locally vuggy—cut it. These dikes, some
almost a meter wide but seen only in large blocks of
talus, look in the field and under the microscope
exactly like aplite or fine-grained alaskite of the
Idaho batholith. For this reason, the stock was

originally interpreted as an atypical and early facies
of the batholith and was not shown by separate
symbol on Cater’s map of the Idaho Primitive Area
(Cater and others, 1973, plate 1). Leonard has
reexamined the stock twice after mapping it but has
found no additional evidence bearing on the misfit
age relations of quartz diorite porphyry and aplite.
The contradictory evidence on relative age is here
interpreted to mean that the magma giving rise to the
porphyry stock was of Tertiary age, that it mechan-
ically incorporated some batholithic alaskite, and
that locally it remelted some alaskite, which then
intruded the cooler parts of the consolidating por-
phyry body. The hypothesis that the aplite is remelted
or directly intruded granite porphyry like that of
sample 19 cannot be eliminated.The contrast between
the interlocking fabric of the aplite and the micro-
pegmatitic fabric of the granite porphyry merely
seems to speak against that hypothesis if one is
familiar with the range of microscopic fabrics shown
by aplites, alaskites, and granite porphyries of the
region.

A homogeneous sample of quartz diorite porphyry
was selected for radiometric dating. The rock is a
hornblende-pyroxene quartz diorite or granodiorite
containing 8 percent quartz, 15.5 percent potassium
feldspar, and a little micropegmatite and biotite, in
addition to abundant plagioclase with subordinate
hornblende and pyroxene. The microscopic fabric is
intergranular, like that of a diabase; mafic minerals,
accompanied by subordinate quartz, potassium feld-
spar, plagioclase, and micropegmatite, are interstitial
to plagioclase laths several millimeters long. Sparse
phenocrysts of plagioclase, together with mafics that
are microscopically intergranular and clustered but
megascopically phenocrystlike, make hand specimens
of the rock look distinctly “porphyritic.” Hornblende,
the dominant mafic, gives the date 44.4 + 1.8 million
years (Table |, sample 20; 0.935 weight percent K,0).

The 46.9- and 44.4-million-year dates obtained
from the two stocks on upper Indian Creek overlap at
20 but are discrete at 1o. Suppose, for the moment,
that the individual dates are acceptable at face value.
The 46.9-million-year date is close to the 47.1- and
47.3-million-year dates that we have related to caul-
dron subsidence; the date is consistent with the
interpretation that the Cougar Basin caldera collapsed
along the Meadow Creek fault zone at nearly the
same time that the cauldron block subsided. The
44 4-million-year date nearly matches that obtained
from the Century Creek stock, discussed below as
sample 22, and is thus consistent with the interpre-
tation that more than one stock grew within the
cauldron block about 44 million years ago. The
interpretations are geologically reasonable, but we
remain skeptical of too much refinement.
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Dating the quartz diorite porphyry does little to
guide our thinking about the age of the silicified zone
that extends southward from the Meadow Creek
mine. The silicified zone (Leonard, in Curtin and
King, 1974) ends at the quartz diorite porphyry stock,
but a fault or a zone of faults separates the two units,
and inclusions of one have not been found in the
other. Thin veinlets of vuggy chalcedonic quartz do
cut the porphyry seen in a few talus blocks. However,
several generations of quartz are represented in the
silicified zones of the region. Thus the assumption
that a quartz veinlet in the quartz diorite porphyry
has a temporal or genetic connection with the bulk of
the quartz in the local silicified zone is unwarranted.

Stocks Within and Close to the
Thunder Mountain Caldera

Stocks and dikes within the Thunder Mountain
caldera are rare. In contrast, they occur in clusters at
the caldera edge near the middle reaches of Monu-
mental and Marble Creeks, where they have been
seen to cut the wall rocks but not the caldera filling.
Dates for one intracaldera stock (Century Creek) and
one peripheral stock (Paint Creek) are given here.

The Century Creek stock is one of two small
stocks exposed near Thunder Mountain. All contacts
with the surrounding Sunnyside rhyolite and buff
rhyolite tuff (part of the upper, rhyolitic unit of the
Challis Volcanics) are faults. The stock lies within the
Thunder Mountain caldera, but it may have intruded
the wall zone of a minor, unnamed caldera within the
Thunder Mountain caldera. Much of the stock is
highly altered to limonite and replaced by tridymite.
The highly altered rock was mentioned in an earlier
report (Cater and others, 1973, p. 47).

Fresh rock is dark green. Phenocrysts of ferro-
hedenbergite (1 percent) and bipyramidal quartz,
sanidine, and plagioclase (24 percent, taken together)
are embedded in an aphanitic matrix of the same
minerals and a little primary(?) chlorite. Granules
consisting of orange chlorophaeite(?) and a yellowish,
fibrous amphibole represent pseudomorphs, surely in
part after ferrohedenbergite, though most of the
pyroxene is fresh, but perhaps in part after fayalite, of
which no relic has been found. The rock 1s a ferro-
hedenbergite rhyolite porphyry, and the Century
Creek stock is the sole occurrence of it known in this
region.

Phenocrystic sanidine from fresh rock gives the
date 44.6 + 1.5 million years (Table 1, sample 22;
8.355 weight percent K;O0). At 20, the date overlaps
the sanidine dates of the Sunnyside rhyolite; at 1o, it
does not. Lack of overlap is consistent with the
geologic interpretation reached in the field: though
the Century Creek stock is now bounded by faults, it

probably intruded the Sunnyside, as well as the buff
rhyolite tuff. That interpretation is also consistent
with the occurrence of small bodies of rhyolite
intruding the Sunnyside along Monumental and
Telephone Creeks. However, neither the isotopic data
nor the field relations eliminate the possibility that
the Century Creek stock and the buff tuff, behaving
as a unit, were faulted against the Sunnyside rhyolite.

The intrusive body here termed the Paint Creek
stock is peculiar. It has fresh phenocrysts in an
altered groundmass. The stock, exposed on the divide
between Paint Creek and Deer Creek, intrudes the
upper, rhyolitic unit of the Challis Volcanics just
north of a downfaulted mass of Sunnyside rhyolite.
The area about the stock and its host rock is
incorrectly shown as Yellowjacket Formation on
plate 1 of Cater and others (1973).

The stock is a composite body of granite porphyry
and quartz latite porphyry. A small body of granite
porphyry, possibly an apophysis of the stock, is
exposed about 300 meters east of the stock, and
several latite dikes hold up the sharp topographic
spur southwest of the stock. The latite dikes of the
spur, taken together with some porphyry dikes that
cut the composite stock, seem to radiate from the
stock, but the relation may be fortuitous.

Our sample of granite porphyry from the com-
posite stock is better termed rhyolite porphyry, but
one needs a microscope to see that the matrix is
indeed extremely fine grained. Abundant phenocrysts
of biotite, hornblende, quartz, plagioclase (weakly
zoned sodic oligoclase to strongly zoned andesine),
and sanidine—all perfectly fresh—are set in a matrix
of chalcedony and adularia, instead of quartz and
two alkali feldspars, the common matrix assemblage
for intrusive rhyolites of the region. The chalcedony-
adularia matrix consists of a net of extremely fine
material enveloping abundant, roundish areas of
slightly coarser material. The roundish areas are 0.2-
0.8 millimeter in diameter, and it is their size that
makes the matrix look *“crystalline” to the unaided
eye. Some of the roundish areas have thin rims of
adularia, and patches of colloform adularia are
scattered throughout the net. Most of the adularia
particles are rhombuses less than or equal to 10 um in
length; the chalcedony particles are generally smaller
than those of adularia. A few lenticular aggregates of
rather coarse chalcedony and adularia are present, as
well as rare lenticles of colloform stuff that may be
opal or almost submicroscopic bands of alternating
chaicedony and adularia. A few discontinuous re-
placement veinlets of chalcedony, mostly confined to
the matrix, locally cut phenocrysts of plagioclase.

A genetic interpretation of the chalcedony-adularia
matrix cannot be made with assurance. The absence
of sodic plagioclase in the matrix suggests that
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chalcedony and adularia have formed essentially by
replacement of a preexisting aggregate of quartz and
two alkali feldspars, not by a simple recrystallization
of the primary groundmass. If so, the process would
have some resemblance to the potassic alteration that
locally affects mineralized stocks. Without careful
study of the Paint Creek stock, one cannot know
whether the alteration process has been confined to
the rhyolite porphyry of a composite intrusive, or has
converted parts of a simple quartz latite porphyry to
a rock now classifiable as rhyolite porphyry.

Phenocrystic biotite from the rhyolite porphyry
gives the date 47.1 + 1.6 million years (Table I,
sample 23; 7.89 weight percent K,0). Neither pheno-
crystic sanidine nor groundmass adularia could be
made suitably pure for dating. The 47.1-million-year
date of the biotite can be interpreted several ways. (1)
It means what it says; the stock, so dated, intruded
the upper, rhyolitic unit of the Challis Volcanics and
is coeval with dikes of the cauldron subsidence stage
or with the Sunnyside rhyolite. (2) The date is suspect
because the stock is composite and its quartz latite
porphyry has not been dated, owing to lack of
suitable material. (3) The date needs to be viewed
against the background provided by paired biotite
and sanidine dates from the Sunnyside rhyolite
(Table 1, sample 9)—47.7 million years for biotite,
but 46.3 for sanidine. So viewed, biotite from the
Paint Creek stock appears younger than biotite from
the Sunnyside rhyolite. Thus it is reasonable to
suppose that the stock was emplaced after the Sunny-
side was erupted and, quite likely, after the Sunnyside
collapsed into the Thunder Mountain caldera. We
prefer interpretation (3) because it gives more weight
to relative values than to absolute ones.

Dikes of Little Pistol Swarm

Dikes of the Little Pistol swarm (Leonard, 1965)
cut plutonic rocks and Challis Volcanics along the
southern sector of the cauldron. C. P. Ross (oral
communication, 1957) thought that dikes of this
swarm were broadly contemporaneous with the Casto
pluton. Because the dikes occupy extension fractures
related to great shear zones that cut the cauldron
block, Leonard has supposed that the dikes were
considerably younger than the Challis Volcanics. The
three radiometric dates obtained on dikes from the
swarm indicate that dikes of several ages are present.

Phenocrystic sanidine from a rhyolite dike that
cuts the lower, latitic unit of the Challis Volcanics has
a date of 45.2 = 1.5 million years (Table 1, sample 24;
9.48 weight percent K,O). This date is younger than
the more reliable of the dates reported for the lower,
latitic unit and falls within the time span that we
think is appropriate for the diapiric(?) emplacement

of the Casto pluton. The rise of the pluton, the
development of extension fractures in the Little Pistol
area, and the intrusion of the first dikes of the Little
Pistol swarm may be closely related, both structurally
and temporally.

Another rhyolite dike cuts Challis Volcanics (un-
divided) and alaskite of the Idaho batholith, the
latter containing inclusions of Precambrian Hoodoo
Quartzite. Phenocrystic sanidine from this dike gives
the date 42.4 1 1.5 million years (Table 1, sample 25;
6.56 weight percent K.0). At 20, this date barely
overlaps the 45.2 + 1.5-million-year date of dike 24.

Phenocrystic hornblende from a latite dike that
cuts plutonic rocks 1 kilometer south of the nearest
exposure of Challis Volcanics has a date of 36.7 + 1.5
million years (Table 1, sampte 26, 0.785 weight per-
cent K,0). Plutonic rocks at the sample site are an
agmatite of Precambrian quartzite and hornfelsed
biotitic metavolcanic rock in a matrix of alaskite of
the Idaho batholith. The 36.7-million-year date for
latite dike 26 differs little from the date of one of the
middle Indian Creek stocks, next described, but is
substantially and reliably younger than the date for
rhyolite dike 25. Dikes 24, 25, and 26 are but three of
the hundreds mapped within the Little Pistol swarm.
They represent the two common compositional types,
but we are not prepared to believe that rhyolite dikes
of the swarm are of one age and latite dikes of
another. Unfortunately, two other latite dikes of the
swarm failed to vield mineral separates pure enough
for dating.

Stocks of Middle Indian Creek

A group of small stocks at the mouth of Little
Indian Creek is the westernmost expression of a 5-
kilometer-wide cluster of rhyolite and latite stocks
that extends at least 8 kilometers down Indian Creek.
The stocks are densely studded along the southern
ring-fracture zone of the Cougar Basin and Thunder
Mountain calderas, approximately at the contact
between the Sunnyside rhyolite and lower units of the
Challis Volcanics.

Two rhyolite stocks were dated. Both contain
phenocrysts of biotite, bipyramidal quartz, sanidine,
and plagioclase. These make up less than 10 percent
of one stock and 37 percent of the other. Both stocks
contain a trace of accessory fluorite.

The first stock east of the mouth of Little Indian
Creek is sparsely porphyritic, slightly miarolitic rhyo-
lite that intrudes tuff of the upper, rhyolitic unit of
Challis Volcanics close to its fault contact with
granodiorite-bearing mudflow debris of the same
unit. Neither phenocrystic biotite nor sanidine was
recoverable as a suitably clean mineral concentrate,
so we used the separated groundmass of very fine-
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grained alkali feldspars, quartz, and a trace of biotite
and opaque minerals. The mean date of two ground-
mass samples is 39.8 £ 0.9 million years (Table 1,
sample 27; 4.955 weight percent K.O).

A nearby stock is flanked by narrow fault blocks
of Challis Volcanics and laminated siltite-argillite of
the Precambrian Yellowjacket Formation. Slightly
turbid, faintly mottled, phenocrystic potassium feld-
spar from the stock resembles the sanidine commonly
found in other rhyolites but is nearly pure “ortho-
clase” (15.425 weight percent K;O). This feldspar
gives the date 41.1 = 0.9 million years (Table I,
sample 28).

At 20, the 39.8- and 41.1-million-year dates do not
overlap, but the analyst regards the first date as a
minimum. The first date is close to that of the far-
distant Logan Creek stock, whose size and setting are
different (see description of sample 29, below). The
second date is close to that of a rhyolite dike of the
Little Pistol swarm (sample 25). The dated rhyolite
stocks on the middle reaches of Indian Creek are
petrographically distinct, separate but close in space,
and close but perhaps separate in age. We conclude
that these two stocks were emplaced several million
years after the development of the ring-fracture zone
of the Cougar Basin and Thunder Mountain calderas.

Logan Creek Stock

A stock of coarsely miarolitic, fluorite-bearing
granite cuts across the outer ring-fracture zone of the
western sector of the cauldron. The stock, about 1
kilometer wide and 6 kilometers long, is the largest
stock west of the Casto pluton. Biotite from the stock
gives a date of 38.7 + 1.3 million years (Table I,
sample 29; 4.18 weight percent K,O). The date is
consistent with the local geology and indicative of the
continuation of intrusive activity long after major
subsidence of the cauldron block.

Dike of The Hogback, Big Creek

Small dikes of rhyolite and latite are scattered
throughout the cauldron block without a detectable
relation to major structural features. The dike in
andalusite phyllite of the Precambrian Yellowjacket
at The Hogback is an example. Except for its lack of
alteration, this dike is identical in general character to
rhyolite dikes of the Little Pistol and Profile-Smith
Creek swarms. Biotite from the dike gives the date
20.7 + 0.7 million years; sanidine gives the date 46.3 +
1.1 million years (Table 1, sample 30; 5.295 weight
percent K,O for biotite, 13.465 for sanidine). The
discrepancy between the biotite and sanidine dates is
large and unexplained. Sample 30 is the third one
that we have collected and dated from this site. All

three samples show the same discrepancy in dates, yet
the biotite and sanidine—both phenocrystic—are the
least altered of any we have seen in Tertiary rocks of
the region. The dike is holocrystalline and shows no
xenoliths, nothing in thin section looks xenocrystic,
and no other Tertiary intrusive is exposed within 500
meters of the sample site. Does the biotite date point
to a thermal event whose source or effects we have
not recognized elsewhere in the region? Was biotite
alone affected, or was sanidine affected too? We do
not know how to interpret the discrepant dates.

Dates obtained earlier on samples of The Hogback
dike were extrapolated (Leonard, 1965) as a guide to
the age of dikes in the Little Pistol swarm. The
extrapolation was inadvisable.

CONCLUSION

The eruption of latite ash flows 50 million years
ago began an episode of volcanic activity that lasted
about 7 million years. Ash flows and minor lava flows,
first latitic, then rhyolitic, built the Thunder Mountain
field of Challis Volcanics to a height of perhaps 1500
meters before the subsidence of a nearly circular
cauldron block having a diameter of 60-65 kilometers.
Major subsidence, dated at 47 million years, was
accompanied by development of the Cougar Basin
caldera, within which the Sunnyside rhyolitic ash flow
was erupted from a central vent 46-47 million years
ago. Eruption of the Sunnyside ash flow was attended
by development of the Thunder Mountain caldera, to
which most of the Sunnyside ash flow was confined.
Collapse of the Thunder Mountain caldera cannot be
precisely dated. An upper limit is either the 47-million-
year date of cauldron subsidence or more likely, we
think, the 46 to 47-million-year date of eruption of the
Sunnyside rhyolite. A likely lower limit is the 44.6-
million-year date of the Century Creek stock, a small
intrusive nearly central to the caldera. Water-laid
volcaniclastic debris, derived mainly from the Sunny-
side rhyolite, was spread thinly over the floor of the
collapsed Thunder Mountain caldera, trapping plant
remains of Eocene age. The floor of the Thunder
Mountain caldera was tilted gently southwestward,
perhaps by diapiric emplacement of the Casto pluton.
A minor vent 8 kilometers northeast of the center of
the caldera erupted latite cinders, bombs, and lava of
the Lookout Mountain unit. Thin flows from this vent
spread southwestward across the caldera floor. The
highest latite flow has a date of about 43 million years;
younger dates obtained from the flow very likely
reflect argon loss from glass. The outpouring of latite
lava is the last volcanic event recorded in the caldera,
whose evolution extended from middle Eocene to late
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Eocene time. (The informal designations of Eocene
time are keyed to the preferred radiometric dates,
recalculated according to 1977 decay constants, of
Harland and others, 1971.) During the Pleistocene,
part of the defunct caldera again served as a deposi-
tional site, this time for gravels carried in by meltwater
from small alpine glaciers of the bordering highlands.

At present levels of exposure, the earliest indication
of Tertiary intrusive activity is given by quartz diorite
and latite dikes of the outer ring-fracture zone of the
Quartz Creek cauldron. The dikes have a date of 47
million years, The latest indication of intrusive activ-
ity is given by a latite dike, dated at 37 million years,
from the Little Pistol dike swarm. Thus the evidence
points to a beginning of intrusive activity during the
explosive stage of local volcanism and a cessation
some few million years after extrusion of the youngest
lavas of the Thunder Mountain field. Between the
extremes of 47 and 37 million years, the eastern
margin of the cauldron was invaded by the Casto
pluton, and myriad small stocks and dikes were
emplaced along the margins of the cauldron and its
nested calderas. Small rhyolite stocks grew near the
center of the Thunder Mountain caldera.

The Casto pluton presents a special problem,
different from that of the stocks and dikes. The most
reliable date, analytically, for the pluton is 47.8
million years. That date may represent the time of
crystallization of the core of the pluton at some
considerable depth beneath the cover rocks. The
pluton did not, we think, ascend to invade the
cauldron margin till much later, perhaps 44-45 million
years ago.

The dates of the Challis Volcanics of the Thunder
Mountain field do not differ significantly from the
dates reported by Armstrong (1974) for the Challis
Volcanics of the type area near the town of Challis:
about 43-50 million years for the former and about
45-50 million years {recalculated) for the latter. The
comparison excludes dates of ours that we have
discussed as aberrant and dates of Armstrong’s for
which he expressed some reservations. However, the
Challis Volcanics extend far beyond the areas whose
rocks have been radiometrically dated in our study
and in Armstrong’s. Within the large expanse of the
Challis Volcanics of central Idaho there are, we
believe, at least seven major caldera-related volcanic
fields whose extrusive products, similar in composi-
tion and locally lapping over from one field to
another, may be nearly contemporaneous but not
rigidly so. Until the local sequences have been
established and dated, appropriate limits for “Challis
time” are only approximately definable. Meanwhile,
it is worth noting that although a good many Tertiary
intrusives in central Idaho are coeval with the Challis
Volcanics as currently datable, some intrusives are

younger. The 37-million-year date of hornblende
latite from the Little Pistol dike swarm, for example,
is an Oligocene date if referred to Harland and others’
(1971) preferred date of 38 million years (39 million
years, recalculated) for the base of the Oligocene, and
is statistically excludable from the set of 43 to 50-
million-year dates that represent reliably dated Challis
Volcanics.
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Early Tertiary-Age Kamiah Volcanics,
North-Central Idaho

by

Robert W. Jones!

ABSTRACT

The Kamiah Volcanics form Kamiah Buttes, a
group of kipukas rising 1,000 feet above the Clear-
water plateau, 7 miles southwest of Kamiah in Idaho
County, Idaho. The outcrop area is about 22 square
miles. The Kamiah Volcanics rest unconformably on
granites of the Cretaceous-age Idaho batholith and
are overlain by, and protrude through, lava flows of
the Columbia River Basalt Group of Miocene age.
The stratigraphic relations suggest correlation with
the Challis Volcanics of Eocene age.

The Kamiah Volcanics are flat-lying and consist of
two units. The upper unit of about 1,000 feet of
andesite consists of a number of thin lava flows and a
subordinate amount of pyroclastic deposits. In out-
crop and hand specimen, the andesite lava flows
could be confused with basalt flows of the Columbia
River Basalt Group. In thin section, obvious differ-
ences are the lower color index (10-20) and strongly
alined groundmass plagioclases of the andesite. The
lower unit of the Kamiah Volcanics is at least 300 feet
of quartz latite that contains one or more thick,
vitrophyric lava flows and a small amount of pyro-
clastic rocks. Four chemical analyses show that the
rocks are typical andesites and quartz latites. Petrol-
ogy and chemistry support, but do not prove, correla-
tion with the Challis Volcanics.

Along with the volcanic rocks at Potato Hill near
Deary, 45 miles to the north, the Kamiah Volcanics
may be either remnants of a once much larger Challis
Volcanic field or isolated centers of Challis-age
volcanism.

INTRODUCTION
The Kamiah Buttes are kipukas of older Tertiary
volcanic rocks surrounded by Miocene lava flows of

IDepartment of Geology, University of Idaho, Moscow, Idaho
83843.

the Columbia River Basalt Group. The Kamiah
Volcanics consist of an upper andesite unit about
1,000 feet thick which lies on a lower quartz latite unit
that is 300 or more feet thick. The andesites of the
upper unit resemble the basalts and could be confused
with them in the field, but the quartz latites of the
lower unit are distinctive. The purpose of my report is
to describe the rocks of the Kamiah Volcanics, to
explain how to tell the andesites from the basalts, and
to discuss the possible correlation of the Kamiah
Volcanics with the Challis Volcanics of east-central
Idaho.

The original northern and western limits of the
Challis Volcanics field are uncertain because of the
removal of the rocks by erosion, the lack of detailed
mapping, and the substantial cover by the Columbia
River Basalt Group. Armstrong (1974) has presented
evidence that igneous activity of Challis age was
widespread beyond the present limits of the Challis
Volcanics field. It is possible that the original Challis
Volcanics field extended into the area now covered by
the Columbia River Basalt Group or that isolated
volcanic centers were active in that area during
Challis time. The Kamiah Volcanics could be a
remnant of the original field or one of the isolated
centers.

LOCATION AND ACCESS

The Kamiah Buttes rise as much as 1,000 feet
above the general level of the Clearwater embayment
of the Columbia Plateau in Idaho County, Idaho
(Anderson, 1930; Ross and Forrester, 1958; Bond,
1963). The two larger buttes are Big Butte, elevation
3,382 feet, to the north (Figure 1), and Twin Buttes,
elevation 3,745 feet, to the south. A small, isolated
butte, locally known as “Lone Butte,” is about 3 miles
east of Big Butte. The buttes may be reached from
Kamiah by Idaho Highway 62 and from Nezperce or
Grangeville by Idaho Highway 7. County roads and
farm roads provide convenient access within the area.
The area is within the U.S. Geological Survey’s

Jones, R, W., 1982, Early Tertiary-age Kamiah Volcanics, north<central Idaho, in Bill Bonnichsen and R. M. Breckenridge, editors, Cenozoic Geology of 1daho: [daho Bureau of Mines and

Geology Bulletin 26, p. 43-52.
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Nezperce, Nezperce SW, Nezperce SE, and Kamiah
7l4-minute quadrangles.

PREVIOUS STUDIES

Anderson (1930, p. 24) recognized that the Kamiah
Buttes are partially buried hills of older volcanic
rocks which protrude through the Columbia River
Basalt Group. He stated that two rock types are
present, andesite and quartz latite, and suggested a
correlation with the Challis Volcanics of east-central
Idaho. Bond (1963) recognized that “Lone Butte” is
also underlain by Kamiah Volcanics.

STRATIGRAPHIC UNITS

PALOUSE FORMATION

Loess of the Pleistocene-age Palouse Formation is
the youngest geologic unit in the area. It mantles
most of the flatter areas of the Clearwater plateau,
forms an apron around the base of the buttes, and
extends up onto some of the flatter areas, especially
on Twin Buttes.

COLUMBIA RIVER BASALT GROUP

The next youngest unit is the Columbia River
Basalt Group, a widespread sequence of subaerial
basalt flows and sedimentary interbeds that are
mostly Miocene in age. Columbia River basalt flows
crop out in gulches and stream valleys on all sides of
the buttes. The basalts are essentially flat-lying and
rest unconformably on the erosion surface cut into
the Kamiah Voicanics. The actual contact is mostly
covered by loess. A flat-lying contact is exposed
along the upper reaches of Thorn Creek on the north-
ern part of Big Butte (SWYSW1; sec. 32, T. 33 N.,
R.3 E.). A steeply dipping contact cuts across a gulch
north of the county road along the southwest corner
of Twin Buttes (SW4SWY; sec. 24, T. 32N, R. 2 E.).
In general, the contacts are the steeply dipping sides
of hills of flat-lying Kamiah Volcanics around which
flowed flat-lying lavas of the Columbia River Basalt
Group.

The stratigraphic nomenclature of the Columbia
River Basalt Group has been worked out by Swanson
and others (1979) and is reviewed by Camp and
others (1982 this volume). The basalts of the Clear-
water embayment were first mapped in detail by

Bond (1963). The basalt units shown in Figure 1 were
taken from the geologic map of the 1° x 2° Pullman
quadrangle (Rember and Bennett, 1979). The units
present are Saddle Mountains Basalt, Wanapum
Basalt, and Grande Ronde Basalt. The Imnaha Basalt
does not crop out in the map area, but is present
elsewhere in the Clearwater embayment.

KAMIAH VOLCANICS

Anderson (1930, p. 24) named the Kamiah Vol-
canics, assigned them formational rank, and gave the
type area as Kamiah Buttes. He recognized that two
major rock groups—the andesite of Kamiah Buttes
and the quartz latite of Kamiah Buttes—are present.
Anderson suggested correlating the Kamiah Volcanics
with the Challis Volcanics because of position in the
stratigraphic sequence and similarity in lithology. No
radiometric ages are available for the Kamiah Vol-
canics, but many dates of 40 to 50 million years have
been obtained from the Challis Volcanics (Armstrong,
1974; Leonard and Marvin, 1982 this volume; McIn-
tyre and others, 1982 this volume). The nearest
recognized Challis Volcanics are at Thunder Moun-
tain, about 90 miles southeast of Kamiah Buttes
(Leonard, 1975; Leonard and Marvin, 1982 this
volume).

The stratigraphically higher part of the andesite of
Kamiah Buttes may be studied on the southwest side
of Big Butte, along a bearing southwesterly from the
Winona benchmark, elevation 3,879 feet, downhill to
about elevation 3,200 feet, where the rocks become
covered by loess. The lower part may be studied on
the west side of Twin Buttes, from about elevation
2,800 feet near Yellow Bull Spring along a north-
easterly bearing uphill to about elevation 3,350 feet.
Representative exposures of the quartz latite of
Kamiah Buttes are scattered on the east side of the
buttes; the most accessible outcrop is near milepost
15 on Idaho Highway 62. Several others are east of
Mt. Zion Cemetery, on the east side of Twin Buttes.

The contact between the andesite of Kamiah
Buttes and the quartz latite of Kamiah Buttes is not
exposed. A break in slope at about elevation 3,080
feet seems to coincide with the contact along the east
side of Twin Buttes. This contact has been provi-
sionally extended north, along the east slopes of Big
Butte (Figure 1). The Kamiah Volcanics rest on an
erosion surface cut in granitic rocks that probably are
related to the Idaho batholith, The actual contact was
not seen, but is close to the surface in several places,
such as about 100 feet south of Yellow Bull Spring
(NEYSE# sec. 23, T. 32 N, R. 2 E). The minimum
thickness of the Kamiah Volcanics is about 1,500 feet.
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IDAHO BATHOLITH

The granitic rocks exposed at the southwest end of
Twin Buttes are medium-grained granites to granodi-
orites. Similar rocks make up the nearest exposures
of the main Idaho batholith at Lowell, about 30 miles
east of Kamiah Buttes. Other granites exposed in the
Clearwater embayment are assigned to the Idaho
batholith by Rember and Bennett (1979).

ANDESITE OF KAMIAH BUTTES

Anderson (1930, p. 25) described the andesites of
Kamiah Buttes as mostly grayish and vesicular with
some being reddish. He reported up to 18 percent
phenocrysts, mostly andesine plus a little augite, set
in a microcrystalline matrix of andesine laths, glass,
and magnetite. He stated that some rocks show flow
structures that may not be obvious in hand specimen
but that are pronounced in thin section. My studies
confirm most of Anderson’s observations but show
that the plagioclase is labradorite rather than an-
desine, and that olivine, bronzite, and pigeonite
phenocrysts are present in addition ta augite. [ also
found pyroclastic deposits that Anderson did not
mention, The minimum thickness of the andesite
sequence is about 1,080 feet.

LAVA FLOWS

The andesite lava flows are poorly exposed so that
individual flows cannot be traced for any distance.
QOverall, the layering is nearly horizontal but individ-
ual flows are made up of numerous thin flow units
that are mutually unconformable and change in
appearance laterally.

Platy joints, spaced 5 to 20 millimeters apart, are
common. These partings cause the rocks to split into
slabs of equal thicknesses. Their attitudes character-
istically vary markedly within distances of a few feet
and have no simple relationship to the overall hori-
zontal attitude of the flows. Steeply dipping platy
structures are more common than those with shallow
dips, probably because the shallow dipping surfaces
were more easily covered by the loess. The platy
structures are thought to follow the shear zones along
which these fairly viscous lavas moved.

Columnar joints were seen in only one outcrop, a
roadcut on the northwest side of Big Butte (NW4NEY;
sec. 36, T. 33 N, R. 2 E.). The columns are vertical
and about 6 inches in diameter. The outcrop resem-
bles an outcrop of Wanapum Basalt, but thin section

study shows the rock to be the andesite of Kamiah
Buttes.

Open-textured rocks are common and include very
vesicular zones and flow breccias. Flow breccias and
related rocks are very well displayed at Red Rock
Butte (NWYSWY, sec. 23, T. 32 N, R. 2 E)). The
lower slopes of the west side of Twin Buttes have a
high proportion of units that are open-textured
throughout. Elsewhere, open textures typically occur
in flow-top and flow-bottom breccias that make up
about 10 percent of the thickness of the sequence.

Hand Specimen Appearance

Much of the andesite consists of dense, aphanitic,
holocrystalline rock that contains 5 to 20 percent pla-
gioclase phenocrysts up to 2 millimeters long. Some
rocks contain fresh pyroxene phenocrysts up to |
millimeter in length, and some contain 1 to 15 percent
of red, red-brown, or brown iddingsite which pseudo-
morphs olivine or orthopyroxene. Fresh olivine is not
generally visible in hand specimens.

The fresh dense rock is dark to medium dark gray,
or olive gray. Some of the dense rocks are mottled
with thin, lenticular yellowish gray zones. Where
platy structure is present, the mottled lenticles com-
monly are elongate parallel to the joints. Some of the
mottling is irregular in shape and shows no relation
to platy structure. Oxidized phases of the dense rock
are yellowish brown or pale red or dark red.

The dense, platy to massive rocks probably formed
in the interiors of flow units, whereas the open-
textured rocks probably formed at flow tops and
bottoms and in zones of internal inconsistency. The
open-textured rocks range from moderately vesicular
to scoriaceous, and some exhibit various slaggy or
brecciated structures. The slaggy rocks commouly
consist of partially rounded clasts, generally about an
inch across, with or without a matrix of fine-grained
to glassy lava. In a few places, the matrix has been
autointruded between the clasts. The open-textured
rocks are similar in color to the dense rocks, but tend
to be more brown or red.

Mineralogy and Petrography

I studied fifteen thin sections of the andesite of
Kamiah Buttes in detail; an additional thirty-three
sections were scanned for fabrics and mafic mineral
identification. Most of the specimens are from the
dense rocks on Big Butte and Twin Butte; a few are
from the open-textured rocks. Two are dense speci-
mens from Lone Butte, and one is from a dike that
cuts the quartz latite of Kamiah Buttes.

All contain plagioclase and pyroxene 1n a ratio of
about 5 plagioclase to 1 pyroxene. About half contain
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olivine, which generally is at least partly altered to
iddingsite. Other minerals present are groundmass
opaques and alteration products of glass and plagio-
clase. Traces of biotite were found in one specimen.
Glass is common in the open-textured rocks and is
present in a few of the dense rocks. Modes of the
holocrystalline rocks are plagioclase, 70 to 80 per-
cent; pyroxenes, 10 to 20 percent; olivine and idding-
site, 0 to 15 percent; and opaques, 1 to 5 percent.
Fabrics are seriate prophyritic with plagioclase laths
up to 1.5 millimeters long, and pyroxene and olivine
phenocrysts up to 1 millimeter across. Matrix grains
are about 0.1 to 0.3 millimeter in diameter. Most of
the specimens are holocrystalline; five contain glass in
amounts of 1 to 20 percent.

The plagioclase grains are subhedral tabular with
width to length ratios ranging from 1:3 to 1:10. The
grains are moderately to strongly alined in forty-one
of the forty-eight specimens examined. In a few
specimens, two directions of alinement are present,
with most of the grains alined in one direction, and
narrow zones of grains with a different alinement
cutting across the main trend. The alinements prob-
ably resulted from flow in moderately viscous lava,
and the cross-cutting zones probably were caused by
later flow regime changes. Both phenocryst and
matrix plagioclase grains show albite twins. In a few
specimens, combined Carlsbad-albite twins are com-
mon. Most of the phenocrysts show combined normal
and oscillatory zoning. Anorthite contents of pheno-
crysts range from Ans to Any and that of the matrix
grains range from Ansp to Ang.

Both the phenocryst and matrix pyroxenes are
colorless and range from crudely columnar to rounded
anhedral. The type of pyroxene was determined for
nineteen specimens. Both clinopyroxene and ortho-
pyroxene are present in thirteen. Most contain both
augite and pigeonite. Some contain only clinopyrox-
ene or clinopyroxene plus orthopyroxene, but none
contain only orthopyroxene. Most of the specimens
that contain orthopyroxene do not contain olivine;
these minerals occur together in only four specimens.
The pyroxenes are generally fresh, although ortho-
pyroxene cores occur in iddingsite grains in a few
rocks.

The clinopyroxenes have optic angles of 40 to 60
degrees, and in many the optic planes are at an angle
to the (110) cleavage trace, indicating they are
pigeonites. Some grains have different optic angles in
different places, suggesting that they are zoned augite
and pigeonite. The orthopyroxenes are optically
positive and generally have optic angles of 70 to 90
degrees, or locally in the 60 to 70 degree range,
suggesting that most are bronzites and the rest are
hypersthenes.

Unaltered olivine is colorless in the andesite but it

is rare; all of the olivine grains are fresh in only three
of the sections studied. In the rest, the olivine is more
or less altered, commonly to iddingsite. The fresh
olivine grains and iddingsite pseudomorphs normally
exhibit anhedral, more or less rounded shapes but
euhedral grains locally are present. Optic angles are
between 80 and 90 degrees, and both positive and
negative optic signs were obtained indicating that the
olivine is magnesium-rich,

Most of the opaque grains are black in obliquely
incident reflected light. Most are 0.01 to 0.03 milli-
meter in diameter and confined to the groundmass; in
a few specimens they are as large as 0.4 millimeter.
Most of the grains are anhedral and rounded, but
some with diamond, square, or rectangular shapes
indicate an octahedral mineral, probably magnetite.
In a few specimens the edges of the grains are red,
suggesting hematite, and in others the opaques have
been oxidized to red or brown iron oxides. Opaque
grains with elongate shapes suggestive of ilmenite
occur in only two of the thin sections.

With the exception of olivine and orthopyroxene,
most of the minerals in the andesites are fresh.
Red, red-brown, or brown pseudomorphs of weakly
pleochroic to nonpleochroic iddingsite replacing oliv-
ine or orthopyroxene phenocrysts are conspicuous in
twenty-one of the specimens studied. In thirteen,
cores of olivine or orthopyroxene are present. Olivine
cores are far more abundant than those of ortho-
pyroxene. Iddingsite was not seen in the groundmass.
According to Wilshire (1958), iddingsite may form
from olivine or orthopyroxene either by deuteric
aiteration or by weathering. Because the other min-
erals are not altered, the iddingsite is considered to be
a weathering product. Olivine also is locally altered to
pale brown, pale yellow brown, or pale green mica-
ceous minerals with moderate birefringences and
nermal interference colors that may be clay minerals
of the smectite group.

Some specimens from the southwestern slopes of
Twin Buttes have altered plagioclases, but fresh
pyroxenes. The outer more sodic zones are fresh, but
the inner more calcic zones have been replaced by a
pale brown mineral with a micaceous habit and
moderate, normal interference colors. This also may
be a smectite group mineral.

PYROCLASTIC DEPOSITS

Pyroclastic rocks are exposed several places within
the andesite of Kamiah Buttes. Most of the exposures
are in the lower part of the sequence, suggesting that
the eruptions began with pyroclastic activity and then
changed to lava-flow activity.
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A bedded, well-sorted lapillistone crops out for
300 feet along the cast bank of the creek followed by a
county road in NW,SEY; sec. 14, T.32 N,,R. 2 E,,
on the west edge of Twin Butte. The base of this
exposure is covered by alluvium, and the pyroclastics
are overlain by a flow of dense, platy andesite; the
exposed thickness is about 30 feet. The clasts are very
vesicular and range from 2 to 10 millimeters in
diameter; many are 2 to 5 millimeters. The colors are
light gray or light to dark brown or yellowish brown,
contrasting with the darker colors of the andesite
flows. The one thin section studied shows the clasts to
be very fine grained to glassy. Many contain plagio-
clase microlites; a few contain small phenocrysts of
pyroxene.

Another exposure on the northeast part of Big
Butte (NWI4NW; sec. 29, T.33 N, R. 3 E.) is about
1,000 feet long and 12 feet thick. The rocks are
lapillistones and tuff breccias that contain a few
bombs of dense andesite; the base is covered by loess,
Many of the clasts are lapilli-size, are very finely
vesicular, and are light to dark gray to red.

On the south edge of Twin Buttes (NW14 sec. 20
and SWY, sec. 19, T. 32 N, R. 2 E.), road cuts and
drainage ditches show some poor exposures of poorly-
to well-sorted volcaniclastic and epiclastic rocks.

DIKES

Two nearly vertical dikes of andesite cut across the
quartz latite of Kamiah Buttes in a road cut at
milepost 15 on Idaho Highway 62 (SW4SW; sec. 4,
T. 32 N., R. 3 E.). The southern dike is about 12 feet
wide; the northern dike is at least 15 feet wide, but its
northern edge is covered.

The dike rocks are typical, massive, grayish-brown
weathering andesite. The fresh rock is medium dark
gray and is sprinkled with a few rounded white
phenocrysts about 1 millimeter in diameter. The rock
contains 20 percent plagioclase phenocrysts and 1-2
percent pyroxene phenocyrsts in a microcrystalline
matrix that is mostly plagioclase. The plagioclase
phenocrysts are fresh, subhedral-tabular, and show a
continuous range of lengths from 0.4 to 2.0 milli-
meters; many are 0.4 to 0.8 millimeter. The pyroxenes
are augite, pigeonite, and bronzite in about equal
amounts; most are columnar and 0.5 to 1 millimeter
in length.

Although the color index is very low, the dikes are
sufficiently similar to the andesite of Kamiah Buttes
to be correlated to it. These dikes and perhaps others
probably fed the extrusions of the andesite of Kamiah
Buttes.

COMPARISON OF THE ANDESITE
OF KAMIAH BUTTES WITH THE
COLUMBIA RIVER BASALT

Basalt units in the vicinity of Kamiah Buttes
belonging to the Columbia River Basalt Group
include the Saddle Mountains Basalt, Wanapum
Basalt, and Grande Ronde Basalt. The Imnaha Basalt
crops out nearby (Rember and Bennett, 1979). The
properties described in this section for the basalts are
those exhibited in the vicinity of Kamiah Buttes; they
may not apply to the Columbia River Basalt Group
elsewhere.

In outcrop, the andesites commonly show well-
developed platy joints spaced at 5 to 20 centimeters;
attitudes on the platy partings change greatly over
short distances. In the basalts, such joints are less
common and more widely spaced, with attitudes that
change gradually. Columnar joints are rare in the
andesites and common in the basalts. Flow breccias
are common in the andesites and are rare in the
basalts. Although their overall outcrop colors are
similar, the andesites tend to be more gray and the
basalts more brown. Air-fall pyroclastics are a signif-
icant phase of the andesites and are absent in the
basalts,

In hand specimen, the andesites contain 5 to 20
percent plagioclase phenocrysts plus 1 to 2 percent
pyroxene phenocrysts or iddingsite pseudomorphs
after olivine or pyroxene. Most of the phenocrysts are
about | millimeter in diameter, the largest are 2
millimeters. In the basalts, phenocrysts are absent in
the Grande Ronde Basalt, but the Wanapum Basalt
and the Saddle Mountains Basalt may contain olivine
and plagioclase phenocrysts. The phenocrysts can be
larger than those in the andesites; plagioclase may be
as much as 10 millimeters in length. The Imnaha
Basalt typically contains a sprinkling of plagioclase
phenocrysts up to 4 centimeters long,

The weathered color of the andesite tends to be
olive gray, whereas the basalts tend to weather to
some shade of brown. Some parts of the Wanapum
Basalt weather to a light gray that resembles the
weathered color of the andesites. The fresh colors of
the andesites and the basalts overlap considerably;
both commonly are dark gray or dark brown. How-
ever, some of the andesites are reddish browns that
do not occur in the basalts, and some of the basalts
are yellowish browns, blue grays, or blue blacks that
do not occur in the andesites.

The differences between the andesites and the
basalts are most obvious in thin section. The most
diagnostic characteristic is color index; that of the
andesites generally ranges from 10 to 20 and seldom
exceeds 30 whereas that of the basalts generally is
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greater than 40. Another striking difference is that
many of the andesites have strongly alined ground-
mass plagioclase laths whereas the groundmass of the
basalts nearly always is directionless. Olivine pheno-
crysts or pseudomorphs of iddingsite after olivine or
orthopyroxene are common in the andesites. They
are absent in the Grande Ronde Basalt, but may
occur in the other three basalt units. Both augite and
pigeonite are common as phenocrysts in the andesites,
and about half of them have phenocrysts of ortho-
pyroxene, In the basalts, pyroxenes do not form
phenocrysts and orthopyroxenes are absent.

QUARTZ LATITE OF
KAMIAH BUTTES

According to Anderson (1930, p. 25), a flow of
quartz latite crops out extensively along the southeast
margin of Kamiah Buttes. He described the rock as
light gray with a flow structure shown by widely
spaced glassy layers, and containing a few phenocrysts
of andesine, quartz, and biotite set in a groundmass
of orthoclase, oligoclase, and much glass. I could not
confirm the presence of orthoclase in the groundmass.

My studies suggest that the quartz latites mostly
were vitrophyric lava flows that are now largely
devitrified. 1 also found air-fall pyroclastics that seem
to be related to the quartz latites. The base and the
top of the unit are covered. Assuming the layering is
horizontal, the minimum thickness is about 300 feet. [
did not find any internal contacts within the unit and
do not know if it is only one flow or composed of
several flows.

LAVA FLOWS

Outcrop and Hand Specimen Appearance

Natural outcrops of the quartz latite of Kamiah
Buttes are few and small. The most accessible ex-
posures of fresh vitrophyre are in a roadcut and in
nearby natural exposures at milepost 15 on ldaho
Highway 62 (SW4,SW; sec. 4, T. 32 N, R. 3 E)).
The vitrophyre is grayish black where fresh and
weathers yellowish brown with patches of yellowish
gray. Plagioclase phenocrysts make up 20 percent of
the rock; they are clear, glassy to slightly translucent,
subhedral, and | to 2 millimeters long. Flow structure
is absent but perlitic structure is weakly developed.
Near the dikes of the andesite of Kamiah Buttes,
weathering accentuates local color contrasts in the
quartz latite. These may represent shear which took
place during emplacement of the dikes.

Another exposure is in a roadcut 0.6 mile south of
milepost 15 at the junction of Idaho Highway 62 and
two county roads (NWSW, sec. 9, T. 32 N, R. 3
E.). The rock here is fully -devitrified and weathers
pale yellowish brown; the fresh color is brownish
gray. Flow layering is prominent and shows as
streaks, layers, and lenses of pinkish gray. This is the
only outcrop in which this type of quartz latite was
seen. The more typical devitrified rock is exposed in
small outcrops, such as in the ditches along the
county road south from the junction. The fresh rock
is light gray, grayish red, or dark red. Flow structure
shows as alternating lighter and darker layers that
pinch and swell and range from several millimeters to
a centimeter in thickness.

Mineralogy and Petrography

I studied nine thin sections of the quartz latite of
Kamiah Buttes. Three are fresh vitrophyres, two are
devitrified but not altered, and four had been devitri-
fied and altered in different amounts. All contain 10
to 20 percent plagioclase phenocyrsts up to 2 milli-
meters in length. About half contain | to 2 percent of
greenish brown to brown hornblende. Traces of
pyroxene are present in a few, but no potassium
feldspar crystals were recognized.

About half of the specimens show flow layering,
such as differences in color, or layers of spherulitic
devitrification alternating with layers of granophyric
devitrification, or stringers of partially collapsed
pumice. Crystals do not show preferred orientation.
Incipient perlitic structure is common in the speci-
mens with fresh glass. Most of these rocks have a
sprinkling of crystallites in the matrix. Devitrification
has most commonly resulted in spherulitic structure,
but axiolitic structures also are present. Granophyric
devitrification has occurred in a few specimens.

The plagioclase phenocrysts show albite twins and
are weakly zoned. Anorthite contents range from
Any; to Anse. In one specimen, the plagioclase
phenocrysts contain abundant inclusions of glass. In
about half of the specimens, the plagioclase is strongly
altered to clay minerals.

In most of the specimens, quartz is not present as
phenocrysts. In several devitrified specimens, quartz
is present in granophyric intergrowths with feldspar
or in lenses of small crystals lying parallel to the flow
layering.

Phenocrysts of mafic minerals are so scarce that
little data could be obtained. The hornblendes are
subhedral to euhedral, greenish brown to brown, and
have negative optic angles of about 70 degrees.
Pyroxenes are colorless; both optically positive and
optically negative forms are present, suggesting that
both clinopyroxene and orthopyroxene are present.
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PYROCLASTIC DEPOSITS

Pyroclastic and epiclastic rocks that probably are
related to the quartz latite of Kamiah Buttes crop out
at the northwest edge of Big Butte, near the barns and
at the loading areas at the base of the grain storage
bins at the Gille ranch in SWY4SWl4 sec. 19, T. 33N,
R. 3 E. These deposits consist of light-colored,
bedded and nonbedded tuffs and lapillistones. Fresh,
transparent, pale gray glass in rounded grains up to
10 millimeters in diameter forms cores of some of the
lapilli. Clasts of nonvolcanic rocks, such as quartzites
and granites, are present as well as clasts of the
andesite of Kamiah Buttes.

In one part of the exposure, a nonbedded tuff is
overlain by an epiclastic conglomerate containing
granitic and volcanic clasts. This conglomerate is
overlain by a flow of the andesite of Kamiah Buttes
that, in turn, is overlain by colluvium. In another part
of the exposure, the andesite seems to have intruded
the pyroclastic-epiclastic sequence. A buried soil zone
is present within the pyroclastic-epiclastic sequence in
another part of the exposure. Deeply weathered
granitic rock crops out within a few feet of the
pyroclastic-epiclastic exposures, but the contact is
not exposed. The above observations indicate that an
interval of erosion and sediment deposition occurred
between extrusion of the quartz latite and the andesite
of Kamiah Buttes,

CHEMISTRY

Analyses of four samples from the Kamiah Vol-
canics (Table 1) confirm Anderson’s (1930) petro-
graphic classifications of the rocks. The two andesites
are typical andesites and the two quartz latites are
typical as the term was used in Anderson’s time. In
the International Union of Geological Sciences classi-
fication (Streckeisen, 1979), the quartz latites would
be classed as rhyolites.

Correlation of the Kamiah Volcanics with the
Challis Volcanics on major element chemistry cannot
yet be done because the range of chemical composi-
tions of the Challis Volcanics is unknown. At least
some of the andesites of the Challis Volcanics contain
significantly more K,O than those of the Kamiah
Volcanics, but low-K,O andesites also are present in
the Challis (Ross, 1962; Buffa, 1976; Mclntyre and
others, 1982 this volume). Rocks with chemistries
very similar to the quartz latites of Kamiah Buttes are
present in the Challis Volcanics (R. W. Jones and
T. E. Smith, unpublished analyses). The available
data indicate that the correlation of the two units is
possible, but does not confirm the correlation.

Table 1. Chemical analyses of rocks from the Kamiah Volcanics.
[Analyzed by Frank Fenne, at the Department of Geology,
Washington State University, using pressed-powder samples in
a Philips X-ray fluorescence instrument. Analyses are normal-
ized to a 100 percent sum on a volatile-free basis. Fe,0; and
FeO are calculated from the total iron by the method of Irvine
and Barringer (1971).]

- Andesite of Kamiah Buttes, southwest side of Big Buite, about
500 feet southwest of Winona benchmark (SW/ANWLY, sec. I, T.
32 N.,R.2E)

2. Andesite of Kamiah Buttes, southwest side of Big Butte, about
1,800 feet southwest of Winona benchmark (SWY%NWIY, sec. 1,
T.32N,R.2E)

3. Fresh vitrophyre of quartz latite of Kamiah Buttes, road cut at
milepost 15 on Idaho Highway 62 (SW14SW1j sec. 4, T. 32 N,
R.3E)

4. Devitrified and altered quartz latite of Kamiah Buttes, roadcut
at mile 15.6 on Idaho Highway 62 (NW4SW; sec. 9, T. 32 N.,
R.3E)

DISCUSSION

By about mid-Eocene time, the granitic rocks of
the Cretaceous-age Idaho batholith had been uplifted
and eroded. More than 300 feet of the quartz latite of
Kamiah Buttes was extruded and probably subjected
to an interval of erosion and weathering. Dikes of the
andesite of Kamiah Buttes then cut through the
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quartz latites and served as feeders for eruption of the
andesites. Some of the vents are probably within the
present outcrop area of the Kamiah Velcanics and
are represented by the poorly sorted pyroclastic
deposits of the andesite. More than 1,000 feet of flat-
lying andesite was extruded, but the lateral extent of
the field is not known. These eruptive events probably
took place during the same time interval as the
eruption of the Challis Volcanics to the east and
south.

A new event of erosion carved out the buttes and
removed most of the volcanic deposits. A surface
with more than 1,000 feet of relief formed. In
Miocene time, Columbia River basalt flows covered
the Clearwater embayment and lapped up onto the
flanks of the buttes. Renewed erosion cut deep
canyons into the basalts. The area was blanketed with
loess during Pleistocene(?) time.

Several other buttes of older rocks protrude
through the basalts in the Clearwater embayment
(Rember and Bennett, 1979). However, they are
composed of granitic rocks of the Idaho batholith or
metasedimentary and metamorphic rocks of the Seven
Devils Group of Permian and Triassic age. The
metavolcanic rocks of the Seven Devils Group do not
resemble the Kamiah Volcanics.

Near Deary, about 45 miles north-northwest of
Kamiah Buttes, Potato Hill is underlain by probable
older Tertiary-age volcanic rocks (Bitten, 1951). The
volcanic rocks of Potato Hill resemble the Kamiah
Volcanics in that dark-colored lava flows overlie
light-colored lava flows. They have broadly the same
stratigraphic relations in that the volcanic rocks of
Potato Hill rest an an ¢rosion surface cut into the
granitic rocks of the Idaho batholith. Flows of the
Columbia River Basalt Group rest in turn on an
erosion surface cut into the volcanic rocks of Potato
Hill. However, the kinds of volcanic rock differ at
Kamiah Buttes and Potato Hill. The dark-colored
flows at Potato Hill are heterogenous, polylithologic
flow breccias unlike anything at Kamiah Buttes. The
felsic rocks of Potato Hill do not resemble the quartz
latites of Kamiah Buttes in that they are much less
glassy, have fewer phenocrysts, and have closely
spaced flow layering. Bitten (1951) reported that
features indicative of pyroclastic-flow origin are pres-
ent in some of the felsic rocks of Potato Hill. I did not
see any such features in the felsic rocks at Kamiah
Buttes.

The two sequences resemble each other in that an
event of felsic volcanism was followed by an event of
more mafic volcanism during the broad span of
geologic time that followed the uplift and erosion of
the Idaho batholith, but preceded the extrusion of the
Columbia River Basalt Group.

Both the Kamiah Volcanics and the volcanic rocks

of Potato Hill probably once were more extensive
than they are now. They might be the remnants of a
once continuous field of Challis-age volcanic rocks
that covered this part of northern Idaho and linked
up with the main field to the south and east. On the
other hand, they might be isolated centers of Challis-
age volcanism. Other, as yet unrecognized, older
Tertiary-age volcanic rocks may be present in north-
ern Idaho.
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Columbia River Basalt in Idaho: Physical and Chemical
Characteristics, Flow Distribution, and Tectonic Implications

Victor E. Camp!, Peter R. Hooper?,
Donald A. Swanson3, and Thomas L. Wright4

ABSTRACT

Flows of the Columbia River Basalt Group were
extruded in Miocene time, forming an extensive
plateau between the active Cascade chain of calcal-
kaline volcanic rocks to the west and the rising
mountains of Cretaceous to early Tertiary rocks of
the Idaho batholith and Challis Volcanics to the
east. That part of the plateau extending into western
Idaho represents the easternmost encroachment of
basalt as it thins and pinches out against the western
flank of the Rocky Mountains.

Most of the plateau has now been mapped at
reconnaissance scale, and a coherent stratigraphy has
been developed from chemical, petrographic, paleo-
magnetic, and field criteria. The Columbia River
Basalt Group is divided into five formations, the
Imnaha, Grande Ronde, Picture Gorge, Wanapum,
and Saddle Mountains Basalts, of which all but the
Picture Gorge Basalt occur in the Idaho portion of
the plateau. We describe the chemical and physical
properties of each of these formations and their
distribution in Idaho. Flow distribution was influ-
enced by (1) the location of feeder dikes, (2) the
erosional topography and drainage pattern during
and before extrusion, (3) the volume of flows, and
(4) the deformation during the eruptive episode. The
origin of all structural elements in the southeast part
of the plateau can be attributed to a combination of
(1) the regional westward tilting of the plateau
during and after basalt extrusion, (2) the presence of
a regional stress regime having a horizontal north to
north-northwest axis of maximum compression and

Ic/o Directorate General of Mineral Resources, P.O. Box 5219,
Jeddah, Saudi Arabia.

2Department of Geology, Washington State University, Pullman,
Washington 99164.

3U. S. Geological Survey, 345 Middlefield Road, Menlo Park,
California 94025.

4U. S. Geological Survey, 959 National Center, Reston, Virginia
22092.

a horizontal west to west-northwest axis of minimum
compression, and (3) the reactivation of an older
northwest-southeast and northeast-southwest struc-
tural grain in the pre-Miocene basement.

The uplifted and deeply dissected eastern margin
of the Columbia Plateau in Idaho exposes some of
the earliest members of the Columbia River Basalt
Group. This situation provides an opportunity to
examine not only the relations between basalt and
older, deeply eroded prebasalt topography but also
the effects of the encroaching basalt flows on
Miocene streams draining the Rocky Mountain
highlands to the east. Lava dams are evident along
the margin of the plateau, and repeated damming is
responsible for the deposition of detritus now
preserved as sediments intercalated with Columbia
River basalt. The basalt-prebasalt interface is
marked by numerous flows invasive into sediment,
resulting in the formation of pillows, hyaloclastite,
palagonite tuff, and peperite.

INTRODUCTION

Eruption of the Columbia River Basalt Group
began about 17 million years ago (McKee and
others, 1981) with extrusion from north- to north-
northwest-trending fissures now preserved as dikes.
Lava flows encroached on a rugged terrain produced
by the uplift and erosion of older rocks that began in
the Oligocene (Axelrod, 1968). This topography
allowed the development of three lobes extending
eastward from the main body of the Columbia
Plateau; from south to north the lobes are the
Weiser embayment, the Clearwater embayment, and
the much smaller St. Maries embayment (Figure 1).
Of these, the Clearwater embayment contains the
most representative and complete section of the
group. This paper emphasizes the basalt stratigraphy
in the Clearwater embayment (Figure 1) together
with the physical and chemical properties, flow

Camp, V. E., P. R. Hooper, D. A, Swanson, and T. L. Wright, 1982, Columbia River basalt in Idaho: physical and chemical characteristics, flow distribution, and tectonic implications, in
Bill Bonnichsen and R. M. Breckenridge, editors, Cenazoic Geology of Idaha: ldaho Bureau of Mines and Geology Bulletin 26, p. 55-75.
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Figure 1. Location and physiographic maps of the eastern margin
of the Columbia Plateau in Idaho and parts of Washington and
Oregon.

distribution, and tectonic implications of basalt
along the eastern margin of the Columbia Plateau.

GENERAL STRATIGRAPHIC
RELATIONS

Although a relatively small flood basalt province
(about 300,000 cubic kilometers), the Columbia Pla-
teau covers most of central and eastern Washington,
north-central and northeastern Oregon, and a large
part of western Idaho (Figure 1). For years the
plateau was thought to be composed of a monoto-
nous sequence of indistinguishable flows, each
having limited extent. The key to mapping the
plateau came with the realization that the province
contains individual flows or sequences of flows that
can be identified and traced for great distances. The
concept that the plateau contains mappable units
came slowly. An initial plateau-wide subdivision of
the Columbia River Basalt Group into the older
Picture Gorge Basalt and the younger Yakima
Basalt was made by Waters (1961). His subdivision,
based on stratigraphic, petrographic, and chemical
criteria, also included a late textural and mineralogic
variant of the Yakima Basalt, which he called the
late Yakima petrographic-type. Several late Yakima
flows were recognized in the central and western
part of the plateau and traced by Laval (1956),
Mackin (1961), Bingham and Grolier (1966), and
Schmincke (1967a, 1967b).

In Idaho, Bond (1963) divided the Columbia
River basalt in the Clearwater embayment into the
“lower” and “upper” basalt on the basis of field
appearance and stratigraphic position. The “lower”
basalt resembles the coarse-grained Picture Gorge
Basalt; Bond (1963, p. 13) suggested their correla-
tion. However, studies by Wright and others (1973),
Hooper (1974), Nathan and Fruchter (1974), and
Kleck (1976) show significant chemical differences
between the two. These differences prompted Hooper
(1974) to adopt W. H. Taubeneck’s suggestion that
the name Imnaha Basalt be applied to Bond’s
“lower” basalt, which is well-exposed along the
Imnaha River in northeastern Oregon.

Wright and others (1973) expanded the work of
Waters (1961) by defining a four-unit informal
stratigraphy for the plateau, from oldest to youngest:
(1) the “lower” (Imnaha) basalt of Bond (1963) and
the Picture Gorge basalt, (2) the lower Yakima
basalt, (3) the middle Yakima basalt, and (4) the
upper Yakima basalt. The stratigraphic nomenclature
for the Columbia River Basalt Group has since been
revised and formalized by Swanson and others
(1979c¢). The stratigraphic column is shown in Figure
2. Of the five formations now recognized in the
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Figure 2. Stratigraphy of the Columbia River Basalt Group
(modified after Swanson and others, 1979¢). Asterisks denote
basalt units which have not been found in Idaho. R= reversed,
N= normal, and T= transitional polarity (numerical subscripts
refer to magnetic sequence without a physical break).

Columbia River Basalt Group, the Imnaha, Grande
Ronde, Wanapum, and Saddle Mountains Basalts
occur in Idaho, while the Picture Gorge Basalt is
restricted to an isolated basin in north-central
Oregon. Each formation contains flows whose
average thickness is between 15 and 30 meters, but
some flows may be more than 120 meters thick
where they have ponded in structural basins or
stream channels. The maximum thickness of the
group in any one place is about 1,500 meters
(Waters and others, 1979), but the total thickness
obtained by adding the maximum thickness recorded
for each formation is closer to 2,500 meters
(Hooper, 1980).

Several flows have hand specimen and field
characteristics enabling them to be recognized and
traced, but only in the last decade have units been
defined by rapid, precise chemical analyses using X-
ray fluorescence and by field measurements of
magnetic polarity using a portable fluxgate field
magnetometer. These techniques have enabled re-
searchers to “fingerprint” units which otherwise
would appear nondistinctive. The integration of

chemical and magnetic information with hand
specimen identification, visual field characteristics,
and general stratigraphic position has established the
current routine for mapping the thick basalt pile
underlying the Columbia Plateau.

These techniques have proven especially useful in
mapping the eastern part of the Columbia Plateau in
western Idaho, northeast Oregon, and southeast
Washington. This area has been uplifted to nearly
2,000 meters, resulting in deep canyon erosion by the
Snake, Salmon, Clearwater, Grande Ronde, Imnaha,
and St. Joe River systems (Griggs, 1976; Camp and
Hooper, 1981, p. 665). Erosion has exposed the base
of the Columbia River Basalt Group, providing a
series of excellent cross-sections, up to nearly 1,200
meters thick, exposed through the earliest known
flows of the Columbia River Basalt Group.

Bond (1963) laid the foundation for all future
work in the southeast part of the plateau. Without
the use of many current techniques, he mapped the
contact between the Imnaha (lower) and Grande
Ronde (upper) Basalt in the Clearwater embayment
of Idaho. He also mapped remnants of the
stratigraphically highest flow in the embayment, the
Lolo flow, which he distinguished primarily by hand
specimen identification. The Lolo flow remnants
have since been identified as several different units
within the Wanapum and Saddle Mountains Basalts
(Camp, 1981).

By employing chemical and paleomagnetic tech-
niques, the 1970s saw a revitalization of interest in
the Columbia River basalt. The work of Bond (1963)
was followed by several detailed studies of the
Columbia River Basalt Group in Idaho (Hoffer,
1970; Holden, 1974; Hooper, 1974; Camp, 1976;
Griggs, 1976; Holden and Hooper, 1976; Lynch,
1976; McNary, 1976; Bard, 1977; Reidel, 1978, 1982
this volume) and adjacent Washington and Oregon
(Price, 1974, 1977, Kleck, 1976; Ross, 1978; Shubat,
1979). Parts of these studies have been summarized
in Hooper and others (1976, 1979), Vallier and
Hooper (1976), Camp and others (1978), Swanson
and Wright (1978), Swanson and others (1980), and
Swanson and Wright (1980).

The Columbia Plateau is presently being mapped
at 1:250,000 scale. Preliminary maps of the Columbia
River Basalt Group in Washington, northern Idaho,
and northern Oregon (Swanson and others, 1979a,
1980, 1981) are now available.

LOCATION OF FEEDER DIKES

Most flows of the Columbia River Basalt Group
were fed from dikes in the southeast and east part of
the plateau. These fissure-filling dikes are remarkable
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for their consistent north to north-northwest trend.
Waters (1961) emphasized the concentration of dikes
in three limited areas (Figure 3): the Monument dike
swarm, feeding only the Picture Gorge Basalt
(Fruchter and Baldwin, 1975); the Grande Ronde
dike swarm in the lowest reaches of the Grande
Ronde River on the eastern extremity of the Oregon-
Washington border; and the Cornucopia dike swarm
on the southeast side of the Wallowa Mountains.
Taubeneck (1970) emphasized that there is no dis-
cernible break between the dikes comprising Waters’
(1961) Grande Ronde and Cornucopia swarms. He
therefore suggested that all dikes exposed in the
southeast part of the plateau be classified as mem-
bers of a single major swarm: the Chief Joseph dike
swarm (Figure 3).

Although dikes may be concentrated in certain
areas, they occur across a vast expanse of the
Columbia Plateau. Swanson and others (1975b)
documented a series of north-northwest-trending
dike and vent systems, mostly concentrated on the
eastern third of the plateau where many others have
subsequently been found. They also demonstrated
the presence of dikes as far west as the Pasco Basin
in Washington. It is probable that many more are
buried beneath the central parts of the Columbia
Plateau where subsidence has prevented deep
erosion. Camp (1981) has demonstrated that linear
dike systems and source areas occur along the
eastern extremity of the Columbia Plateau in the
Clearwater embayment of Idaho. The recognition of
dikes depends greatly on the depth of erosion, the
nature of exposure, and a trained eye. What can
definitely be said is that eruptions occurred
episodically across at least the eastern two-thirds of
the Columbia Plateau.
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Figure 3. Location of major dike swarms feeding the Columbia
River Basalt Group. M = monument swarm, GR = Grande
Ronde swarm, C = Cornucopia swarm, CJ = Chief Joseph
swarm.

AGE AND ACCUMULATION RATES

Columbia River basalt volcanism occurred over
an 11.0-million-year interval (17.0 to 6.0 million
years ago), on the basis of presently available
radiometric dates. The timing and accumulation rate
of the Imnaha, Grande Ronde, Wanapum, and
Saddle Mountains Basalts are shown in Figure 4.
Volcanism began in the southeast part of the
province about 17.0 million years ago (McKee and
others, 1981) with the eruption of Imnaha Basalt.
After filling ancient valleys at least 600 meters deep,
Imnaha Basalt was followed without a break by the
voluminous (greater than 200,000 cubic kilometers)
Grande Ronde Basalt from 16.5 to about 14.5
million years ago (Watkins and Baksi, 1974). Grande
Ronde and Wanapum Basalt are interbedded in
places (Figure 2) and may overlap in time by as
much as a few hundred thousand years. Volcanism
during Wanapum time was short, from about 14.5 to
13.5 million years ago. Saddle Mountains Basalt
followed with intermittent extrusions over a 7.5-
million-year interval ending with the Lower Monu-
mental Member filling the Clearwater and Snake
River canyons near Lewiston and farther west about
6.0 million years ago (McKee and others, 1977).

The accumulation rate was highest during the
extrusion of Grande Ronde Basalt when rates were
equivalent to those at Kilauea and Mauna Loa; the
accumulation rate diminished rapidly during the
intermittent extrusion of Saddle Mountains Basalt.
This pattern is evident from both paleomagnetic
information and field relations. The presence of a
few flows with transitional polarity between thick
sequences of different polarity (Choiniere and
Swanson, 1979; Hooper and others, 1979) suggests
that the initial seven polarity epochs, from R;0 to Rs
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Figure 4. Accumulation rate with time for the Columbia River
Basalt Group (modified from Hooper, 1980).
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(Figure 2), are consecutive. This covers an approxi-
mately 3.5-million-year interval (17.0 to 13.5 million
years ago) during which the Imnaha, Grande Ronde,
and Wanapum Basalts were extruded. The eruption
of Saddle Mountains Basalt during the waning
period of activity (13.5 to 6.0 million years ago) was
sporadic, with increasingly longer periods between
eruptions, so that many polarity epochs are un-
represented in the sequence. Short intervals between
eruptions are suggested by the near absence of
erosional or depositional contacts between flows of
Imnaha and Grande Ronde Basalt (Kleck, 1976;
Camp, 1976; Holden and Hooper, 1976; Reidel,
1978, 1982 this volume). Longer time intervals
between eruptions are suggested by the Wanapum
Basalt, flows of which commonly overlie sedimentary
interbeds and erosion surfaces of low relief (Camp,
1976, 1981; Ross, 1978; Swanson and others, 1979c¢).
However, the issue is complicated by the possible
effects of tectonism during this period. Hooper and
Camp (1981) argue that the most probable model
based on the present evidence involves continuous
deformation throughout the Columbia River basalt
eruption. The time between eruptions of Saddle
Mountains Basalt was generally quite long, hundreds
of thousands of years or even longer as suggested by
potassium-argon dates and by the development of
deeply dissected canyons of the ancestral Snake and
Clearwater River systems between successive erup-
tions of Saddle Mountains flows (Swanson and
others, 1975a; McKee and others, 1977; Camp,
1981).

PHYSICAL AND CHEMICAL
PROPERTIES

IMNAHA BASALT

The first eruptions of the Columbia River
volcanic event were Imnaha Basalt. The magma
flowed from fissures in the southeast extremity of
the Columbia Plateau to form thick units that filled
valleys in the deeply dissected prebasalt topography;
flows commonly backfilled the westerly draining
valleys to the east, and the consequent ponding of
the lava resulted in the formation of unusually thick
units. The most complete exposures occur along the
Snake River and its immediate tributaries north and
south of Hells Canyon on the Idaho-Oregon border.
Here over twenty individual flows can be recognized
with a maximum exposed thickness of 700 meters in
the vicinity of Oxbow Dam.

All but a few flows of Imnaha Basalt are charac-
terized by abundant and large phenocrysts of plagio-

clase and smaller phenocrysts of olivine. Imnaha
Basalt flows may be classified into the American Bar
and the Rock Creek chemical types (Table 1). The
two types interdigitate stratigraphically, but the
American Bar dominates in the lower part of the
succession and the Rock Creek dominates in the
upper part. In the field the American Bar is
characterized by its finer grained matrix and fewer
phenocrysts, and the Rock Creek by an exceptionally
coarse matrix and abundance of large plagioclase
phenocrysts (Hoffer, 1970; Hooper, 1974).

Waters (1961) and Bond (1963) both emphasized
the difference in the weathering aspects of the
Imnaha and Grande Ronde Basalts. Imnaha Basalt
breaks down more easily to form relatively gentle
canyon slopes covered in a drusy debris, in contrast
to the sharp, occasionally vertical, cliffs of the finer
grained Grande Ronde Basalt. The very coarse flows
of Rock Creek type lie immediately below flows of
Grande Ronde Basalt; this results in a sharp break
in slope along the canyon walls for many miles
(Waters, 1961, Plate 1).

Almost the whole of the Imnaha Basalt succession
has normal polarity (Figure 2), including the lowest
exposed flows in the Snake River canyon. W.
Taubeneck, D. Swanson, and D. Nelson (written
communication, 1977) have recorded flows at the
base and at the top of the Imnaha Basalt succession,
on the west side of the Wallowa Mountains, which
give reversed polarity on a fluxgate magnetometer.
The same is true for many of the top Imnaha flows
found in the Clearwater embayment north of the
Salmon River. The top two flows in the Snake-
Imnaha Rivers area (the Fall Creek and Log Creek
flows) register reversed polarities on the fluxgate
magnetometer, but the removal of the unstable
magnetic components of drilled cores indicate both
have transitional polarity (Hooper and others, 1979).
At the mouth of the Grande Ronde River, the top
four flows of Imnaha Basalt have transitional
polarity, as do the lowest two flows of Grande
Ronde Basalt (Hooper and others, 1979).

Dikes of both Imnaha chemical types have been
recorded from the Imnaha River canyon and south-
southeast to the Weiser-Huntington areas on either
side of the Snake River (Taubeneck, 1970; Kleck,
1976; Fitzgerald, 1982 this volume; Hooper, unpub-
lished data). This and the lack of evidence for
Imnaha Basalt flows northwest of the Blue Moun-
tains ridge in southeast Washington suggest that the
Imnaha Basalt eruption was confined to the
southeast part of the plateau.

All Imnaha Basalt may be classified as tholeiite
on its normative mineralogy (hypersthene and
quartz in norm). The American Bar type is more
siliceous and displays an olivine-liquid reaction
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typical of tholeiitic basalt. Classification of the Rock
Creek type is more ambiguous; it lacks the olivine-
liquid reaction and it contains both an iron-rich
olivine and a calcium clinopyroxene zoned to a high-
titanium outer rim (Hooper, 1974).

There is a sharp break in chemical composition
between the Imnaha and Grande Ronde types
reflected in their distinctive petrographies. Imnaha

Cenozoic Geology of Idaho

Basalt contains much more olivine and more calcic
plagioclase. Imnaha Basalt has lower SiO; (less than
52.5 percent) and generally lower K,O than Grande
Ronde Basalt (Table 1). It is also characterized by
higher ALO;, MgO, and CaO than the Grande
Ronde Basalt. The American Bar type, with higher
SiO; than the Rock Creek type, displays a
progressive increase in incompatible elements (for

Table 1. Average major-element compositions for chemical types in the Columbia River Basalt Group (6-31 from Swanson and others,
1979c). Analyses are in weight percent. Rounding during normalization accounts for those analyses that do not add up to 100 percent.

IFeO + 0.9 Fe;0s
2Number of analyses used in computing average

American Bar (low incompatible elements)
American Bar (high incompatible elements)

Rock Creek (average of all analyses)

Rock Creek (Fall Creek Flow)

Rock Creek (Log Creek Flow)

High-Mg Picture Gorge (Wright and others, 1973)
Low-Mg Picture Gorge (Wright and others, 1973)
Prineville (recalculated from Uppuluri, 1974)
High-Mg Grande Ronde (one flow)

Low-Mg Grande Ronde (one flow)

Very high-Mg Grande Ronde (one flow)
Robinette Mountain

Dodge

Shumaker Creek

Frenchman Springs (one flow)

Ly

e

Roza

Rosalia

Lolo

Umatilla

Wilbur Creek

Asotin

Slippery Creek

Lewiston Orchards
Esquatzel

Pomona

Elephant Mountain
Buford

Basin City

Martindale (Ice Harbor 1)
Goose Island (Ice Harbor 2)
Lower Monumental
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example, K, Ti, P) from the base of the succession
upwards (Kleck, 1976). Local ponding of some Rock
Creek flows has resulted in some settling of
plagioclase and olivine phenocrysts, as in the
Salmon River-Rocky Canyon area west of Grange-
ville, Idaho.

GRANDE RONDE BASALT

Grande Ronde Basalt comprises over 85 percent
of the estimated volume of the Columbia River
Basalt Group (Swanson and others, 1979b). At its
type section near the mouth of the Grande Ronde
River in southeast Washington, near the Oregon-
Idaho border, the formation is 800 meters thick and
contains thirty-five basalt flows (Camp and others,
1978). The formation consists overwhelmingly of
aphyric to slightly phyric fine-grained basalt.
Individual flows are difficult to map over large
distances, and field mapping of magnetic polarity is
the only reliable means of providing a regional
stratigraphic breakdown of the Grande Ronde
Basalt. Four magnetostratigraphic units have been
defined within the Grande Ronde Basalt, from
oldest to youngest, Ri, Ny, Ry, N, (Figure 2), where
R means reversed and N normal polarity (Swanson
and Wright, 1976; Hooper and others, 1976;
Swanson and others, 1979c).

Dikes of Grande Ronde chemical type (Swanson
and others, 1979¢c) are abundant in the Chief Joseph
dike swarm but are scarce east of the Snake River in
Idaho. In addition, many more thin flows of R, are
observed in the lower Grande Ronde River area
than to the south and east, suggesting that during
early Grande Ronde time volcanic activity was
concentrated west of Idaho.

Grande Ronde Basalt flows are relatively siliceous
quartz tholeiites. They fall within a continuous range
of chemical composition defined as the Grande
Ronde chemical type (Swanson and others, 1979c).
Reidel (1978, 1982 this volume) has shown that
individual Grande Ronde flows can be correlated
over limited distances using major and trace element
compositions and discriminant analysis of flow
sequences. This procedure is complicated by the
character of many individual Grande Ronde flows,
which pinch out after spreading laterally only a few
kilometers or tens of kilometers from their source,
and by the difficulty in detailed sampling of very
thick basalt sections. The Grande Ronde Basalt
does, however, contain groups of flows which can be
readily correlated over tens of kilometers by
chemical and mineralogical composition. Flows
within these groups fall into subtypes of Grande

Ronde chemistry as illustrated by the high-Mg, low-
Mg, and very high-Mg Grande Ronde flows given in
Table 1.

Chemical subtypes are recognized in the Clear-
water embayment of Idaho and adjacent Washington
and Oregon, where Grande Ronde Basalt can be
divided into a sequence of low-Si flows overlain by a
sequence of high-Si flows. The contact between the
two may be gradational in places, but it consistently
occurs one or two flows below the R;-Ni contact
and has been traced throughout much of the east
and southeast part of the plateau (Reidel, 1975,
1978, 1982 this volume; Camp, 1976; Holden and
Hooper, 1976; Price, 1977; Camp and others, 1978).
The lower group of flows averages 0.7 percent higher
in MgO and 2 percent lower in SiO; than the upper
group (Camp and others, 1978). Many flows of the
low-Si group are plagioclase-phyric, whereas only a
few flows of the high-Si group exhibit small
plagioclase phenocrysts. The low-Si group contains
all plagioclase phenocrysts. The low-Si group
contains common groundmass olivine and rare
pigeonite, whereas the high-Si group contains
common groundmass pigeonite and rare olivine
(Reidel, 1975, 1978, 1982 this volume; Camp, 1976;
Camp and others, 1978).

The top of the Grande Ronde Basalt throughout
the plateau is generally marked by a residual soil
(saprolite) or a sedimentary interbed separating the
formation from the overlying Wanapum or Saddle
Mountains Basalt. The contact is also marked by a
chemical break, labeled the “TiO; discontinuity” by
Siems and others (1974), above which the flows have
much higher TiO; values than those below. Through-
out most of the plateau the “TiO; discontinuity”
occurs between flows of Grande Ronde chemistry
and flows of Frenchman Springs, Rosa, Rosalia, and
Lolo chemical types (Table 1). A prominent saprolite
mantles the surface of the Grande Ronde Basalt in
southeast Washington (Swanson and others, 1980)
and adjacent Idaho (Camp, 1976, 1981) and Oregon
(Ross, 1978). In Idaho the saprolite can be readily
seen near the top of the Lewiston and Kendrick
grades (Figure 5) and along U. S. Highway 12 about
11 kilometers east of Lewiston. The saprolite pro-
gressively thickens eastward from Devils Canyon
along the Snake River in central Washington to the
eastern margin of the plateau in Idaho. It is an
excellent marker for mapping the Grande Ronde-
Wanapum contact in the Clearwater and St. Maries
embayments of Idaho. The zone is not recognized in
the Weiser embayment, where units younger than
Grande Ronde Basalt (Wanapum Basalt and Saddle
Mountains Basalt) have not been documented (Fitz-
gerald, 1982 this volume).
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Figure 5. Saprolite developed on Grande Ronde Ri near the top
of Kendrick grade on the Troy-Kendrick road. Overlying flow
is the Priest Rapids Member.

WANAPUM AND SADDLE
MOUNTAINS BASALTS

Volumetrically, the Wanapum Basalt (less than
10,000 cubic kilometers) and Saddle Mountains
Basalt (about 2,000 cubic kilometers) make up much
less than 10 percent of the Columbia River Basalt
Group (Swanson and others, 1979b). They are
extensively exposed, however, covering the upper
surface of most of the Columbia Plateau. They differ
from the Grande Ronde Basalt in that they are
composed of flows or sequences of flows that can be
combined into members by their distinctive chemistry
and generally identifiable hand specimen and field
appearance. Wright and others (1973) and Swanson
and others {1979¢) have defined several chemical
types from the two formations (Table 1). The
chemical differences, combined with field and
magnetic criteria, have enabled Swanson and others
(1979¢) to divide the Wanapum Basalt into four
members (Eckler Mountain, Frenchman Springs,
Roza, Priest Rapids) and the Saddle Mountains
Basalt into ten (Umatilla, Wilbur Creek, Asotin,
Weissenfels Ridge, Esquatzel, Pomona, Elephant
Mountain, Buford, Ice Harbor, Lower Monumental).
Most of these members occur in Idaho (Figure 2).

The petrography, field appearance, and chemistry
for each of these members is well documented. For
more detailed information regarding the physical
and chemical properties of individual units, the
reader is referred to Schmincke (1967a), Wright and

others (1973), Camp (1976, 1981), Price (1977), Ross
(1978), Swanson and others (1979c), and Shubat
(1979).

Camp (1981) identified and described several new
units of the Columbia River Basalt Group in the
Clearwater embayment of Idaho. Of these, the
Onaway Member is designated as a formal member
of the Wanapum Basalt, and the Swamp Creek,
Grangeville, Icicle Flat, and Craigmont Members
are designated as formal members of the Saddle
Mountains Basalt. In addition, four units have been
mapped and given informal designations: from
oldest to youngest, the basalt of Feary Creek in the
Frenchman Springs Member, the basalt of Potlatch
in the Onaway Member, the basalt of Lapwai in the
Wilbur Creek Member, and the basalt of Weippe in
the Pomona Member. The relative age of these new
members and informal units to the formalized
Wanapum and Saddle Mountains Basalt stratigraphy
of Swanson and others (1979c) is illustrated in
Figure 6. The average major element composition
and physical properties of the new members and
informal basalt units are given in Tables 2 and 3,
respectively. For further information on these units,
the reader is referred to Camp in Swanson and
others (1979a) and Camp (1981).

Most Wanapum and Saddle Mountains members
had their source in the southeast part of the
Columbia Plateau. Of the Wanapum units, the

Formal Members
(Swanson and others, 1979¢)

New Members and Informal Basalt
Units Recognized in the Clearwater

——— Embayment
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Figure 6. Relative age range for new members and informal
basalt units in the Clearwater embayment with respect to the
formalized stratigraphy of Wanapum and Saddle Mountains
Basalts (after Camp, 1981). Vertical position indicates relative
age based on field observations.
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Priest Rapids and Onaway Members had their
source in the Clearwater embayment. The same is
true for at least seven Saddle Mountains units: the
Wilbur Creek, Asotin, Pomona, Swamp Creek,
Grangeville, Icicle Flat, and Craigmont Members.
The Weissenfels Ridge and Lower Monumental
Members occur in the Lewiston basin of Washington

and Idaho and may also have had local sources in
the embayment (Camp, 1976; Price, 1977, Swanson
and others, 1979c). Relations in the St. Maries
embayment indirectly suggest that some Priest
Rapids flows erupted there, as did at least one flow
in the Eckler Mountain Member (Swanson and
others, 1979a, 1979c¢).

Table 2. Average major element compositions for the new Wanapum and Saddle Mountains Members and informal units found in the
Clearwater embayment (modified from Camp, 1981).

Note: CM, Craigmont Member; IF, Icicle Flat Member; GV, Grangeville Member; SC, Swamp Creek Member; PL, basalt of Potlatch;
WE, basalt of Weippe; LA, basalt of Lapwai; FC, basalt of Feary Creek. XRF analyses by P. R. Hooper. They are weight percent and

normalized to 100 percent.

IThe basalt of Potlatch is the only mappable unit within the Onaway Member and the only unit which displays consistent chemistry within

a defined field.
Number of analyses used in computing average.
3FeO + 0.9 Fe 0.

Table 3. Physical Properties for the new Wanapum and Saddle Mountains Members and informal basalt units found in the Clearwater

embayment (modified from Camp, 1981).

'based on average length of plagioclase laths in the matrix, where fine- to medium-grained (f-mg) <0.3 mm < medium- to coarse-grained
(m-cg)

plg, plagioclase; olv, olivine

3petrographic information is for the basalt of Potlatch
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FLOW DISTRIBUTION AND
TECTONIC IMPLICATIONS

Reconnaissance mapping of the plateau (Swanson
and others, 1979a, 1980) shows that the distribution
of units within the Columbia River Basalt Group is
controlled by four factors: (1) the location of source
areas, (2) paleotopography, (3) the volume of flows,
and (4) deformation before and during the eruptive
episode. The location of source dikes and vents is
discussed above, and more specific information can
be obtained from Price (1974, 1977), Swanson and
others (1975b, 1979¢), Ross (1978), and Camp
(1981). Paleotopography controlled the initial distri-
bution of Columbia River basalt flows, as Imnaha
and early Grande Ronde flows filled deep canyons
eroded into prebasalt rocks in the southeast part of
the province. Erosion during the interval between
eruptions was controlled by the tectonic uplift of the
southeast part of the plateau; it had a signigicant
effect on the distribution of Saddle Mountains flows
(Swanson and others, 1975a, 1975b, 1979c; Camp,
1976, 1981), which were extruded during a period of
waning volcanism. It had less effect on Imnaha and
Grande Ronde flows, which were extruded during a
period when the rate of eruption was more rapid
(Figure 4). Even if the rate and intensity of
deformation were continuous throughout the erup-
tive period, structures controlling flow distribution
would have had more time to develop when
accumulation rates diminished.

WEISER EMBAYMENT

The thickest sequences of Imnaha Basalt occur in
the extreme southeast part of the basalt province,
where some of the oldest flows of the Columbia
River Basalt Group occur. Fitzgerald (1982 this
volume) has demonstrated that Grande Ronde R;
thickens from northeast Oregon into the Weiser
embayment. Here, there are very few Grande Ronde
N: flows, and flows which may be younger than
Grande Ronde Basalt are of uncertain affinity. The
increased thickness of Imnaha and Grande Ronde
R, flows in the Weiser embayment probably reflects
the lower elevation of that area during the early
stage of volcanism. The apparent absence or scarcity
of younger flows probably reflects uplift of the area
during and after middle Grande Ronde time, when
adjacent northeastern Oregon was uplifted (Camp
and Hooper, 1981).

ST. MARIES EMBAYMENT

In contrast to the Weiser embayment, the St.

Maries embayment contains no Imnaha or early
Grande Ronde flows. Swanson and others (1979a)
mapped a small amount of R, and a thin sequence
of Grande Ronde N; flows along the east and west
sides of Coeur d’Alene Lake. Wanapum Basalt
(Eckler Mountain and Priest Rapids Members)
occurs above Grande Ronde N, west of St. Maries,
Idaho (Griggs, 1976), and continues east and
southeast of St. Maries within the St. Joe and St.
Maries River valleys, where it overlies prebasalt
rocks. A representative of the Eckler Mountain
Member, the basalt of Dodge, appears to have a
local vent in the St. Maries River valley about 7
kilometers northwest of Clarkia, Idaho (Swanson
and others, 1979a). Similarly, the Priest Rapids
Basalt appears to have a local source in the
headwaters of the St. Joe River, although no vent
areas or dikes have been found. Nonpillowed Priest
Rapids intracanyon flows occur far up the river
valley, suggesting that the Priest Rapids was erupted
from an upstream vent that dammed the river and
allowed the basalt to flow down a nearly dry canyon
(Swanson and others, 1979b). A Priest Rapids
source in this area would lie along the projected
north-northwest trend of Priest Rapids feeder dikes
in the Clearwater embayment about 30 kilometers to
the south (Camp, 1981). The well-known fossil leaf
locality near Clarkia (Smiley and Rember, 1979) is
within a sedimentary sequence, locally invaded by a
flow of the Priest Rapids Member. Our mapping
suggests that the sediments were deposited in a lake
dammed by lava flows of either latest Grande Ronde
or early Wanapum age. If so, the sediments and
included fossil leaves are about 15 million years old.
However, Smiley and Rember (1979, p. 6) note that
floral and paleoclimatic evidence suggests they may
be 20 million years or older. This would make the
sediments older than any known Columbia River
basalt, and another mechanism would be required to
explain the Miocene damming and consequent
creation of Clarkia Lake.

The northeastern part of the Columbia Plateau
(east-central Washington and the St. Maries embay-
ment, Idaho) remained relatively stable throughout
the extrusive period, allowing (1) Grande Ronde N
flows to advance across the nearly horizontal
Columbia Plateau to its eastern edge and (2) Priest
Rapids Basalt to flow westward across the entire
northern portion of the plateau (Swanson and
others, 1979a) unimpeded by structurally controlled
topography. Present-day dips of flows in the em-
bayment probably approximate primary dips but
may be slightly steeper owing to regional westward
tilting of the area between the Idaho batholith and
the Cascade Range.
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CLEARWATER EMBAYMENT

The Clearwater embayment contains parts of the
Snake, Salmon, and Clearwater River systems
(Figure 1), which have eroded numerous canyons
that cut through the entire basalt section in several
places. The embayment lies adjacent to the eastern
margin of the Chief Joseph dike swarm (Figure 3)
and contains several sources for Wanapum and
Saddle Mountains flows found throughout the
plateau (Camp, 1981). It has been tectonically active
during and after the eruptive period. Flow distribu-
tion in the embayment has been controlled by the
location of source areas, by tectonic activity during
extrusion, and by volumes of erupted material.

The Imnaha Basalt, erupted mostly from the
Chief Joseph swarm, advanced eastward into the
Clearwater embayment, thinning to the east upon a
highly irregular prebasalt surface. This contrasts
with the eastward thickening of Imnaha Basalt into
the Weiser embayment (Fitzgerald, 1982 this volume)
and may be attributed simply to the lower elevation
of the Weiser embayment during the initial phases of
basalt extrusion.

Grande Ronde Basalt thins gradually to the
northeast across the Clearwater embayment from
800 meters at its type section to its pinch-out along
the eastern margin of the embayment in Idaho. Each
Grande Ronde magnetostratigraphic unit thins
eastward as well (Reidel, 1982 this volume). Each
successive unit pinches out farther west than the
preceding unit, indicating a continuous westward
tilting of this part of the plateau during the eruption
of Grande Ronde Basalt (Figure 7). This is
consistent, on a regional scale, with evidence of a
westward-dipping paleoslope across most of the
plateau during the eruption of late Grande Ronde
Basalt (Swanson and others, 1979b).

In addition to regional westward tilting, the
Clearwater embayment was subjected to significant
deformation during Grande Ronde time, particularly
during its late stage. N; thickens abruptly near the
confluence of the middle and south forks of the
Clearwater River near Kooskia, Idaho. A small
“island™ of R, exists in this area as well (Figure 7).
The thickening of N; and the occurrence of R; in
this area resulted from the initiation of the Stites
basin (Figure 1) during N, time. Camp and Hooper
(1981) suggest that the deepening of the basin
resulted from vertical movement along reactivated
north-trending prebasalt faults, much like those in
the Riggins area to the south (Hamilton, 1962).

The Limekiln fault (Figure 7) represents a major
northeast- to southwest-trending structure across the
Clearwater embayment. The fault merges into
monoclinal flexures along both its northeast and

southwest projections. Grande Ronde N; pinches
out along the southwest monoclinal projection of the
Limekiln fault in northeastern Oregon, adjacent to
the Clearwater embayment (Figure 7). S. Reidel
(1977, personal communication) and Camp and
Hooper (1981) thus propose that initial movement
along the Limekiln fault occurred near the end of R;
time, before extrusion of Grande Ronde N,. This
movement had a significant effect on the distribution
of all younger flows in the Clearwater embayment
and adjacent northeast Oregon. A large tectonic
block, the Nez Perce plateau (Figures 1 and 8), was
uplifted southeast of the fault. The downthrown side
of the fault-monocline complex marks the southeast
boundary of the present Lewiston basin (Figure 1) in
Idaho and of the Troy basin in Oregon. By the end
of Grande Ronde time the physiography of the
Clearwater embayment was dominated by the Stites
and Lewiston basins separated by the uplifted Nez
Perce plateau.

While Grande Ronde N; and early Wanapum
flows were being extruded in adjacent Washington
and Oregon, only minor volcanism occurred in
northern Idaho. During this interval the Clearwater
embayment was undergoing a period of weathering,
which formed a residual soil thicker in the east
where it had begun to form earlier on older Grande
Ronde flows (Figure 5). In places, the soil, now
preserved as a saprolite, is thin or nonexistent,
apparently the result of erosion as the rocks
weathered.

Volcanism in the Clearwater embayment during
late Wanapum time was dominated by extrusion of
the voluminous Priest Rapids Member. After
erupting from a linear system of north- to
northwest-trending dikes passing through Orofino,
Idaho (Camp, 1981), the Priest Rapids flowed down
a westward-dipping slope across an irregular plateau
mantled by a residual soil. It advanced from the
Clearwater and St. Maries embayments to cover the
northern half of the Columbia Plateau. The only
other Wanapum Basalt flows in the Clearwater
embayment are the locally derived Onaway Member
and the basalt of Feary Creek, both of limited
extent.

Wanapum Basalt occurs in the Clearwater
embayment and adjacent northeastern Oregon
(Figure 8a). It is evident that the Joseph Plains and
Nez Perce plateau (the areas uplifted by the
Limekiln fault and monocline in Oregon and Idaho)
were isolated from Wanapum volcanism; Wanapum
Basalt accumulated in the Troy basin in Oregon
(Ross, 1978) and the low-lying areas of the
Clearwater embayment including the Lewiston and
Stites basins.

The distribution of Saddle Mountains Basalt was
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Figure 7. Map view and cross-section of the Clearwater embayment and adjacent northeast Oregon immediately after extrusion of Grande
Ronde Basalt (after Camp and Hooper, 1981). Refer to Figure 1 for place names and topographic features.

similarly restricted (Figure 8b). Some Saddle
Mountains units occur on the Nez Perce plateau, but
they are attributed to extrusion from dikes that
broke the surface of the plateau rather than
incursion of flows onto the plateau surface from a
more distant source.

Most Saddle Mountains flows in the Clearwater
embayment were extruded from sources in the upper
North Fork of the Clearwater River (Figure I).
Because of long intervals between eruptions and
high rates of erosion on the southeast part of the
plateau, canyons formed during different stages of
development of the ancestral Snake (Swanson and
others, 1975a, 1980; Camp, 1976) and Clearwater
(Camp, 1981) River systems. These ancient drainages
significantly affected the distribution of Saddle
Mountains flows. Some Saddle Mountains units
extruded from the upper North Fork were trapped

in ancestral Clearwater River canyons and trans-
ported westward to the Lewiston basin. The more
voluminous units buried the ancestral canyons and
flowed south along irregular plateau surfaces to the
Stites basin as well as west to the Lewiston basin. In
contrast to Wanapum Basalt, the distribution of
Saddle Mountains Basalt was largely controlled by
the drainage systems developed during volcanism
and by older deformation that had occurred during
late Grande Ronde time,

Deformation continued in the Clearwater embay-
ment after volcanism ceased about 6.0 million years
ago (McKee and others, 1977). The most obvious
post-Columbia River basalt deformation in the
embayment 1s reflected in the east- to west-trending
Lewiston structure (Camp, 1975, 1976; Camp and
Hooper, 1981) which forms the present northern
boundary of the Lewiston basin.
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Figure 8. Distribution maps for (A) Wanapum Basalt and (B) Saddle Mountains Basalt in the Clearwater embayment and adjacent
northeast Oregon (after Camp and Hooper, 1981). Pattern indicates extent of each formation. For general location refer to inset in

Figure 7.

TECTONIC MODEL

The geologic map of Idaho (Bond, 1978) reveals a
northwest-southeast and northeast-southwest fault
pattern in the prebasalt rocks of western Idaho. In
expanding the tectonic model of Ross (1978) in the
Troy basin, Hooper and Camp (1981) argue that if a
stress regime having a horizontal north-northwest
south-southeast axis of maximum compression and
east to west regional tilting is imposed on basalt
overlying this older structural grain, then most of
the structural elements in the east and southeast part
of the plateau can be accounted for. These structural
elements, developed during and after basalt extru-
sion, include (1) folds with east-west axes and
associated reverse faults also striking east-west, (2)
faults displaying a predominantly vertical displace-
ment with northwest-southeast, northeast-southwest,

and to a lesser extent north-south trends, and (3) the
vertical basalt feeder dikes which are remarkable for
their consistent north to north-northwest trend. The
orientation of these structural elements in relation to
the stress regime proposed by Hooper and Camp
(1981) is illustrated in Figure 9b.

The offlap of progressively younger basalt units
(Imnaha through Grande Ronde N;) from prebasalt
topographic highs is illustrated in Figure 9c.
Progressive westward tilting away from the prebasalt
margin of the plateau is most likely the result of
relative uplift of lighter prebasalt rocks due to
isostatic adjustment (Hooper and Camp, 1981). This
uplift continued at least through Grande Ronde time
(Figure 7). Most Wanapum and Saddle Mountains
Basalts in the east and southeast part of the plateau
flowed west, suggesting that a westward-dipping
paleoslope persisted throughout volcanism.
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Figure 9. Diagram illustrating (a) the structural grain in the pre-
Miocene rocks of northern Idaho, (b) the orientation of the
principal structural elements in the southeast and east part of
the Columbia Plateau and the stress field responsible [dashed
lines represent dike trend; double-lined arrows represent the
direction of maximum compression (solid) and maximum
tension (dashed)], and (c) the offlap of progressively younger
basalt units from the rising prebasalt topographic highs (after
Hooper and Camp, 1981).

NOTE ON SEDIMENT RELATIONS

The occurrence of lacustrine and fluvial strata
interbedded and lying upon Columbia River basalt
along the eastern margin of the plateau has been
well-documented by several earlier researchers (Lind-
gren, 1898; Russell, 1902; Washburne, 1911; Pardee
and Bryan, 1926; Kirkham and Johnson, 1929;
Kirkham, 1931; Wheeler and Cook, 1954; Bond,
1963; Gray and Kittleman, 1967; Griggs, 1976). The
Latah Formation was defined by Kirkham and
Johnson (1929) to include all sedimentary interbeds
in the northeast corner of the plateau: from Grande
Coulee, Washington, to the north and throughout
the St. Maries and Clearwater embayments in Idaho
to the east. Griggs (1976) suggested that the Latah
Formation be restricted geographically to those
sedimentary rocks associated with the Columbia
River Basalt Group within the Spokane River
drainage, as originally defined by Pardee and Bryan
(1926). In the extreme southeast corner of the
plateau the Payette Formation is interbedded with

Columbia River basalt that is, in turn, overlain by
the relatively undeformed Idaho Formation (Kirk-
ham, 1931; Wheeler and Cook, 1954). Disregarding
stratigraphic terminology, it is evident that several
local basins of deposition existed along the eastern
margin of the plateau throughout the 11-million-
year interval of basalt extrusion. Most sedimentary
rocks along the basalt-prebasalt interface are not
part of a single continuous unit but rather are
isolated pockets produced by a successive damming
of ancestral drainages by periodic encroachment of
basalt. These sedimentary interbeds are thickest near
the eastern margin of the plateau and thin westward
away from the basalt-prebasalt contact (Bond, 1963;
Griggs, 1976; Camp, 1981). Some of the sediments
marginal to the plateau, such as the White Bird Lake
sediments (Bond, 1963; Gray and Kittleman, 1967)
and the Idaho Lake sediments (Idaho Formation of
Wheeler and Cook, 1954), may have resulted from
deformation and associated erosion after Grande
Ronde time. However, most interbedded sediments
along the eastern margin of the plateau appear to
have been deposited as a result of advancing flows
damming Miocene rivers. Such sediments include
the fossiliferous sedimentary rocks near Grande
Coulee, Washington (Gray and Kittleman, 1967), the
Latah Formation as geographically restricted by
Griggs (1976), the sediments of Clarkia Lake (Smiley
and Rember, 1979) in the present St. Maries River
valley, the Whiskey Creek interbed (Bond, 1963) and
most interbeds of the Clearwater embayment, and
the Payette Formation (Kirkham, 1931; Wheeler and
Cook, 1954) of the Weiser embayment.

Field evidence supporting the previous existence
of lava dams along the plateau margin in the
Clearwater embayment have been documented
(Camp, 1981). In addition to thick sedimentary
sequences, the criteria include the existence of (1)
remnants of canyon-filling flows overlying gravel of
ancient streams eroded into both basalt and
prebasalt rocks, (2) pillows along the top of several
Grande Ronde and younger flows (Figure 10),
formed as streams were dammed and water spilled
onto the top of the advancing flow, and (3) a
widespread, thick (about 30 meters) hyaloclastite in
the North Fork area along the top of Imnaha Basalt
(Figure 11), formed in much the same way but with
greater violence between the diverted stream or
streams and the hot fluid basalt invading its
channels.

Dike- and sill-like bodies that intrude sediments
marginal to the plateau have been suggested as
possible feeders for local flows interbedded with the
Latah Formation in and around Spokane (Pardee
and Bryan, 1926), in the Clarkia Lake sediments
south of St. Maries (Smiley and Rember, 1979), and
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Figure 10. Pillows along the top of the Lower Monumental
Member in the Lewiston basin near the confluence of the
Snake and Clearwater Rivers, north of Lewiston; bottom of
member (not shown) is massive. Pillows formed when an
ancestral Clearwater River was diverted along the top of the
flow that invaded its channel. Overlying cobbles were
deposited by the ancestral Clearwater River upon the Lower
Monumental Member immediately after basalt invaded its
channel. Similar relations are observed in R, flows near the
margin of the embayment east of Orofino. For scale note
hammer in center of photograph.

i the Whiskey Creek interbed northeast of Orofino
(Bond, 1963; McNary, 1976). However, recent
investigations (Griggs, 1976; Swanson and others,
1979a; Camp, 1981) have shown these intrusive
bodies to be apophyses of flows that have bulldozed
their way into the then soft, unconsolidated
sediments. The lateral intrusion of dense basalt into
lighter, unconsolidated sediments was common in
structural basins where sediment was accumulating
ir. the interior of the plateau (Schmincke, 1967b;
Camp, 1976) and in basins of deposition along the
northwest plateau margin (Byerly and Swanson,
1978). In Idaho the basalt-sediment relations of
these invasive flows can be most easily observed in
(1) Saddle Mountains Basalt units throughout the
Lewiston basin (Camp, 1976), (2) R (Figure 12)
and Priest Rapids units in Orofino and Whiskey
Creeks, northeast of Orofino, and (3) scattered
exposures of the Priest Rapids Member between
Troy and Bovill. Many invasive flows continue
beneath sediments for several kilometers but can be
traced into subareal flows out of basins (for
example, the Asotin member in the Lewiston basin;
Camp, 1976). The tops of invasive flows are
nonvesicular or only slightly vesicular, with glassy
(generally palagonitized) selvages where basalt
chilled abruptly against the cooler, overlying sedi-
ments. Lenses or wisps of sediment are sometimes

Figure 11. Hyaloclastite overlying Imnaha Basalt along the North
Fork of the Clearwater River about 5 kilometers north of
Dent, Idaho. The rock contains highly shattered glassy basalt
fragments, small broken pillows of Imnaha Basalt, palagonite,
and in places medium- to coarse-grained fluvial clastics.

Figure 12. Invasive Grande Ronde R, flow with chilled upper
contact against overlying Whiskey Creek interbed, about §
kilometers northeast of Orofino. Large pillow incorporated in
sediment belongs to underlying flow. For scale note hammer
at sediment-basalt contact.

incorporated in the upper part of an invasive flow,
and apophyses, blocks, and pillows may be
incorporated in the lower part of the sedimentary
unit (Figure 12); the sediment, however, is generally
only slightly disturbed. Peperites (Schmincke, 1967b),
a mixture of fragmented, glassy or palagonitized
lava and broken and shattered sedimentary rock, is
not uncommon along the basalt-sediment interface.
The occurrence of peperite, pillows, or hyaloclastite
is the logical result of hot, fluid lava invading wet,
unconsolidated sediments.
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ORIGIN AND EVOLUTION OF
THE COLUMBIA RIVER BASALT

The petrochemical data collected during the
studies of the Columbia River basalt, along with the
now well-defined volcanic-tectonic evolution of the
province, provides an excellent basis for an analysis
of the origin and evolution of the Columbia River
basalt magma. Such an analysis is currently in
progress, but no well-defined model has yet been
achieved.

All plateau basalts are significantly more siliceous
than their ocean floor counterparts and tend to have
lower Mg/Fe ratios and Ni and Cr abundances,
implying that they are more evolved (less primitive)
than an original partial melt formed from a mantle
source. Traditionally, these chemical characteristics
of plateau basalts have been ascribed in part to sialic
contamination of the basalt magma as it penetrated
the continental crust. Evidence from the Columbia
Plateau does not substantiate this view. 87Sr/86Sr
ratios do increase with time during the 11.0 million
years of eruption (McDougall, 1976; Nelson and
others, 1980), but attempts to correlate this with
chemical changes such as increasing SiO; or K,O
percentages have been notably unsuccessful with the
exception of the very last few percent of the erupted
material (Saddle Mountains Basalt) for which a case
for significant assimilation of crustal rocks has been
made (Helz, 1979; Nelson and others, 1980).

Shaw and Swanson (1970) and Swanson and
others (1975b) have emphasized the very rapid
eruption rate of the Columbia River basalt and the
physical problems this poses for any model that
includes low pressure crystal fractionation or exten-
sive crustal assimilation in magma chambers within
the crust. Various authors (Goles and Leeman, 1976;
Wright and others, 1976; Wright and Helz, 1979)
stress the apparent inability of fractionation of lower
pressure phases to account for the compositional
differences between the many chemical types repre-
sented on the plateau. In the most general way, the
present evidence points to the individual basalt
members representing separate partial melts, proba-
bly associated with crystal fractionation at depth
after separation from the residual mantle (to ac-
count for the low Mg/Fe ratios and Ni and Cr
abundances). Some melts may have been modified
locally by low pressure fractionation (as in the
Imnaha Basalt) and crustal assimilation (as in some
of the Saddle Mountains Basalt members). The
small variations in the 37Sr/36Sr ratio and the ratios
of incompatible elements may be explained by
heterogeneities in the mantle source (Wright and
others, 1979).

SUMMARY

The application of new field and laboratory
techniques (whole rock chemistry and magnetic
polarity measurements) has produced a reconnais-
sance geologic map of most of the Columbia Plateau
(Swanson and others, 1979a) and a detailed
stratigraphy for the Columbia River Basalt Group.
No other flood basalt province has yet been mapped
in such detail. Mapping along the eastern margin of
the plateau in Idaho gives geologists a rare
opportunity to investigate geologic processes along
the edge of a flood basalt province where canyon-
cutting has resulted in excellent exposures of the
stratigraphic section. These exposures allow an
evaluation of (1) the role of prebasalt structural or
erosional paleotopography, or both, in influencing
flow distribution, (2) the relationship between
present structures and reactivated prebasalt struc-
tures, and (3) the development of lava dams and the
ensuing relations between encroaching basalt and
marginal basins of deposition. A summary of the
geologic history along the eastern margin of the
plateau follows.

Columbia River basalt volcanism began 17.0
million years ago in the Weiser embayment, Idaho,
and adjacent northeast Oregon with extrusion of
Imnaha Basalt from dikes in the extreme southeast
corner of the plateau (Figure 2). The youngest
Imnaha flows advanced into the Clearwater embay-
ment during late No and possibly early R; time.
Uplift of the eastern margin of the plateau is evident
throughout Grande Ronde time. Grande Ronde
magnetostratigraphic units thin and progressively
pinch out to the east in the Clearwater embayment
and adjacent northeast Oregon and southeast
Washington. Only a thin wedge of Grande Ronde R,
occurs in the Clearwater embayment; Grande Ronde
N, is absent (Figure 7). The northeast corner of the
plateau was exempt from regional tilting during
Grande Ronde time as implied by the occurrence of
Grande Ronde N, throughout the area covered by
the Spokane 1° x 2° quadrangle in Washington and
in the St. Maries embayment, Idaho.

Deformation near the end of Grande Ronde time
resulted in uplift of the Nez Perce plateau in Idaho
(Clearwater embayment) and the Joseph Plains in
Oregon along the northeast-trending Limekiln fault.
This uplift effectively isolated the Weiser embayment
and most of northeast Oregon from further
volcanism generated from dikes in the northern part
of the Chief Joseph swarm (Figures 3, 7, and 8). By
the end of Grande Ronde volcanism in the
Clearwater embayment, uplift along the Limekiln
and Mt. Idaho faults had led to the development, or
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enhancement, of the Lewiston and Stites structural
basins (Camp and Hooper, 1981).

After a late Grande Ronde-early Wanapum
period of soil formation in the Clearwater embay-
ment, the Priest Rapids Member was extruded from
a north-northwest-trending linear system of dikes
extending through Orofino, Idaho. Because of the
regional paleoslope, the Priest Rapids Member
flowed to the west across an irregular surface
mantled by residual soil (saprolite). The Priest
Rapids Member was restricted to the Lewiston and
Stites structural basins and low-lying areas of the
Clearwater embayment, which resulted from defor-
mation during late Grande Ronde time. In addition,
several flows of the Priest Rapids Member were
probably extruded from a dike along the northern
extension of the linear system that cut the present
St. Joe River valley. These flows presumably flowed
down the valley to cover the St. Maries embayment.
From the Clearwater and St. Maries embayments,
the Priest Rapids Member continued to flow to the
west eventually covering about one-half of the
Columbia Plateau, making it one of the most
voluminous members in the Columbia River Basalt
Group (Swanson and others, 1979c¢).

Most Saddle Mountains Basalt members had
their source in the southeast part of the plateau, and
several were erupted from centers in the Clearwater
embayment (Camp, 1981). No known Saddle
Mountains Basalt occurs in the Weiser or St. Maries
embayments. The Wilbur Creek, Lapwai, Asotin,
Weippe (Pomona), and Swamp Creek Members
were erupted in and around the North Fork of the
Clearwater River west of Headquarters, Idaho. The
Grangeville, Icicle Flat, and Craigmont Members
were erupted from dikes cutting the Nez Perce
plateau west and northwest of Grangeville, Idaho.
The Lewiston Orchards and Lower Monumental
Members were probably erupted from local sources
in the Lewiston basin.

The distribution of Saddle Mountains Basalt in
the Clearwater embayment and adjacent Washington
and Oregon was significantly affected by the
previous late Grande Ronde-early Wanapum defor-
mation that uplifted the Nez Perce plateau and
downdropped the Lewiston and Stites structural
basins. The only Saddle Mountains flows occurring
on the Nez Perce plateau are those whose dikes
apparently cut the plateau. All other Saddle
Mountains units in the Clearwater embayment are
restricted to areas from which they erupted and to
the low-lying areas which surround the Nez Perce
plateau, including the Lewiston and Stites basins.

Erosion between successive eruptions of Saddle
Mountains Basalt also had a strong influence on
flow distribution. Those Saddle Mountains flows

that erupted in the North Fork area poured into
canyons of the ancestral Clearwater River during
different stages of its development (Camp, 1981).
The Wilbur Creek and Lapwai Members were
restricted to these canyons which acted as conduits
for transport westward to the Lewiston basin. The
Asotin and Weippe Members filled and, in part,
buried the ancestral canyons and flowed south to the
Stites basin as well as west to the Lewiston basin.
Several Saddle Mountains members left the Lewiston
basin via ancestral canyons of both the Snake River
and Union Flat Creek (Swanson and others, 1975a,
1975b, 1979c, 1980; Camp, 1976). Ancestral drain-
ages allowed several members to travel remarkable
distances across the plateau, as exemplified by the
Weippe (Pomona) which, after erupting from the
eastern extremity of the plateau, flowed west along
ancestral drainages of the Clearwater, Snake, and
Columbia Rivers, as far as the Oregon coast
(Snavely and others, 1973; Swanson and others,
1975a, 1980; Beeson, 1979; Choiniere and Swanson,
1979; Anderson, 1980; Camp, 1981; Hooper, 1982).

The consistent north to north-northwest trend for
dikes in the Monument and Chief Joseph swarms,
together with the same trend for other dikes of
Grande Ronde, Wanapum, and Saddle Mountains
flows, implies that a consistent and definitive stress
regime existed across most of the plateau throughout
the middle and late Miocene. Compressional
deformation during and after basalt eruption can be
explained by a north-northwest horizontal axis of
maximum compression, and fissure development
with consequent dike injection can be explained by a
complementary west-southwest horizontal axis of
maximum tension (Figure 9; Hooper and Camp,
1981). The northwest and northeast structural grain
of the prebasalt rocks underlying the plateau along
its eastern margin (Figure 9a) was used to accom-
modate the regional stress regime, and this resulted
in a similar fault pattern throughout the eastern part
of the overlying plateau. That the stress regime has
continued to exist through the Pliocene-Pleistocene
and Holocene is evident from (l) approximately
east-trending folds and associated reverse faults of
post-Columbia River basalt age in the tri-state area
(includes the Lewiston structure; Camp, 1975, 1976),
(2) similar folding and faulting in the Yakima fold
belt, some of which is Holocene in age (Bingham
and others, 1970; Campbell and Bentley, 1980), (3)
many small east-west reverse faults that cut gravel
younger than the Lower Monumental Member in
the Lewiston basin (Kuhns, 1980), and (4) composite
focal mechanisms from low magnitude events,
indicating that the central Columbia Plateau is
under a general north-south compression today
(Malone and others, 1975).
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Stratigraphy of the Grande Ronde Basalt, Columbia
River Basalt Group, From the Lower Salmon River
and Northern Hells Canyon Area, Idaho, Oregon,
and Washington

Stephen P. Reidel!

ABSTRACT

The Grande Ronde Basalt is the most voluminous
formation (85 percent) of the Columbia River Basalt
Group. The thickest exposed section (about 800
meters) occurs near the confluence of the Grande
Ronde and Snake Rivers and consists of three
magnetostratigraphic units (R;, Ni, R,) and thirty-
five flows.

The Imnaha Basalt underlies the Grande Ronde
Basalt and was erupted into a mountainous terrain
consisting of Triassic and Jurassic metasedimentary
and metavolcanic rocks. One flow of the Saddle
Mountains Basalt overlies the Grande Ronde Basalt
near the confluence of the Snake and Grande Ronde
Rivers.

Detailed mapping of the magnetostratigraphic
units and physically distinct flows combined with
chemical analyses of basalt flows from sixteen mea-
sured and sampled stratigraphic sections permit the
refinement of the Grande Ronde Basalt stratigraphy.
The thickness of the R; magnetostratigraphic unit
remains relatively constant across the area, but the
number of flows decreases to the east. Both the N,
and R, magnetostratigraphic units thin eastward,
with a corresponding decrease in the number of
flows. The physical characteristics of several flows are
distinctive; thus these flows can be easily traced
throughout the area. Most Grande Ronde flows,
however, are physically similar and cannot be traced
far. Plagioclase-phyric flows and those with thick
entablatures are the most easily recognized.

Chemical stratigraphy is by far the most useful and
reliable technique for recognizing and correlating
flows. Although the variation in chemical composi-
tion among most flows is small, many flows or groups

'Department of Geology, Washington State University, Pullman,
Washington 99164,

of flows have one or more chemically distinct e¢le-
ments that allow them to be easily recognized. The
flows of the R; magnetostratigraphic unit are all
comparatively lower in SiO; and higher in MgO with
several flows that are easily distinguished by their
high MgO contents. Flows of the N; magnetostrati-
graphic unit are generally characterized by lower
MgO and TiO; and higher SiO, than the R, flows.
Several N; flows stand out with low TiO, contents.
Flows of the R, magnetostratigraphic unit have high
SiOz and incompatible element contents but generally
are low in MgO.

Analysis of flow distributions indicates two types of
flows: those of limited extent that pinch out within the
area, and those of a much greater extent. The primary
source was from the west, but a secondary source is
present east of the area. Volume is the primary factor
controlling the flow distribution, but of secondary
importance is a westward-dipping paleoslope.

The structural evolution of the area is reflected by
the distribution of flows. Two main fault directions
occur in the area: northeast (as evidenced by the
Limekiln fault, which was active in Grande Ronde
time) and north-northwest. The parallelism of the
dike trend, of the trend of the Snake River prebasalt
ridge, and of the northwest fault trend suggests
basement control on the prebasalt topography.

The petrographic characteristics of the flows are
generally similar. The older R, flows are slightly
coarser grained and contain more olivine and plagio-
clase phenocrysts. Plagioclase and augite are ubig-
uitous to the basalt; olivine, orthopyroxene, and
accessory minerals are minor in abundance but
important to the paragenesis.

Discriminant analysis was used to evaluate the
characterization of a flow using only the chemical
composition of a sampile. It was found that 67 percent
of the samples do indeed best characterize the flow
from which they came. Of the 33 percent incorrectly

Reidel, S. P., 1982, Stratigraphy of the Grande Ronde basalt, Columbia River Basalt Group, from the lower Salmon River and northern Hells Canyon area, Idaho, Oregon, and
Washington, in Bill Bonnichsen and R. M. Breckenridge, editors, Cenozoic Geology of Idaho: Idaho Bureau of Mines and Geology Bulletin 26, p. 77-101.
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reclassified by the technique, 46 percent were stra-
tigraphically within one flow of the correct flow, 63
percent were within two flows, and 75 percent were
within three flows. Calculated posterior probabilities
provide a method of evaluating correlations with
samples from unknown flows. Higher probabilities
are generally associated with correctly classified sam-
ples, whereas low probabilities are associated with
misclassified samples.

INTRODUCTION

The Columbia River basalt consists of a series of
tholeiitic basalt flows that cover nearly 200,000
square kilometers of Idaho, Oregon, and Washington
(Figure 1). It is the only Phanerozoic flood basalt
province in North America having erupted between
17 and 6 million years ago (Watkins and Baksi, 1974;
McKee and others, 1977). The Columbia River basalt
encroached upon the Rocky Mountain highlands of
Idaho in three places (Figure 1): the St. Maries
embayment (Swanson and others, 1979b), the Clear-
water embayment (Bond, 1963; Camp, 1981; Camp
and others, 1982 this volume), and the Weiser em-
bayment (Fitzgerald, 1982 this volume).

Recently, Swanson and others (1979a) have revised
the Columbia River basalt nomenclature and sub-
divided it into five formations (Figure 2). The Grande
Ronde Basalt is by far the most voluminous, consti-
tuting nearly 85 percent of the total volume (Reidel
and others, 1982), even though it erupted over a
relatively short time from about 16.5 to 14.5 million
years ago (Watkins and Baksi, 1974). At least 800
meters of Grande Ronde Basalt is exposed in the deep
canyons cut by the Salmon and Snake Rivers in the
southeast part of the plateau (Camp and others,
1978).

Waters (1961) first recognized the main strati-
graphic elements of the Columbia River basalt and
produced the first reconnaissance geologic map of
the plateau. Bond (1963) laid the groundwork for
the present studies in the Clearwater embayment.
He recognized two basic units, the upper and lower
basalts, and several subdivisions of these units which
he was able to map. The lower basalt was tentatively
correlated with the Picture Gorge Basalt of Waters
(1961), whereas the upper basalt was correlated with
the Yakima Basalt. In the Clearwater embayment,
the bulk of the upper basalt is Grande Ronde Basalt
with lesser amounts of Wanapum and Saddle Moun-
tains Basalt. The lower basalt was renamed the
Imnaha Basalt by Hooper (1974) after a suggestion
by Taubeneck.

Generally, the Wanapum and Saddle Mountains
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Figure 1. Extent of the Columbia River basalt in Idaho, Washing-
ton, and Oregon. Location of the area considered in this paper
is shown on the east side of the plateau.

Basalts are easily recognized in the field, since most
flows have distinct physical appearances. Chemical
compositions, however, provide a means to easily
verify identification, because many flows can be as-
signed to distinct chemical types (Wright and others,
1973; Swanson and others, 1979a). The Imnaha
Basalt has received considerably less attention, but
several detailed studies (Holden, 1974; Hooper, 1974;
Holden and Hooper, 1976; Kleck, 1976; Reidel, 1978
and unpublished data) have shown that many distinct
flows can be easily recognized throughout the area.
The Grande Ronde Basalt provides the most
challenging stratigraphic problem of the Columbia
River basalt. Wright and others (1973) and Swanson
and others (1979a) were able to recognize only three
distinct Grande Ronde chemical types on the plateau:
the high-Mg, the low-Mg, and the very high-Mg, in
spite of the overall dominance of the Grande Ronde
Basalt. Swanson and Wright (1976) recognized four
paleomagnetic reversals in the Grande Ronde Basalt
from which a regional subdivision can be made. The
magnetostratigraphic units are time units, however,
and provide no information as to how many flows are
present and if basalt flows from two different parts of
the plateau are the same, or if they are entirely
different ones erupted from different vents. Questions
such as these are important to petrogenetic considera-
tions and, ultimately, to the origin of the plateau.
The purpose of this paper is to present the results
of a detailed study of the Grande Ronde Basalt
stratigraphy from the lower Salmon River and north-
ern Hells Canyon area. A detailed stratigraphy is
developed using major, minor, and trace elements,
paleomagnetism, and physical features of Grande
Ronde Basalt flows from sixteen closely spaced
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Figure 2. Generalized stratigraphy of the Columbia River Basalt
Group. Nomenclature is based upon revision by Swanson and
others (1979a).

stratigraphic sections. These data are then used to
describe the general physical and chemical character-
istics and the lateral extent of the flows. The impli-
cations these data have on developing a tectonic
history of the area are also discussed. Finally, a
method is provided for extending this stratigraphy
elsewhere.

STUDY AREA

The area investigated covers over 1,000 square
kilometers of deep canyon country in Idaho and
adjacent parts of Oregon and Washington on the
Snake River (Figure 3). This area makes up a portion
of the western Clearwater embayment (Bond, 1963)
and lies within the Chief Joseph dike swarm (Waters,
1961; Taubeneck, 1970).

Four units lie within the map area: the Permian,
Triassic, and Jurassic metavolcanic, metasedimentary,
and plutonic rocks that form the basement complex

(Vallier, 1974, 1977), the Imnaha Basalt, the Grande
Ronde Basalt, and the Saddle Mountains Basalt.

PERMIAN, TRIASSIC, AND JURASSIC
METAMORPHIC ROCKS AND
PREBASALT TOPOGRAPHY

Bond (1963) described the prebasalt Clearwater
embayment as a rugged, mountainous terrain with a
well-developed system of valleys and ridges. These
ridges are composed of faulted and folded metasedi-
mentary and metavolcanic rocks, which include the
Seven Devils Group, and have been described by
Vallier (1974, 1977).

Two major ridges existed prior to the Miocene
volcanism, one along the present course of the Snake
River (Figure 4) and one to the east, of which
Cottonwood Butte is part. Both ridges had over a
thousand meters of relief, the eastern one having the
greatest.

The lower Salmon River area represented an
intermontane basin at this time and was part of the
Miocene Oregon drainage system of Bond (1963).
Both Bond (1963) and Holden (1974) concluded that
the system had a southwest gradient from the present
highlands of Idaho.

IMNAHA BASALT

The Imnaha Basalt underlies the Grande Ronde
Basalt and reaches a thickness of over 425 meters
(Reidel, 1978) in the area, although the base of the
section is not exposed in the lower Salmon River
canyon. The Imnaha Basalt consists of ten exposed
flows in the area. The prominent Eagle Creek interbed
(Bond, 1963) occurs above the lowest exposed flow
and makes an excellent marker bed in the lower
Salmon River area.

Average flow thickness for the Imnaha Basalt in
the area is about 60 meters. Ponding of flows against
ridges and in valleys is common as evidenced by flows
in excess of 100 meters thick; for example, at Downy
Gulch, one flow reaches a thickness of 137 meters
(Reidel, 1978).

The uppermost Imnaha flow in the lower Salmon
River area is a plagioclase-phyric flow with pheno-
crysts up to several centimeters in size. This flow is
over 70 meters thick at China Creek. Two to three
flows below is the Rock Creek flow of Bond (1963),
which Hooper (1974) described in detail from the
Whitebird area. Throughout much of the lower
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Salmon River area, the Rock Creek flow is over 100
meters thick and makes a prominent weathering
horizon. Near Eagle Creek, a thick hyaloclastite-
pillow complex is developed at the base of the flow.

Interbedded sediments with abundant plant fossils
commonly occur between the flows, and pillowed,
hyaloclastic zones are not uncommon, indicating that
major rivers were flowing from the highlands to the
east through the canyons at this time.

The prebasalt ridges formed significant barriers
for many of the Imnaha flows. As the basalt flows

began accumulating to great thicknesses, however,
the topography was gradually submerged and flows
were able to spread throughout the area.

SADDLE MOUNTAINS BASALT

One flow of the Saddle Mountains Basalt occurs in
the northwest part of the area, north of the Grande
Ronde River in the Lewiston basin (Camp and
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Figure 3. Generalized geologic map of the lower Salmon River and northern Hells Canyon area (generalized from Reidel, 1978; surrounding
area generalized from Swanson and others, 1979b; Kleck, 1976; and Camp, 1981).
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Salmon River and northern Hells Canyon area. Trace of
prebasalt ridges from Bond (1963).

others, 1978). This is the Slippery Creek flow of the
Weissenfels Ridge Member. A flow of the Saddle
Mountains Basalt also occurs on the Joseph Plains to
the east but pinches out before reaching the area
(Camp, 1981). Several dikes of Saddle Mountains
Basalt composition are exposed on the canyon walls
but did not erupt at the surface (Reidel, 1978). A dike
near Cache Creek in the Snake River canyon has
been identified as being of the Elephant Mountain
chemical type, and a dike near Wapshilla Creek in the
lower Salmon River canyon is similar chemically, yet
distinct, to flows of the Saddie Mountains Basalt near
Grangeville that have been mapped by Camp (1981).

GRANDE RONDE BASALT

The thickest sequence of the Grande Ronde Basalt
exposed on the plateau (greater than 800 meters)
occurs near the confluence of the Snake and Grande
Ronde Rivers (Figures 3 and 5). Here the Grande
Ronde Basalt consists of thirty-five flows, which vary
from 30 to 75 meters in thickness, but the entire
sequence of Grande Ronde Basalt thins eastward
(Bond, 1963; Figure 5, this study). Grande Ronde
Basalt flows stand out in marked contrast to the
much thicker flows of the Imnaha Basalt. No sedi-
mentary units occur between the Grande Ronde
Basalt flows in this area.

Seventeen complete or partial sections of Grande
Ronde Basalt from the area were measured and
sampled for chemical composition and paleomagnet-
ism (natural remanent magnetization). Seven sections
were measured along the north wall of the Salmon
River canyon, six in the Snake River canyon, three in
Joseph Canyon, and one in the Imnaha River canyon.
The Mt. Wilson section in Joseph Canyon is faulted
in several places, so it was of limited use.

Of the four magnetostratigraphic units observed in
the Grande Ronde Basalt by Swanson and Wright
(1976) three are present in the area: the R;, Nj, and R,
(R [reversed] refers to the magnetic north pole being
oriented opposite of the present earth field and N
[normal] refers to it being oriented similar to the
present field). Swanson and Wright’s (1976) N, unit
does not occur in the study area but pinches out
about 20 kilometers to the west (Price, 1977; Ross,
1978) except for several isolated cones of the Joseph
Volecanics in the Imnaha River area (Kleck, 1976;
Camp and Hooper, 1980). The lower part of Grande
Ronde Basalt along the Snake River north of the area
was sampled and analyzed by Hooper and others
(1979) for the inclination and declination of the
paleomagnetic poles. They found that the lower two
flows of the R; unit are transitional rather than
reversed as indicated by a fluxgate magnetometer.

A total of 327 samples from the measured sections
were collected and analyzed for major, minor, and
trace elements using X-ray fluorescence (XRF) tech-
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Figure 5. Isopach map of the Grande Ronde Basalt from the lower
Salmon River and northern Hells Canyon area. Dots show
locations of measured sections. Areas of thinning on paleo-
topographic highs omitted.
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niques. In addition, 100 of these samples were
analyzed for trace elements using instrumental neu-
tron activation analysis techniques. These analyses
were used to further identify and characterize flows.
The analytical and total precision (Table 1) have been
discussed by Reidel (1978).

THE R,
MAGNETOSTRATIGRAPHIC UNIT

The R, magnetostratigraphic unit is the oldest
subdivision of the Grande Ronde Basalt. Its thickness
remains relatively uniform (about 300 meters, Figure
6) throughout much of the area, except where flows
onlap the prebasalt ridges. There are thirteen flows
near the Grande Ronde River and twelve flows in the
Imnaha River valley. The number of flows, however,

Table 1. Instrumental and total precision of X-ray fluorescence
data.

Total precision (one standard deviation = o) estimated for oxides
from 13 sets of 3 beads; for trace elements, N number of beads of
Grande Ronde Basalt prepared for each rock used. Instrumental
precision for all elements from N number of replicate analyses.
Instrumental precision is given as one standard deviation (lo)
relative to actual weight percent and percent of mean concentration
percent, since several beads with concentrations much different
from Grande Ronde Basalt were used, (Reidel, 1978).

decreases to the east, with ten occurring near China
Creek and seven at Hoover Point (Figure 3).

The fewer number of flows in the east than in the
west, in contrast to the uniform thickness of the R,
unit in the area, suggests that individual flow volume
was one of the principal factors that controlled the
lateral extent of the flows. Flows of less volume were
confined to the west near the vent area, and flows
having greater volume were able to move eastward
into the valleys where they ponded and filled them to
a uniform level.

Holden (1974) described several sections of Grande
Ronde Basalt from the Rice Creek area, 20 kilometers
farther east (Figure 4). Here the R; magnetostrati-
graphic unit is about 280 meters thick and has seven
to eight flows (Holden and Hooper, 1976) with even
less total thickness and fewer flows farther east near
Whitebird (Camp and Hooper, 1980).

THE N,
MAGNETOSTRATIGRAPHIC UNIT

The N; magnetostratigraphic unit (Figure 7) is the
second oldest subdivision of the Grande Ronde
Basalt. Its thickness decreases from 300 meters at the
Grande Ronde River to about 270 meters near
Buckhorn Springs in the Imnaha River valley. The

o 5
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Figure 6. Isopach map of the R, magnetostratigraphic unit of the
Grande Ronde Basalt from the lower Salmon River and
northern Hells Canyon area. Thinning of basalt onto the
prebasalt topographic high in the Snake River canyon is shown
but near Hoover Point (Figure 3) thinning is not shown due to
the size of the area of thinning. Dots show locations of
measured sections.
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Figure 7. Isopach map of the N; magnetostratigraphic unit of the
Grande Ronde Basalt from the lower Salmon River and
northern Hells Canyon area. Thinning in the Snake River
canyon is not shown due to lack of control and thinning near
Hoover Point is not shown due to the size of the area of
thinning. Dots show locations of measured sections.

thickness remains relatively constant as far east as
China Creek but decreases to 260 meters at Maloney
Creek, 15 kilometers farther east. The number of
flows decreases from thirteen at the Grande Ronde
River to about ten or eleven at Buckhorn Springs and
to about nine flows at Maloney Creek.

Near Rice Creek, east of the study area (Figure 4),
the N, magnetostratigraphic unit is about 220 meters
thick and consists of five flows (Holden, 1974,
Holden and Hooper, 1976). The eastward thinning of
the N; magnetostratigraphic unit and the fewer
number of flows suggest that flow volume and
probably a westward-dipping paleoslope (Camp and
Hooper, 1980) influenced the lateral extent of these
flows.

THE R,
MAGNETOSTRATIGRAPHIC UNIT

The R; magnetostratigraphic unit is the youngest
unit exposed in the area (Figure 8). There are eight to
nine R, flows with a total thickness of 185 meters
extending from the Grande Ronde River south to the
Imnaha River. This decreases eastward to one or two
flows, a total of 15 meters thick near Hoover Point.
Erosion has removed probably one flow from the
eastern portion of the area and perhaps as many as
two at Maloney Creek, and one or two flows have

Contour interval: 50 meters
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Figure 8. Isopach map of the original inferred thickness of the R;
magnetostratigraphic unit of the Grande Ronde Basalt from
the lower Salmon River and northern Hells Canyon area. Dots
show locations of measured sections with actual measured
thicknesses. Inferred thicknesses based upon estimation of
amount of erosion.

been eroded from the Buckhorn Springs section.
Isolated remnants of R, have been found north of
Rock Creek (Camp, in Swanson and others, 1979b);
these are the farthest east of known R flows.

Ross (1978) and Price (1977) show that the R;
thickness remains relatively constant as far west as
Troy, Oregon, but it thickens farther west into the
Pasco Basin (Packer and Petty, 1979). Flows of the
overlying N, magnetostratigraphic unit, which pinch
out eastward near Troy, also thicken into the Pasco
Basin (Packer and Petty, 1979; Taylor, 1976) support-
ing the concept that a westward-dipping paleoslope
influenced the distribution of the R, and N, units.

GENERAL FLOW CHARACTERISTICS

There are three general parts (Figure 9) to a typical
basalt flow in the area: a colonnade, an entablature,
and a flow top. The colonnade and entablature are
distinguished primarily by the size and regularity of
jointing of the columns. The proportions of these
parts vary in most flows. The average flow is 30 to 50
meters thick and has a well-developed colonnade,
thin entablature, and thin, scoriaceous flow top.
Most flows fall into Long’s (1978) type 1 and type 3
flows. Type 1 flows have stubby, irregular columns
that lack a well-defined entablature; type 3 flows have
both well-defined entablatures and colonnades with a
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Figure 9. Exposure of Grande Ronde Basalt from the Pasco Basin
having well-developed colonnade and entablature.

sharp break separating the two. Type 1 flows pre-
dominate over type 3 flows. Only rare examples of
type 2 flows, multi-tiered (colonnade and entablature
equal one tier) flows, are present; these are more
common in the Imnaha Basalt.

Variations in the physical characteristics tend to be
the rule, rather than the exception. Several flows,
including the Center Creek and Johns Creek flows of
Bond (1963), are composed almost entirely of entab-
lature with little or no colonnade and minor flow-top
scoria, and fit Long’s (1978) type 3 classification. This
makes them relatively easy to trace throughout much
of the area. This characteristic varies slightly across
the area but is best developed on the east side of the
area where ponding occurred away from the vent.
Flow-top breccias are present but not abundantly
common. The breccias developed in the thicker flows
and can be up to 40 percent of a 100-meter-thick flow.
Flow-top breccia tends to vary in thickness along the
length of the flow. They are most common in the west
near the vent area, but become thinner and disappear
eastward. Only the lowermost flows appear to be
exceptions. They have thick flow-top breccias at the
east side of the area but none at the west. Within
thick flow-top breccias, commonly large pods of fine-
grained, glassy basalt up to several meters in diameter
occur.

Hyaloclastites are rare in the Grande Ronde Basalt
from this area. In one location near China Creek, a
small stream valley cut into Imnaha Basalt is filled
with pillowed basalt and hyaloclastic material from

the lowermost Grande Ronde flow. Nowhere is an
extensive hyaloclastic deposit present that might be
associated with a major river in the canyon. This
is also supported by the absence of sedimentary
interbeds.

FLOW CORRELATIONS BASED ON
PHYSICAL AND
PETROGRAPHIC APPEARANCE

Most Grande Ronde Basalt flows have a similar
physical appearance, so few flows can be traced
throughout the area with a high degree of confidence.
Older flows generally have more distinguishing char-
acteristics than younger flows; many are plagioclase-
phyric, some contain olivine phenocrysts, and others
are coarser grained.

A prominent plagioclase-phyric flow (PO, Figure
10) occurs near the base of the section. It is the second
flow above the Imnaha-Grande Ronde contact in the
lower Salmon River area and can be easily traced to
Downy Gulch in the Snake River canyon and possibly
to Buckhorn Springs in the Imnaha River canyon.
Positive identification cannot be made farther north
along the Snake River, but Camp (1976) has described
the occurrence of many flows which are plagioclase-
phyric in the lower part of the section near Lewiston.
This flow is 30 meters thick in the Snake River
canyon but 50 meters thick near Poor Luck Point.
Generally it is a type | flow with a colonnade, a
poorly developed entablature, and thin scoriaceous
flow top. In the Salmon River area, where it reaches
50 meters in thickness, it has a well-developed
entablature and is a type 3 flow.

Two plagioclase-phyric flows (P1 and P2) occur in
the Grande Ronde section and have been informally
named the Rogersburg flows (Camp and others,
1978). These have been traced south and east from
the Grande Ronde section (Figure 10). Both flows
occur in the western part of the area, but only the
upper, more phyric flow (P2) occurs in the Salmon
River canyon. This upper flow can be correlated
farther east with a plagioclase-phyric flow near
Rocky Canyon that Holden (1974) described. These
flows are probably present in the sequence of plagio-
clase-phyric flows in the Lewiston basin described by
Camp (1976). They are present as far west as the
Umatilla dike near Puffer Butte in the Grande Ronde
River valley (Price, 1977), but their westward extent
is unknown. They vary from 10 to 60 meters in
thickness, with the upper flow reaching its greatest
thickness at Buckhorn Springs where it has a flow-
top breccia. Throughout this area, these flows lie
from 100 to 170 meters above the Imnaha Basalt-
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Grande Ronde Basalt contact.

Bond (1963) and Holden (1974) described a plagio-
clase-phyric flow in the Rock Creek-Rice Creek area
(Figure 4) that occurs three to four flows below the
Center Creek flow. On the basis of their descriptions
and its relative stratigraphic position, the flow is
probably correlative with the upper Rogersburg flow
(P2). Kleck (1976) also described a plagioclase-phyric
flow in a similar stratigraphic position near Imnaha
(Figure 3) in the Imnaha River valley which is
probably also correlative.

Bond (1963) was able to trace three Grande Ronde
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flows throughout much of the southern Clearwater
embayment: the Grave Creek, the Center Creek, and
the Johns Creek flows. On the basis of his description,
the Center Creek and Johns Creek flows were traced
through much of the area, but the identification of
the Grave Creek flow was more tenuous. The Grave
Creek flow is the lowest stratigraphically, and in the
study area the flows at that position do not fit Bond’s
(1963) description from the type area at Grave Creek
(Figure 4). Flow B (Figure 10) is in the correct
stratigraphic position but is not typical of the Grave
Creek flow.
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Figure 10. Fence diagram of the Grande Ronde Basalt showing the distribution and thickness of flows in the lower Salmon River and
northern Hells Canyon area. Datum is Imnaha Basalt-Grande Ronde Basalt contact; prebasalt topographic highs are omitted.
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The Center Creek flow (Figure 10) occurs near
the top of the R; magnetostratigraphic unit and
lies approximately 200 to 250 meters above the
Imnaha Basalt-Grande Ronde Basalt contact. It
varies in thickness from a maximum of 60 meters
to a minimum of I5 meters in the Snake River
canyon. Almost 80 percent of the flow is entablature
near the east side of the area, but this decreases to
less than 50 percent in the Snake River canyon. It
is this thick entablature that sets it off from other
flows. Locally, several flow lobes comprising the flow
can be observed. The amount of scoria and flow-top
breccia increases closer to the main dike occurrence.
Holden (1974) recognized and mapped the Center
Creek flow throughout the Rocky Canyon area east
of the study area. There it occurs at the top of the R,
magnetostratigraphic unit and physically resembles
the flow in the area of this study. In the lower Salmon
River canyon, the Center Creek flow also occurs at
the top of the R, magnetostratigraphic sequence and
forms a prominent bench, but in the Snake River
canyon, several R, flows lie above it. No interbed or
weathering zone was observed at the upper contact,
suggesting that the bench results from the resistance
of this flow to weathering.

The Johns Creek flow lies near the top of the N;
magnetostratigraphic unit and occurs from 160 to 250
meters above the Center Creek flow. Near Poor Luck
Point, almost 90 percent of the flow is entablature,
which gives way westward to a thick flow-top breccia.
On the western margin of the area, the Johns Creek
flow is mapped as three similar-appearing flows
which probably represent pulses of the same eruption.
The flow can be traced east, but it apparently did not
spread as far north as the present Grande Ronde
River (Figure 10). Bond (1963) and Holden (1974)
have traced the Johns Creek flow throughout much
of the area to the east. At Rocky Canyon it occurs
three flows below the top of the N1 magnetostrati-
graphic unit.

Other flows can be traced between sections, but
the characteristics used to identify them are local.
Many of these flows can be traced less than 15
kilometers and, in most places, only 5 to 7 kilometers.
The inability of a Grande Ronde flow to retain
physical characteristics over a great distance appears
to be the rule, rather than the exception.

CHEMICAL STRATIGRAPHY

Waters (1961, 1962) first presented evidence for
chemical differences among basalt flows of the Yak-
ima Basalt. Wright and others (1973) subdivided the
Yakima Basalt and described three chemical types

within the Grande Ronde Basalt (formerly lower
Yakima Basalt): the high-Mg, the low-Mg, and the
very high-Mg. The Grande Ronde Basalt from the
lower Salmon River and northern Hells Canyon area
primarily falls within the low-Mg chemical type,
although some flows are of the high-Mg chemical
type. Camp (1976) divided the Grande Ronde Basalt
flows from the Lewiston basin into a high SiO; group
and an underlying and gradational low SiO; group.
This subdivision can be extended into the area and
generally corresponds to the base of the Center Creek
flow, but is not a distinct break and has limited
usefulness.

The chemical composition of the Grande Ronde
Basalt is mostly gradational between flows. The
differences discussed in this section are relative, and
as Tables 2 and 3 show, there is considerable overlap
between many flows for many oxides and elements.
There are, however, many horizons that are distinct
enough to be recognized with confidence throughout
the area. These chemically distinct flows, combined
with the physically recognizable flows and magneto-
stratigraphic units, were used to produce the fence
diagram (Figure 10) for the lower Salmon River and
northern Hells Canyon area. This diagram represents
the best possible breakdown of flow stratigraphy
based upon available data. Table 4 summarizes the
number of flows or flow lobes for each group at each
stratigraphic section.

CHEMICAL COMPOSITION
OF FLOWS OF THE R,
MAGNETOSTRATIGRAPHIC UNIT

The most chemically distinct group of flows is the
group C flows (Figure 10). This group is characterized
(Tables 2 and 3) by high CaO (about 9.0 weight
percent) and MgO (about 5.0 weight percent). These
flows also have low P,0s, K20, Na,O, Zr, Rb, Ba, La,
and FeO contents and high Cr and Cu contents. This
group can be further subdivided using TiO;; one
group (H.T.) has a high TiO, composition (about
2.40 weight percent) while the other (L.T.) has a low
TiO; composition (about 1.96 weight percent). The
high TiO; flows occur only within the northern part
of the area and pinch out before reaching Downy
Gulch, but they are apparently present at Camp’s
(1976) Moses Siding section in the Lewiston basin.
The low TiO; flows occur stratigraphically above the
high TiO; flows but are more extensive. They can be
traced as far east as Eagle Creek but pinch out to the
north before reaching the Moses Siding section of
Camp (1976). They are apparently present in Kleck’s
(1976) Imnaha section based on chemical analyses
that he reported. This group is not present in the
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Rocky Canyon section of Holden (1974). The overall
composition of this group is actually more similar to
the high-Mg Grande Ronde chemical type than to the
low-Mg chemical type.

Below this horizon, the flows have been combined
into one group, the SA group (Figure 10). The only
distinct marker in this group is the lowest plagioclase-
phyric flow (P0) discussed previously. This group has
low Si0O; (51-53.5 weight percent; Table 2), lower
CaO and MgO than group C, but higher FeO, Sr, and
Ba (Table 3), and is not greatly different from other
flows of the R, magnetostratigraphic unit. Group SA
has two subdivisions labeled Al and B in the eastern
part of the area because there the lower plagioclase-
phyric flow makes a distinct marker. Flow B can be
traced throughout the lower Salmon River area and
is compositionally gradational to SA but has slightly
higher Si0,, Ba, and Th.

Flow group Al consists of two flows present only
at China Creek and represents a local subdivision of
the SA group. Group Al was separated because it has
lower P,Os, Zr, and Ba yet higher TiQ;, CaO, and
MgO than the SA group. Group Al also has lower
TiO;, Zr, and Ba yet higher MgO and CaO than flow
B. The chemical composition of the Al group is not
unlike flow PO, but the flows are not plagioclase-
phyric.

The lower plagioclase-phyric flow, PO, and the two
Rogersburg flows (Pl and P2) are all relatively
similar in composition. They have higher than normal
Ni contents (Table 3), but most flows, except the SA
group of the R, magnetostratigraphic unit, have
higher Ni, Cr, Sr, and Eu contents than those of the
N, and R; magnetostratigraphic units.

Group SAI lies below the Rogersburg flows and
above the group C flows but is only present in the
northern Snake River canyon. It is distinct from
group C flows, but its composition is gradational
with the Rogersburg flows.

Flow D is constrained stratigraphically by the
upper Rogersburg flow (P2) below it and the Center
Creek flow (CC) above it. The chemical composition
of D is similar to both P2 and CC but has slightly
higher Si0O; and lower MgO than P2.

CHEMICAL COMPOSITION
OF FLOWS FROM THE N,
MAGNETOSTRATIGRAPHIC UNIT

The F and F1 groups are a series of similar flows
both physically and chemically that occur at or above
the transition from R, to N;. They are constrained by
the Center Creek flow below and above by several
flows with distinct chemical compositions, the G
group, that occur everywhere except on the eastern

side of the area. Group F is confined largely to the
Snake River canyon and group Fl to the lower
Salmon River canyon; the distinction is made only
because continuity between the two groups cannot be
shown. Both groups have an overall compositional
similarity to the Center Creek flow, but this is
misleading because the flows within the F group have
a great range which is reflected in the large dispersion
(Tables 2 and 3).

Most flows of the N, magnetostratigraphic unit
are generally characterized by TiO; contents lower
than R, flows, but are compositionally distinct and
can be traced throughout the area.

The group G flows (G1 and G2) are two flows with
no major distinguishing physical characteristics. Their
most significant feature is a lower than average TiO;
content (Table 2) which is covariant with low P,Os,
Zr, Ba, La, Sm, and Hf. They lie above the F group
and below the H group, both of which have signifi-
cantly higher TiO; than the G group. The oldest flow
of the H sequence has a well-developed entablature
and an extremely thick, scoriaceous flow-top breccia
(up to 60 meters) that permits it to be traced in the
southwestern part of the area. In the lower Salmon
River canyon, however, a single flow of relatively
higher TiO; (H1) intercalates with the group G flows
at China Creek, within 5 kilometers of where the
lower flow (G1) pinches out. The compositions of
both H and HI are variable as shown by the
dispersion (Tables 2 and 3) which, for the case of H, is
due to a greater range of values as in group F.

Two flows chemically similar to the G group, the ]
group, lie above the H group. They are also char-
acterized by low TiO,, P,Os, Zr, Ba, La, Sm, and Hf
and are present throughout much of the area. The
upper flow (I12) pinches out south of Downy Gulch
and east of Wapshilla Ridge. There are two | group
flows at Buckhorn Springs, however, which suggest
that either the area between Downy Gulch and
Buckhorn Springs is a local pinchout or the upper
flow (12) at Buckhorn Springs is a flow different from
12 along the lower Salmon River (Figure 10). The
lower flow (I11) pinches out east of Hoover Point, The
I group is overlain by flow J, which is chemically
similar to the I group but confined to the lower
Salmon River area. Flow J pinches out within a few
kilometers to the north and south of Downy Gulch. It
has higher Eu and lower Ni, Ta, and Cs than the
group I flows. Two flows (IBS) at Buckhorn Springs
lie in a stratigraphically similar position to flow J but
have distinctly different compositions (Tables 2 and
3). They have higher TiO,, FeO, K0, Rb, V, and
P,0s and lower Si0Q,, MgO, and Sr and are composi-
tionally similar to the overlying Johns Creek group,
but with higher TiQ; and P,0Os.

The Johns Creek flow is traceable throughout the
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lower Salmon River area, but on the west side it
cannot be distinguished from several other flows or
flow lobes, all of which have the same composition
and are grouped together as the Johns Creek flow. A
basaltic tuff is intercalated with the upper flow of the
Johns Creek group in the Buckhorn Springs area and
is compositionally the same. This suggests the pres-
ence of avent and the possibility that these flows are
pulses of the Johns Creek flow. The Johns Creek flow
has slightly lower CaO and higher FeO, La, Sm, and
Hf (Tables 2 and 3) than the G, 1, and J groups.

CHEMICAL COMPOSITION
OF FLOWS OF THE R;
MAGNETOSTRATIGRAPHIC UNIT

The LO group, which overlies the Johns Creek
flow, varies from one to five flows and occurs both
above and below the transition from N; to R;. It is
typical of the R; flows (Tables 2 and 3) in that it has
higher Ti0:, FeO, K,0O, Na,0, P;0s, Ba, V, Sm, Th,
and Ta and lower CaQ, MgQ, Sc, Cr, and Hf than
typical N, flows. This is the first set of high TiO:

Table 2. Chemical composition of flows and flow groups. [Individual analyses were determined using XRF techniques and normalized to
100 percent on a volitile free basis prior to calculating the mean X and one standard deviation la. N indicates number of samples used to

calculate general statistics.].
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flows above the low TiO; flows of the N, magneto-
stratigraphic unit. It is apparent in Figure 10 that
flows of the .0 group in R, magnetostratigraphic unit
are primarily in the Snake River area both north and
south of the Deadhorse Ridge-Five Points Creek
area, whereas L0 flows in the underlying N; magneto-
stratigraphic unit are more widespread.

The L0-3 group is a subgroup consisting of three
flows or flow lobes of group LO and occurs only at
China Creek between the Johns Creek flow and
group LO. It is distinguished by significantly lower
TiOQ,. Group L0-3 is shown as undivided from L0 on

Table 2. continued.

Figure 10 because of its local extent and because the
combined thickness of 1.0-3 and L0 at China Creek
are nearly similar to the thickness of LO in nearby
stratigraphic sections,

The L1 flow group lies directly above the L0 group
and contains from two to five flows. The L1 flow
group also has high TiO, (Table 2) but differs in that
the flows have higher SiO,, P,Os, Zr, Rb, Ba, La, Th,
Hf, and Eu and lower CaO, MgO, Sc, and Cr (Tables
2 and 3) than L0O. This group (L) has been further
divided into the M and N subgroups. Inthe M and N
subgroups, Ca0, V, and Sc are slightly higher and Sr
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Table 3. Trace element composition of flows and flow groups.

37012 21
- /80.80 - 3¢
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Zr through Cr determined using XRF and La through Cs determined using INAA, vajues in ppm
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Table 3. continued.

© e e e e i

Zr through Cr determined using XRF and La through Cs determined using INAA, values in ppm
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Table 3. continued.

Table 4. Number of flows or flow lobes present in each stratigraphic section.

*Center Creek flow
**lohns Creek flow
***Meyer Ridge flow
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and La (N only), and Sm are lower. The two
subgroups generally differ, in that M is stratigraphi-
cally higher and has higher La while N has lower Ba,
Eu, Hf, and Th. Subgroup N is recognized only in the
Snake River canyon, while subgroup M can be
recognized in both canyons,

In the Salmon River canyon near Downy Gulch, a
sequence of thin flow lobes interpreted to be puises of
the same eruption are identified as group X. These
flows are similar to group L1 but have lower Ba and
TiO;. They might extend south into the Imnaha
Canyon or north beyond Downy Gulch, but they
definitely pinch out before reaching the Grande
Ronde section. Erosion in the area north of Downy
Guich and the lack of exposure near Buckhorn
Springs prevents further estimates of this group’s
limits.

The youngest Grande Ronde flows in the area,
IGR and Meyer Ridge flow (MRF, Camp, 1976),
occur only in the Grande Ronde section and cannot
be traced south across the Limekiln fault. This
suggests that the Limekiln fault was probably active,
thus preventing these flows from leaving a subsiding
Lewiston basin. These flows are characterized (Tables
2 and 3) by low TiO,, P;Os, Zr, Rb, Hf, and Th. The
two differ in that the Meyer Ridge flow has signifi-
cantly higher CaO, MgO, Cr, and Ni and lower La,
Ba, and Sm. The Meyer Ridge flow, like group C, is
compositionally closer to the high-Mg rather than the
low-Mg chemical type.

DISTRIBUTION OF GRANDE
RONDE BASALT FLOWS

It is apparent from Figure 10 that most flows are
concentrated on the west side of the area. The
thickness of the magnetostratigraphic units remains
relatively constant along the strike of the dikes, as
does the number of flows, but the entire section thins
to the east. From the Grande Ronde area to Rocky
Canyon, there is a loss of twenty-two flows. The main
source for the flows was from the west, but a less
important source at Rocky Canyon (Price and others,
1973) and a possible vent there described by Holden
(1974) and Holden and Hooper (1976) could have fed
some flows. The flows of the F1 and HI groups and
flow J are the most likely ones to have erupted east of
the area. The eastward loss of flows is also reflected in
the stratigraphic variations in chemical composition.
Holden and Hooper (1976} recognized a distinct
“Si0; break™ at Rocky Canyon which occurs at the
base of the flow below the Center Creek flow. This
break is a local feature and is due to the absence of

flows that constitute part of the complete gradational
sequence observed farther west.

The Imnaha flows formed a relatively level surface
within the steep-walled canyons and allowed the
Grande Ronde Basalt flows to easily spread through-
out the paleodrainage system. The thickening of R,
flows to the east suggests a certain amount of
ponding, passibly due to ramparts that built up along
the dikes and blocked drainages to the east, but most
flows moved unhindered from drainage to drainage.
The lack of hyaloclastites and pillow complexes in the
Grande Ronde Basalt demonstrates that the Imnaha
Basalt had previously rerouted the canyon-cutting
rivers and, at that time, only minor streams were
flowing from the highlands into the canyons. If the
rivers were still flowing in the area at this time, flows
that erupted in the west and flowed east would have
developed extensive hyaloclastic deposits as they
moved up the river valleys.

The relatively consistent thicknesses of the R, and
N, units, but with fewer flows in the east than in the
west, suggest something about the volume of the
flows. Many flows probably had insufficient volume
to spread too far beyond the vent. Other flows were
of sufficient volume to spread throughout the area
and fill the canyons to a uniform level. It is these
flows that had the greatest chance of reaching the
Pasco Basin (Figure 1) and points west,

The analysis of flow distribution for this area thus
suggests that two types of flows are present: those
that are of a limited extent and those that are of a
much greater extent, possibly as great as some of the
flows of the Wanapum Basalt and Saddle Mountains
Basalt. The flows of limited extent apparently out-
number those of much greater extent, but additional
detailed studies similar to this will be necessary before
a clearer idea of the regional distribution of Grande
Ronde Basalt flows emerges.

Two other factors must be considered when dealing
with the regional Grande Ronde Basalt relationships.
First, a very gentle westward-dipping paleoslope that
was forming in Grande Ronde time (Camp and
Hooper, 1980) should have caused some eastward
thinning. This is interpreted to be reflected in the
total, gradual eastward thinning of the magnetostrati-
graphic units as shown on the isopach maps. These
maps suggest that the slope could have been no more
than | to 2.5 meters per kilometer in this area which is
comparable to that determined by Long and others
(1980) for the Pasco Basin. The second factor is the
possibility that many flows on the western end of the
study area are actually flow lobes, as in the case of the
Johns Creek flow. The present distribution is prob-
ably a combination of all three but was most heavily
influenced by flow volumes.
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STRUCTURE

The structural evolution of an area on the Colum-
bia Plateau is reflected by the distribution and
thickness variations in the basalt flows. This was
demonstrated by Reidel and others (1980) for the
tectonic evelution of the Pasco Basin and by Camp
and Hooper (1980) for the tectonic evolution of the
Clearwater embayment.

The structural elements of the area are shown in
Figure 11. Two fault directions have been observed in
the area, one trending northeast that is marked by the
Limekiln fault, and one trending N. 10-20° W. The
Limekiln fault trends northeast along the northern
boundary of the area and separates the Craig Moun-
tain-Cold Springs Ridge area from the Lewiston
basin. It is a normal fault with over 600 meters of
displacement where the Snake River cuts it, but offset
decreases both east (Bond, 1963; Camp, 1976) and
west (Reidel, 1978). The N. 10-20° W. trend parallels
the main dike trend and the Miocene Snake River
ridge. These faults show primarily vertical movement,
although horizontal slickensides found on other faults
to the east by Holden (1974) and to the west by Ross
(1978) suggest that some might have a component of
horizontal movement. This is compatible with the
tectonic mode] proposed by Ross (1978) for the Troy
basin in Oregon and expanded by Camp and Hooper
(1980) for the southeast plateau. This model is based
upon a north-northwest-trending axis of maximum
horizontal compression.

One of the primary questions concerning the
tectonic history of the plateau is the timing of
deformation. In this area, the distribution of late
Grande Ronde Basalt flows (R;) reveals that the
Limekiln fault was active at this time. This is
evidenced by the Meyer Ridge flow and the next
youngest {IGR, Figure 10} which were prevented
from crossing it and flowing south. This suggests that
the Lewiston basin was subsiding by at least late
Grande Ronde time. By N; Grande Ronde time and
through Saddle Mountains time, it was an effective
barrier preventing flows from crossing into the area.
The Limekiln fault was probably active during much
of the time the Columbia River basalt was being
erupted. Similar conclusions were reached by Camp
and Hooper (1980) for the southeast plateau.

It is difficult to estimate the rate at which the
Limekiln fault was growing. Owing to the presence of
a nearly representative sequence of flows through
time in the Pasco Basin, rates of uplift have been
determined for structures there (Reidel and others,
1980). Reidel and others (1980) have determined a
relatively siow rate of uplift and subsidence (40 to 80
meters per million years) which is on the same order
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Figure 1. Structural contour map of the Imnaha Basalt-Grande
Ronde Basalt contact in the lower Salmon River and northern
Hells Canyon area. Contour interval is 50 meters and measured
from sea level. Ball on fault indicates downthrown side.

of magnitude as present strain rates indicate (Savage
and others, 1981). This has led Caggiano and others
(1980) to suggest a relatively constant rate of uplift
for those structures.

If the Limekiln fault and similar structures were
growing at comparable rates, then deformation would
be difficult to observe in the Grande Ronde Basalt
since only 80 to 160 meters of offset would have
occurred while over 800 meters of basalt were ac-
cumulating. The offset would probably be reflected in
a minor thinning of flows at this time across the zone
of deformation.

The parallel trend between the dikes, the northwest
faults, the Snake River ridge, and the present course
of the Snake River through the area suggests that a
northwest fault direction has played an important
role in the structural evolution of the area from
before the Columbia River basalt was erupted (Reidel,
1978). As noted by Camp and Hooper (1980), the
dominant structural trends throughout the southeast
part of the plateau are coincident with those found in
the prebasalt structural trends of northern Idaho.

MINERALOGY AND
PETROGRAPHY

The mineralogy and petrography of the Grande
Ronde Basalt from areas within the Clearwater
embayment have been described by many individuals
(Bond, 1963; Holden, 1974; Camp, 1976; Kleck, 1976;
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Reidel, 1978; and Bard, 1978). This discussion is
directed toward summarizing the mineralogy and
petrography of the stratigraphic subdivisions for the
Grande Ronde Basalt from the study area. First to be
discussed will be the mineralogy, next followed by the
distribution of mineral phases in flows, and finally
the paragenetic sequence.

The Grande Ronde Basalt is generally fine grained
and aphyric in hand specimen. Except for the pres-
ence of several coarser grained and plagioclase-phyric
flows in the Ry magnetostratigraphic unit, most flows
have few diagnostic petrographic features. In thin
section, clinopyroxene and plagioclase dominate the
mineralogy. Although they are the predominant
mineral phases, olivine, orthopyroxene, pigeonite,
and accessory apatite, magnetite, ilmenite, and iron
and copper sulfides are important to the paragenesis.

Textures range from intergranular to intersertal
and occasionally are hyalo-ophitic. Intergranular
textures are most commonly found in the colonnades,
whereas intersertal textures occur in both the colon-
nade and entablature. Samples from the entablature
have higher glass contents than those from the
colonnade, with percentages of glass ranging from a
few percent in the colonnade to greater than 50
percent in the entablature and flow tops. Samples
from chilled margins and scoriaceous flow tops are
commonly hyalo-ophitic.

OLIVINE

Olivine is a minor constituent of the Grande
Ronde Basalt. The R; flows contain an average of 1.3
percent modal olivine, with no more than 3.0 percent
in any one flow; the N, and R; flows average only
0.42 percent and 0.19 percent modal olivine, respec-
tively. The greatest percent moda) olivine occurs in
the group C flows with as much as 6 percent olivine in
some samples.

A little olivine occurs in the flows as subhedral
crystals within the groundmass. Only one flow group,
C, has subhedral olivine phenocrysts which occur
intergrown with sparse plagioclase phenocrysts. Elec-
tron microprobe analysis of the phenocrysts yields an
average core of Fog; and rim of Fos;. No liquid-
crystal reaction rim was observed in any flow, but all
crystals show some alteration (iddingsite?).

PLAGIOCLASE

Plagioclase occurs both as subhedral to euhedral
crystals in the groundmass and as phenocrysts and
microphenocrysts. It most commonly occurs in the
groundmass, ranging in length from 0.1 to 0.5

millimeter, but plagioclase phenocrysts (5 to 10
millimeters in length) are common in many R, flows.
A few phenocrysts occur in some of the Ny and Rs
flows. Core to margin variations range from Angs to
Ans, respectively (Reidel, 1978), and zoning is gen-
erally oscillatory with an overall normal trend.

PYROXENES

Three varieties of pyroxene occur in the Grande
Ronde Basalt. These are augite, pigeonite, and bronz-
ite-hypersthene. Augite is the most comman clino-
pyroxene and occurs as both microphenocrysts and
in the groundmass. The crystals are honey-yellow to
clear, and most have a 2V of 42 to 50 degrees.
Pigeonite is a common accessory phase of N; and R;
flows but is less common in R; flows. Pigeonite most
commonly occurs as distinet grains in the groundmass
or as the core of a composite microphenocryst with
an augite rim. As phenocrysts it commonly has
optical zoning (Figure 12). Orthopyroxenes normally
occur as unzoned phenocrysts or microphenocrysts
(Figure 12) that possess a pale-pink/green pleochro-
ism when the composition is hypersthene. The optic
angle (2V = 55 to 70 degrees) places the composition
of the orthopyroxenes as bronzite to hypersthene,
and electron microprobe studies confirm this (Reidel,
1978 and unpublished data). In every sample, the
orthopyroxene is mantled by pigeonite or less com-
monly by augite in a reaction relationship, and every
orthopyroxene crystal shows some degree of resorp-
tion (Figure 12). Commonly orthopyroxene and
plagioclase phenocrysts are intergrown.

Figure 12. Photomicrograph of resorped orthopyroxene crystal
with reaction rim of clinopyroxene. The orthopyroxene is
intergrown with a plagioclase microphenocryst and an optically
zoned microphenocryst of pigeonite.
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OPAQUES

Titaniferous magnetite and sulfides (pyrite, pyrrho-
tite, and chalcopyrite) are present in minor amounts,
A distinction between magnetite and ilmenite has
been made based upoen morphology, although the
chemical compositions for samples from the area
have not been determined. Octahedral, equant crys-
tals are classed as magnetite, and elongate crystals are
classed as ilmenite. Most opaque oxides from Grande
Ronde Basalt in the Pasco Basin, however, are
titaniferous magnetite (Noonan and others, 1980) and
contain 28 to 32 percent TiO., so the distinction
between magnetite and ilmenite in this study is
probably morphological rather than chemical,

STRATIGRAPHIC VARIATION
OF MINERALS

The important mineral phases, other than ubiqui-

tous groundmass augite and plagioclase, are sum-
marized for each flow group in Figures 13 and 14.
Flows of the R; magnetostratigraphic unit are coarser
grained than the N; and R; flows and contain more
olivine, plagioclase phenocrysts, ilmenite, and less
pigeonite. Pigeonite and bronzite-hypersthene are
minor components in the R; flows. The flows of
group C (Figures 13 and 14) have the most modal
olivine, followed by the two Rogersburg flows, The
silicic flows of the Ny and R; units have more
pigeonite and less olivine than R, flows; there is also
less ilmenite and more orthopyroxene in these flows.

The mineralogy is independent of the stratigraphy
as shown in Figures 13 and 14. Augite and plagioclase
are present in every flow, but the pyroxene/ plagio-
clase ratio is variable both within a flow at one
location and laterally within a single flow (Reidel,
1978). The less abundant minerals vary greatly be-
tween stratigraphic sections; for instance in Figure
13, olivine is present in the Center Creek flow at
China Creek, Downy Gulch, and Hoover Point, yet
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Figure 13. Summary of mineral phases present in the Grande Ronde Basalt flows from the Snake River canyon. Black indicates presence of
mineral phase, white absence. Where flows were not examined, areas are left blank.
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was not observed elsewhere.

PARAGENETIC SEQUENCE

Textural evidence suggests that the first crystal-
lizing phases of the Grande Ronde Basalt were ortho-
pyroxene, plagioclase, and possibly olivine. They
probably crystallized simultaneously in a crustal
storage chamber (Reidel, 1978). The sporadic nature
of orthopyroxene and the presence of resorption in
every crystal argues for low pressure instability. This
suggests that the final stage of ascent for most flows
was rapid, followed by rapid cooling at the surface.
The observed reaction relation between orthopyrox-
ene — pigeonite — augite (Reidel, 1978), however,
suggests that, for some flows, the final ascent might
have occurred with several stages of intermediate
storage. Upon eruption, olivine, augite, and plagio-
clase were joined by titaniferous magnetite and
apatite.
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DISCRIMINANT ANALYSIS AS A
METHOD OF EXTENDING
FLOW CORRELATIONS

One of the major problems in correlating Grande
Ronde Basalt flows throughout the deep canyon
country of ldaho lies in the terrain. Because it is
impractical to walk out flows, detailed stratigraphic
sections must be measured and even this must be
supplemented with chemical analyses. Measuring
closely spaced sections can involve considerable ex-
pense, especially when chemical analyses are also
involved. Since many flows have overlapping chem-
ical compositions, random samples from a section
still leave many uncertainties in making correlations.
One method of correlating widely spaced sections or
random samples is the multivariant statistical pro-
cedure of discriminant analysis.

Discriminant analysis has been successfully applied
to the classification of igneous rocks {Chayes, 1976,
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Figure 14. Summary of the mineral phases present in the Grande Ronde Basalt from the lower Salmon River canyon. Black indicates
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1980}, and its use in this area is a natural extension of
this work. Discriminant analysis is a multivariant
statistical procedure where knowledge about the
relationship between samples is used to establish a
classification system employing those variables that
comprise the samples. Individual samples comprising
the classifications were used to test the probability of
correctly identifying a particular flow using chemical
analysis.

The procedure of Barr and others (1976) was used
to calculate the statistical classification criterion. The
discriminant function is based upon the generalized
square distance between classification groups using a
pooled covariance matrix. Prior probabilities, which
were set to be equal for each group, were taken into

Table 5. Summary table of discriminant analysis results.

account in the calculations. The posterior probabili-
ties for classification in each group are calculated for
each sample based upon the statistical classification
criterion. The posterior probabilities indicate the
probability of each sample belonging to each group.
These probabilities were used to evaluate the flow
classification and the probability of correctly identify-
ing a flow using chemical composition alone.
Discriminant analysis was found to give a reason-
able estimate of the probability of placing a sample
within its proper flow using chemical composition
alone. The results, using XR F-determined major and
trace elements for flows of this study (Reidel, 1978),
are summarized in Table 5 and show that over 67
percent of the samples were correctly classified by the
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technique. Table 5 shows the number of samples for
cach flow or flow group that was used, the number of
correctly classified samples according to posterior
probabilities, those reclassified based upon posterior
probabilities, and the average and range of posterior
probabilities for those that were not reclassified by
the technique. It is apparent that those flows or flow
groups with the least number of reclassifications are
those with distinct chemical compositions such as
groups SA, C, and X although there are still some
reclassified samples because of similarities with other
groups. Flows or flow groups with a greater number
of reclassified samples generally do not have distinct
compositions. Reclassification of samples is usually
due either to a high dispersion in the composition of
the flow or to several flows with nearly identical
chemical compositions. A good example of the latter
is flows G1, G2, I1, 12, J, and the Johns Creek flow
which are compositionally similar. The samples com-
prising these flows have lower probabilities for the
correct flow because the similarities of the chemical
composition of flows or groups cause the posterior
probabilities to be split between them, thus lowering
probabilities for all groups and resulting in many
reclassifications.

This study shows that chemical composition of a
flow can be used to characterize a flow from a
specified stratigraphic position and that confidence
can be placed in correlations based upon chemistry.
Reidel and Long (1980) have had similar success with
Grande Ronde Basalt flows from core holes in the
Pasco Basin. Tests (Reidel, 1978; Reidel and Long,
1980) show that samples which are correctly classified
using this technique also have very high posterior
probabilities for the correct flow, whereas low poste-
rior probabilities result from samples incorrectly
classified or from several flows with nearly identical
compositions. This provides a method for evaluating
the correlations produced by this technique and a
means of estimating the level of confidence.

SUMMARY

By combining the mapping of physical character-
istics and magnetostratigraphic units with chemical
analyses from detailed stratigraphic sections, a de-
tailed stratigraphy of the Grande Ronde Basalt has
been deduced for the lower Salmon River canyon and
northern Hells Canyon area. The Grande Ronde
Basalt here as elsewhere on the plateau is the most
voluminous formation of the Columbia River Basalt
Group and thus is a major key to understanding the
petrogenesis and tectonics of the Columbia River
Plateau. Estimates of the volume and lateral extent of

each flow and flow group undoubtedly will provide
significant constraints on petrogenetic and tectonic
models that might be proposed.

Three magnetostratigraphic units of the Grande
Ronde Basalt are present in the area. The thickness
and number of flows in each unit decreases from west
to east. Several physically distinct flows have been
traced throughout the area, but most flows have few
physical characteristics that make them easily recog-
nized. However, chemical analyses of basalt flows
from detailed stratigraphic sections have provided a
method for resolving the details of the Grande Ronde
Basalt stratigraphy. Many flows or groups of flows
have distinct concentrations of one or more oxides or
elements that have allowed them to be recognized
throughout the area, even though considerable over-
lap occurs in the chemical composition between many
adjacent flows.

Only a few flows have distinct petrographic fea-
tures that allow them to be recognized throughout the
area. The presence of plagioclase phenocrysts is the
most useful feature, and the habit of olivine is
characteristic of some flows.

The analysis of flow distributions details what
reconnaissance studies show using the thickness of
magnetostratigraphic units. Detailed studies also show
two general types of flows, those with apparently
limited lateral extent which pinch out within the area
and those of much greater lateral extent which show
no evidence of pinching out in or near the area. Flows
of local extent appear to dominate,

Flow distributions also reflect the tectonic his-
tory of the area. In particular, they were affected by
the regional paleoslope and demonstrate that the
Limekiln fault was probably active and the Lewiston
basin subsiding in Grande Ronde time.

Due to the impracticality of walking out flows in
the deep canyon country and the costs involved in
collecting and analyzing many basalt samples from
closely spaced sections, the multivariant statistical
technique of discriminant analysis is proposed as a
method to extend this Grande Ronde Basalt stratig-
raphy beyond this area using limited data. This
method also would provide an estimate of the prob-
ability of these correlations being correct.
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Geology and Basalt Stratigraphy of the
Weiser Embayment, West-Central Idaho

by

James F. Fitzgerald!

ABSTRACT

The Weiser embayment in west-central Idaho is
the southeasternmost extension of the Columbia
Plateau. It is made up of rocks of the Columbia River
Basalt Group. Field mapping and X-ray fluorescence
chemical analysis of numerous samples resulted in a
geologic map and the delineation of both regional
and localized Columbia River basalt units in the
embayment.

Subbasalt rocks consist of Permian to Jurassic
metavolcanic and metasedimentary lithologies, Meso-
zoic schists and gneisses, and Mesozoic and Cenozoic
granodiorite to quartz diorite intrusive complexes.
Prior to basalt extrusion, basement rocks were eroded
into a relatively mature topography with considerable
local relief.

Regional Imnaha and Grande Ronde Basalt se-
quences are present in the Weiser embayment. Over
700 meters of Imnaha Basalt first spread over low-
lands and filled canyons to establish the general con-
figuration of the embayment. The overlying Grande
Ronde Basalt sequence was more constrained in

'Editors’ note: James F. Fitzgerald was a graduate student at the
University of ldaho in 1977 when he embarked on the research
reported in this article, It was his intention to submit the completed
research to the University of Idaho to fulfill the requirements for
his Ph.D. degree in geology. Toward that end he spent the
summers of 1978 and 1979 in the field and the remainder of his
time in classroom and laboratory studies at the University of
Idaho and Washington State University. Unfortunately, he was
never able to complete the research, due to his untimely death in
the May 18, 1980, cataclysmic eruption of Mount St. Helens in
Washington. By the time of his death he had nearly completed the
field and laboratory research upon which this report is based. It is
important to note that the final field work, much of the interpreta-
tion of the field and laboratory investigations, and the preparation
of the written account were completed by his friends and associates.
In large part, credit for completion of the project is due to the dili-
gent efforts of John G. Bond and John D. Kauffman of Geoscience
Research Consultants, and their associates William C. Rember and
Donna J. Shieveler, all of Moscow, Idaho. Not only did the fine
work of these people make it possible for this article to be com-
pleted, but their efforts in completing the research also made it
possible for Jim Fitzgerald to be granted posthumously, in May
1981, the Ph.D. degree in geology from the University of Idaho.

extent, A thickness of 150 to 300 meters accumulated
in the northwestern part of the embayment; progres-
sively thinner accumulations occur to the south and
cast. A few thin, ashy interbeds occur locally within
both the Imnaha and Grande Ronde sequences.

Minor warping of the Grande Ronde surface
preceded extrusion of the localized Weiser Basalt
units and accumulation of the associated pyroclastic
and fluvial sediments. Four distinct units were identi-
fied within the Weiser Basalt sequence: the Cambridge
member, the Sugarloaf member, the Star Butte
member, and the basalt of Black Canyon. These units
were defined by physical, chemical and remanent
magnetic characteristics, and by stratigraphic posi-
tion. Common to each is a relatively high (generally
above 16 percent) Al,O; content when compared to
the regional units. Two vents and related pyroclastic
accumulations exposed at the top of the Weiser
Basalt are included in that sequence, although they
could not be correlated with any specific unit. Addi-
tional localized basalt units may also occur in the
embayment.

The geographically isolated basalt of Cuddy Moun-
tain could not be chemically or stratigraphically
correlated with Imnaha, Grande Ronde, or Weiser
Basalts. Field relations suggest it may actually consist
of both pre- and post-Grande Ronde Basalt flows.

Following the Weiser Basalt eruptive episode,
structural activity became pronounced. Basement
blocks were uplifted and tilted into fault-blocks and
horst and graben structures, generally along preexist-
ing zones of weakness. Three major fault patterns
developed in the embayment. These are (1) the Long
Valley fault system—a north-trending block-fault
pattern along the eastern margin of the embayment,
(2) the Paddock Valley fault system—a northwest-
trending open-fold and block-fault pattern in the
south-central and southwestern portion of the embay-
ment, and (3) the Snake River fault system—a north-
east-trending block-fault pattern in the northwestern
portion of the embayment. All three systems extend
beyond the embayment and are regional in perspec-
tive. Other structural activity includes continued

Fitzgerald, J. F.. 1982, Geology and basalt stratigraphy of the Weiser embayment, west-centra! Idaho, in Bill Bonnichsen and R. M. Breckenridge, editors, Cenozoic Geology of ldaho:

[daho Bureau of Mines and Geology Bulletin 26, p. 103-128.
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downwarping of the central embayment area and up-
lifting of the Seven Devils area connected by the
south-dipping Seven Devils homocline, plus deming
and anticlinal-synclinal warping southwest of Cuddy
Mountain. Postbasalt terrigenous sediments accumu-
lated in basins and along the southern margin of the
embayment; these remain relatively undeformed.

INTRODUCTION

The eastern part of the Columbia Plateau consists
of three major lobes of basalt which protrude into
Idaho. From north to south these are called the
Benewah, Clearwater, and Weiser embayments (Fig-
ure 1). The northern and central basalt lobes were
mapped by Bishop (1969) and Bond (1963), respec-
tively. Subsequently, these were mapped and studied
in additional detail by Camp (in Swanson and others,
1979a, 1981; Camp, 1981; Camp and Hoaoper, 1981;
Camp and others, 1982 this volume). The southern-
most lobe, the Weiser embayment, however, has been
the subject of only localized mapping by the U. S.
Geological Survey (Mclntyre, 1976a, 1976b) and a
number of theses by students mainly from the Uni-
versity of Idaho and Oregon State University (Breeser,
1972, Fankhauser, 1968; Juras, 1973; King, 1971;
Nakai, 1979; Paris, 1969; Shah, 1966, 1968; Skurla,
1969; Slater, 1969). The Columbia River Basalt
Group in the Weiser embayment has not been
previously studied and mapped in a regional strati-
graphic format,

This study examines in detail these basalt flows of
the Weiser embayment in order to (1) determine the
interrelations of observations and findings from prior
field projects conducted in scattered parts of the
embayment, (2) complete the mapping of previously
unmapped regions of the embayment, (3) establish a
stratigraphic framework for Weiser embayment basalt
flows and correlate it with the chemical-magneto-
stratigraphic framework established by Swanson and
others (1979b) for Columbia River Basalt Group
units of the Columbia Plateau, and (4) determine the
current structural setting of the embayment and fit
this pattern into the volcanic history and postextru-
sion structural evolution of the Columbia Plateau.

The full results of this study have been incorporated
in the plateauwide investigation being compiled by the
U. S. Geological Survey. The results are also reported
in Rockwell Hanford Operations Basalt Waste Isola-
tion publication RHO-BWI-SA-217p, (1982). All
preserved field notes, basalt samples, and analytical
data are on file with the Rockwell Hanford Opera-
tions Basalt Waste Isolation project at Richland,
Washington.

LOCATION AND
GEOMORPHIC SETTING

The Weiser embayment is the southeastern lobe of
the Columbia River Basalt Group at the eastern edge
of the Columbia Plateau in west-central Idaho (Figure
1). It is bounded on the east by the Salmon River
Mountains, and on the west by the deep canyon of
the Snake River. It is bounded on the north by the
Seven Devils Mountains, and on the south by the
Snake River Plain. The embayment is roughly delta-
shaped, approximately 130 kilometers from north to
south, and 75 kilometers wide near the Snake River
Plain; it covers about 7,500 square kilometers. The
map area, including the main geographical locations
and features, is shown in Figure 2.

Topographic relief is greatest near the northwestern
and eastern mountainous margins of the delta-shaped
area. These uplifted areas, with elevations over 2,135
meters (7,000 feet), are separated by a broad, topo-
graphically subdued, southerly plunging synclinal
depression with elevations below 915 meters (3,000
feet). Local relief around the periphery of the em-
bayment is as much as 1,525 meters (5,000 feet).
Local relief within the central Indian Valley synclinal
portion of the area ranges between 90 and 185 meters
(300 and 600 feet), except where block faulting has
occurred along the flanking limbs or where stream
dissection is marked.

The Weiser River drainage system dissects the
interior of the embayment. Deep, youthful canyons
of the Weiser system include Crane Creek canyon
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Figure 1. Location map of Columbia Plateau and major basalt
embayments in Idaho (after Waters, 1961; Swanson and others,
1979b).



Fitzgerald— Basalt of Weiser Embayment 105

SEVEN

DEVILS
MOUNTAINS

N . IDAHO GO,

SNIVLINNOW HIAIYM NOWIVS

JALLEY CO._
BOISE CO,

Y1
10 0 10 20 730 40
kilometers

Figure 2. Location map of the Weiser embayment, Idaho.

east-northeast of Weiser and the main Weiser River
canyon north of Council and south of Cambridge.
These canyons generally have walls cut 250 meters
(800 feet) or more in Columbia River basalt flows.
The Snake River and its tributaries of the western
border area and those of the Payette River on the east
have cut through the basalt to expose subbasalt rock
units.

STUDY METHODS

Field work in the Weiser embayment consisted of
a reconnaissance and planning inspection in 1977,
detailed mapping and sampling of the central and
southern portions of the area in the summer and fall
of 1978, and detailed mapping and sampling of the
northern portion and other incompletely mapped
localities in the summer and fall of 1979.

The basalt flows were grouped into stratigraphic

units by using lithologic and hand-specimen charac-
teristics, lateral correlation of sampled and described
canyon sections, and paleomagnetic properties.

For geochemical characterization, major oxide
abundances for approximately 280 basalt samples
were determined by X-ray fluorescence at the depart-
ment of geology, Washington State University, during
the winter and spring following the two major field
seasons. The report was prepared while at the depart-
ment of geology, University of Idaho.

PREVIOUS INVESTIGATIONS

COLUMBIA PLATEAU FLOOD
BASALT UNITS

Until the mid-1950s, most geologists regarded the
Columbia Plateau of Idaho, Washington, and Oregon
(Figure 1) as composed of a monotonous, uninterest-
ing sequence of flood basalts. During the last twenty
years, however, the areal distribution, physical and
chemical properties, and petrogenesis of individual
basalt flows have been the subjects of intensive
scientific investigations.

Waters (1961) was the first to divide Columbia
River basalt flows (after the Columbia basalt and
Columbia River basalt of Russell, 1893 and 1901,
respectively) into three formal, regional stratigraphic
types—Picture Gorge Basalt, Yakima Basalt (after
Yakima basalt of Smith, 1901) and Late Yakima Ba-
salt. Using Waters’ oldest-to-youngest stratigraphic
framework and Mackin’s (1961) flow-by-flow field
identification approach, such subsequent workers
as Grolier (1965), Bingham and Walters (1965),
Schmincke (1967), Swanson (1967), and Lefebvre
(1970) were able to delimit accurately the continuity
of individual flows and sequences of flows over
several tens of kilometers in western and central
portions of the Columbia Plateau. Similarly, broad-
area stratigraphic correlations were made by Bond
(1963) and Bishop (1969) for basalt flows of the
Columbia Plateau that extended eastward into north-
ern Idaho. These various studies from throughout the
Columbia Plateau demonstrated the viability of a
regional stratigraphic framework.

Waters” initial three-unit stratigraphic classifi-
cation was subsequently modified by Wright and
others (1973), who further divided Columbia River
basalt flows into chemical types and suggested a
four-unit, oldest-to-youngest stratigraphic grouping—
Picture Gorge, lower Yakima, middle Yakima, and
upper Yakima Basalts. This framework was refined
more recently (Swanson and others, 1979b) with the
establishment of a Columbia River Basalt Group
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which has been subdivided into one subgroup—the
Yakima Basalt, five formations—the Imnaha, Pic-
ture Gorge, Grande Ronde, Wanapum, and Saddle
Mountains Basalts, and fourteen members (Figure 3).
Chemical analysis data were important parameters in
developing these units, which have become the work-
ing nomenclature of the basalt sequences of the
Columbia Plateau (Camp and others, (982 this
volume).

Findings from the Weiser embayment demonstrate
that the regional Imnaha and Grande Ronde Basalts
persist into the southern Columbia Plateau area of
Idaho. In addition, a younger, relatively unmapped
and previously unnamed Weiser Basalt sequence
occurs in the embayment and is added to the estab-
lished stratigraphic framework (Figure 4).

WEISER EMBAYMENT
STRATIGRAPHY

Lindgren (1898), the first geologist to report on

that portion of Idaho including the Weiser embay-
ment, noted that unconformable relations exist be-
tween the flood basalts of the area and the underlying
granite, and also between the sequence of basalt flows
and the overlying sedimentary Idaho Formation.
Later, Kirkham (1930, 1931), who studied the south-
ern part of the embayment from the Snake River west
of Weiser to Horseshoe Bend near the eastern margin,
noted that “a series of terrestrial deposits and lake
beds exists in the Columbia River basalt™ and that “a
series of terrestrial deposits and lake beds, in places
several thousand feet thick, overlies the Columbia
River basalt and Owyhee rhyolite” (1931, p. 201),
which he redefined as the Payette and Idaho Forma-
tions respectively. By his definition, the Payette
Formation includes all sediments interbedded with
Columbia River basalt flows; the Idaho Formation
applies to all sediments overlying these basalt flows.
Anderson (1934) extended the basalt discussion of
Kirkham into the Pearl area east of Horseshoe Bend,
noting the existence of two types of basalt—olivine
free and olivine rich—in this very distal portion of the
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Columbia Plateau. Two comparable mineralogical
types of basalt were noted by Savage (1958, 1961) as
occurring in the southern portion of the embayment.
After conducting a paleontological study of the sedi-
ments associated with basalt of the southern embay-
ment margin, Shah (1966, 1968) concluded that the
oldest Columbia River basalt flows in that region
were to the west along the Snake River.

Maost recent field investigations which have touched
on basalt stratigraphy of the Weiser embayment
generally have been either (1) very localized geo-
thermal or mineral-resource studies of parts of the
southern and western portion of the embayment, or
(2) highway-corridor studies concerned with general
surficial mapping and engineering needs in the central
and northern portion of the embayment.

Young and Whitehead (1975) and Mclntyre (1976b)
analyzed hot springs in Crane Creek canyon in the
south-central part of the embayment and mapped
areas surrounding them. A photogeologic map of the
general Cambridge-Council area also was prepared
by Mclntyre (1976a). Mclntyre concluded that most
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of the sediments of the Payette Formation appeared
to overlie the main body of lava and that most of the
lava flows exposed in Crane Creek canyon composi-
tionally were andesites rather than basalts. Nakai
(1979), in a study of hydrocarbon-storage potential of
the Payette Formation, identified several basalt flows
interlayered with sediments in four measured sections
east of Weiser.

Previous studies in the western and northern
portions of the embayment, in particular, reflect the
changes in basalt nomenclature that occurred else-
where on the Columbia Plateau during the 1960’ and
1970’s. For example, mineral deposit studies in the
Sturgill Peak-Cuddy Mountain area, conducted by
Fankhauser (1968), Slater (1969), and King (1971),
subdivided the then “Columbia River Basalt™ into
phyric “Picture Gorge™ and aphyric “Yakima” se-
quences after the stratigraphic framework established
by Waters (1961) for the basalt flows to the west,

About the same time Hoover (1968) used a “Lower™
(phyric) and “Upper” {(aphyric) basalt stratigraphic
nomenclature in his U. S. Highway 95 corridor study,
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similar to that estabished by Bond (1963) to the
north. The presence of younger local vent rock and
near-vent flows also was recognized by Hoover in the
Cambridge area. Later, Breeser (1972) and Vallier
and Hooper (1976) used the terms Imnaha and
Yakima to designate the same or correlative se-
quences of phyric and aphyric, older and younger
basalt units.

In summary, geologists previously working with
the Weiser embayment generally approached dividing
basalt flows and associated sediments into mappable
stratigraphic units by using local field and hand-
specimen relationships. Investigators in the southern
portion of the embayment commonly used Payette
Formation interbeds as the breaks between selected
map units. In contrast, investigators working to the
west and north used broad-area phyric-aphyric basalt
flow associations for older and younger (now Imnaha
and Grande Ronde) map-unit boundaries. Post-
Yakima Basalt units (Weiser Basalt), where recog-
nized, were considered to be near-source, Pliocene(?)
flows.

For further overviews or extensions of current
basalt stratigraphic associations into nearby areas,
the reader is referred to Bond (1978), Gaston and
Bennett (1979), Mitchell and Bennett (1979a, 1979b),
Strowd (1978), Myers and others (1979), Camp
(1981), Camp and Hooper (1981), Hooper (1982),
Camp and others (1982 this volume), and Reidel
(1982 this volume).

GENERAL GEOLOGY

SUBBASALT ROCKS AND
CONDITIONS

Based on data sources previously cited and the
field observations of this study, rocks older than the
Columbia River Basalt Group in the vicinity of the
Weiser embayment, from oldest to youngest, include
Permian to Jurassic metavaolcanic and metasedimen-
tary lithologies, Mesozoic schists and gneisses, and
Mesozoic to Cenozoic granodiorite to quartz diorite
intrusive bodies. These basement rocks are exposed
locally above plateau level as ancestral highlands and
steptoes and below plateau surface elevations where
they have become exposed by erosion.

Subbasalt rocks were eroded into a relatively
mature topography prior to extrusion of the Colum-
bia River Basalt Group in middle Miocene time. The
Peck Mountain, Cuddy Mountain, and Sturgill Peak
steptoes and nearby exhumed basement surfaces, plus
erosional exposures of basement-basalt contacts in
the Snake River canyon, demonstrate that more than

915 meters of relief characterized western ldaho in
the early Miocene. Well-developed westerly to south-
westerly flowing drainage systems existed at that
time. Contact relations between basalt flows and
older rocks along the eastern border of the embay-
ment show that the subcropping basement paleo-
topography was youthful to mature. Here, thick
sections of basalt, as on Squaw Butte, give way
easterly in less than 10 kilometers to markedly
unconformable basalt-basement contacts and base-
ment uplands.

BASALT DISTRIBUTION

The eruption of fluid Miocene Columbia River
lavas approximately 17 to 14 million years ago
(McKee and others, 1981) consisted of sheets of
Imnaha Basalt followed by those of Grande Ronde
Basalt that spread westerly into and through the
lowlands and valleys of the embayment. At least 700
meters of Imnaha Basalt spread over many low-lying
areas. The Imnaha, the principal sequence of flows to
spread almost completely across the area, established
the general configuration of the embayment. The
overlying Grande Ronde sequence was more limited
areally; its thickest portion of 150 to 300 meters was
toward the northwest, and it progressively thinned to
the south and east. The southeastern wedge-edge
margin of initial Grande Ronde Basalt distribution
was near Squaw Butte.

During quiescent periods between eruptive epi-
sodes in Imnaha and Grande Ronde time, fine- to
medium-grained sediments from adjoining upland
areas were deposited on the transient, constructional
plateau, particularly near its margins. Ashy layers
and weathered soil zones also formed on the plateau
surface and were preserved as volcaniclastic and
saprolitic interbeds by succeeding flows. Together,
these scattered, relatively thin interbeds can most
appropriately be categorized as “lower” Payette For-
mation. They are not extensively exposed in the
embayment.

By the end of the Imnaha and Grande Ronde
volcanism, the broad plateau of the Weiser embay-
ment, excluding basement steptoes, covered the older
terrain east of its current erosional margin, as shown
by basalt remnants overlying Idaho batholith rocks at
many localities east of Payette River canyon. At the
end of Grande Ronde volcanism the Weiser embay-
ment locally merged northward with the Clearwater
embayment through saddles between the Seven Devils
steptoes. The plateau surface also extended south-
ward into the area now down-dropped and filled by
terrigenous deposits of the late Cenozoic Snake River
Plain. Basement steptoes remained above plateau
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level in the Seven Devils Mountains area in the north,
at Peck Mountain, Cuddy Mountain, and Sturgill
Peak in the west, in the McCall-Payette River area in
the east, and locally elsewhere.

Prior to major deformation and erosion, and
penecontemporaneous with early downwarping of
the central part of the embayment, sediments from
eastern upland areas accumulated on the plateau
surface. These fluvial sediments were deposited by
streams from preexisting upland drainage systems as
they ponded and spilled generally westward across
the plateau toward the Pacific Ocean.

Concurrently with downwarping, sporadic local
volcanism commenced within the embayment, per-
haps as early as Grande Ronde time in the Cuddy
Mountain area. However, most of this volcanism,
the Weiser volcanic episode, followed the accumula-
tion and initial warping of the Grande Ronde Basalt.
Weiser volcanism is recorded by localized accumu-
lation of lava flows and associated near-vent ejecta
and coarse-grained pyroclastic debris. This sequence
now forms the bulk of the basalt exposed in the
structurally depressed south-central portion of the
embayment.

Locally, up to 350 meters of Weiser Basalt accu-
mulated in a nearly flow-on-flow sequence. Intercala-
tion of sediments, ash layers, pyroclastic units, and
basalt flows commonly occurred during the Weiser
eruptive interval so that stratigraphic sections vary
from 100 percent sediments and ash to nearly 100
percent lava flows and associated pyroclastic accumu-
lations. The sediments and ashy material associated
with Weiser Basalt flows and pyroclastic layers are
aptly called “upper” Payette Formation.

The greatest thickness of Weiser Basalt and asso-
ciated sediments accumulated in the downwarped
Indian Valley trough in the central part of the
embayment. However, flows, pyroclastic units, ash
layers, and associated sediments of the Weiser Basalt
sequence, with the exception of the basalt of Cuddy
Mountain, extend as far north as Mesa, as far east as
Montour near the Payette River, as far west as Warm
Springs Creek northwest of Weiser, and at least as far
south as the northern edge of the Snake River Plain.

In the southeastern part of the embayment, poorly
sorted, coarse-grained arkoses are exposed locally
near the basalt-basement contact and also in associa-
tion with flows of the Weiser Basalt. These sediments
generally reflect the composition of nearby granitic
basement, show only short transport, are moderately
lithified, and typically dip less than 10 degrees. They
are principally of Weiser Basalt age and have resulted
from the influx of abundant basement detritus. Some
postdate Weiser Basalt units and are relatively un-
deformed.

The general characteristics of the various basalt

units in the Weiser embayment are summarized in
Table 1, and the geographic distribution of the main
units are indicated in Figure 5.
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POSTBASALT CONDITIONS

Following the Weiser episode of Miocene-age
volcanism, structural activity became pronounced in
the eastern and western parts of the embayment, as
granitic and metamorphic basement blocks were
jostled and uplifted into a series of tilted fault blocks
and imperfect horst and graben structures. Movement
commonly occurred along preexisting zones of weak-
ness. Sediments continued to accumulate on the
plateau, particularly in down-dropped and down-
warped areas of the central and southern portion of

the embayment. At the same time the Snake River
took its present course south of the embayment and
west of the Seven Devils steptoe flowing northward
to the Columbia River. The postbasalt terrigenous
sediments which accumulated at that time and still
remain relatively undeformed are primarily associated
with the embayment’s southern margin, the Snake
River Plain. They are most aptly categorized as Idaho
Formation.

Following volcanism, three major fault patterns
developed or continued to develop in different por-
tions of the embayment. These are (1) a north-

Table |. Summary of physical characteristics of Weiser embayment basalt units.
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trending block-fault pattern along the eastern margin
of the embayment referred to as the Long Valley fault
system (after Capps, 1941), (2) a northwest-trending
open-fold and block-fault pattern in the south-central
and southwestern portion of the embayment called
the Paddock Valley fault system, and (3) a northeast-
trending block-fault pattern in the northwestern
portion of the embayment called the Snake River
fault system (after Newcomb, 1970) (Figure 7). All of
these fault systems extend beyond the Weiser embay-
ment and are regional in perspective.

Other postbasalt structural activity included the
continued broad downwarping of the central embay-
ment Indian Valley trough, a synclinal depression,
and upwarping of the Seven Devils area. Doming and
weak anticlinal-synclinal folding along northwesterly
axes that parallel the Paddock Valley fault system
became more pronounced at this time southwest of
Cuddy Mountain through the Sturgill Peak area to
Dead Indian Ridge. This style of deformation has
continued to contribute to the late Cenozoic topo-
graphic development of major geographic features in
the western part of the embayment.

IMNAHA BASALT

Eruption of Imnaha Basalt flows began approxi-
mately 17 million years ago (McKee and others, 1981)
during the Ry paleomagnetic epoch. Imnaha flows
covered nearly all of the Weiser embayment (Figure
5) by the end of the Ny paleomagnetic epoch or early
during the R, epoch. These flows apparently were
extruded during several separate eruptive events from
numerous feeder dikes west of the embayment and
along its western margin.

In the southeastern corner of the embayment, near
the distal margin of the original Columbia Plateau,
over 400 meters of Imnaha Basalt accumulated
during the Ro and the succeeding Ny paleomagnetic
epochs. There, at least nineteen flows, aggregating
400 meters of Ro and Ny basalt, occur in a single
stratigraphic section at Squaw Butte (sec. 26, T. 8 N,
R. 1 W.). A minimum of twelve flows, aggregating
200 meters of No Imnaha Basalt, is exposed at the
nearby Big Willow Creek section (sec. 28, T. 9 N.,
R. 1 W.).

A minimum thickness of 700 meters of No Imnaha
Basalt accumulated in ancestral lowland portions of
the western Weiser embayment near known sources.
This thickness is continuously exposed in the canyons
of the Snake River and its major tributaries north-
west of Cuddy Mountain. In this portion of the
embayment, fourteen flows of No basalt occur in a
single section at Wildhorse Canyon (sec. 23, T. I8 N,

R. 4 W.). If intraformational chemical breaks can be
used for lateral correlations (see discussion below), a
minimum of twenty-five No flows of Imnaha Basalt,
aggregating 900 meters, can be recognized in a
composite section at Oxbow Dam and Wildhorse
Canyon.

No subbasalt rocks are exposed below the lowest
outcrops in any of the thick Imnaha Basalt sections
previously discussed in either the southeastern or
northwestern embayment areas; therefore, a greater
overall thickness undoubtedly is present.

The Imnaha sequence of flows changes upward
from a very phyric lower portion to a nearly aphyric
central portion to a coarsely phyric upper portion.
The phyric flows generally have large phenocrysts of
plagioclase and olivine that measure as much as | to 2
centimeters and 0.5 to 1 centimeter in length, respec-
tively. Imnaha flows generally range in thickness
from 20 to 60 meters. Flow-top breccia is present in a
few flows.

The phyric, coarse-grained nature of most flows,
along with their intergranular glass content, makes
the Imnaha Basalt relatively susceptible to surficial
weathering. The basalt commonly disaggregates into
grus, particularly in the middle and upper portions of
a flow, forming canyon walls that consist of a series
of relatively subdued slopes developed from the
upper parts of flows and nearly vertical cliffs devel-
oped from basal colonnades. Generally, isclated
exposures of Imnaha Basalt are readily recognizable
by their characteristic weathering into spalled col-
umns and rounded boulders.

Relative concentrations of major oxides in the
Imnaha sequences (Table 2) show ranges of composi-
tion characteristic of that unit elsewhere in the
Columbia Plateau (Wright and others, 1973; Hooper
and others, 1976; Reidel and others, 1981; Camp and
others, 1982 this volume). The typical lower silica and
higher alumina contents, when compared with Grande
Ronde (lower Yakima) concentrations (Wright and
others, 1973), can be recognized in Imnaha samples
from the Weiser embayment.

At least two chemical basalt types occur in the
Imnaha sequence in the northwestern part of the em-
bayment as determined from the Wildhorse Canyon
section (sec. 23, T. 18 N., R. 4 W.). An upper unit of
at least eleven flows consists of moderately high Si0;
(greater than 50.4 percent) and intermediate ALO;
(less than 16.0 percent) contents. These flows overlie
a group of at least six flows of lower Si0O; (less than
50.2 percent) and higher AlOs; (greater than 16.1
percent} contents. Neither the base of the Imnaha
section nor its contact with the overlying Grande
Roende is exposed in the Wildhorse Canyon section;
all flows in this section are of Ny, paleomagnetism.

This older group of lower silica flows in the
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Table 2. Characteristic ranges in chemical composition of Weiser embayment basalt units (weight percent).
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Wildhorse Canyon section is similar 1o the Rock
Creek chemical type recognized by Brock and Grolier
(1973) for some lower basalt (Imnaha) flows in the
Little Salmon River section of Breeser (1972). This
Little Salmon River vertical section (sec. 27, T. 22 N,
R. 1 E.) is located east of the Seven Devils Mountains
approximately 15 kilometers north of Pollock Moun-
tain and the northern erosional margin of the Weiser
embayment.

The overlying group of higher silica Imnaha flows
in the Wildhorse Canyon section corresponds closely
in chemical composition to the high-TiO; Picture
Gorge (Imnaha) chemical type of Brock and Grolier
sampled by Breeser near the base of the Little Salmon
River stratigraphic section.

An Imnaha stratigraphic section near QOxbow
Dam (sec. 17, T. 19 N., R. 4 W.), 16 kilometers
northwest of the Wildhorse Canyon section, is in
contact with the overlying Grande Ronde Basalt. In
this Imnaha section the lower portion is of a high
silica/intermediate alumina character similar to the
upper portion of the Wildhorse Canyon section. This
suggests the upper part of the Oxbow section is
stratigraphically higher than the Wildhorse Canyon
section. Silica is relatively high (greater than 50.5
percent) and alumina is intermediate {less than 16.2
percent) in the lower part of the Oxbow section.
Above this is a lower Si0; (less than 49.9 percent) and
higher AL O; (greater than 16.2 percent) group of at
least three flows. This same separation into two
chemical groups of flows also occurs in the upper
Lick Creek section (sec. 31, T. 21 N., R. 1 W.) about
30 kilometers northeast of Oxbow.

The upper group of lower silica and higher alumina
flows at Oxbow and Lick Creek are directly below
the Grande Ronde contact. It is significant that
they could not be distinguished from the underlying
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group of Imnaha flows near river level at the base
of the Wildhorse Canyon section. This suggests that,
even though chemically recognizable Imnaha flow
groups can be laterally correlated in the western part
of the embayment, the chemical variation is the
result of intermittent eruption of different magma
batches from various sources and feeder systems,
rather than magma from a single source which
evolved chemically by subsurface differentiation pro-
cesses. Multiple sources of magma that erupted
through different feeder systems may also explain
why the lower SiO; (less than 49.0 percent) and lower
Al O; (less than 15.9 percent) Little Salmon chemical
type (Brock and Grolier, 1973) was not identified in
the northern Weiser embayment southwest of the
Little Salmon River section.

Other chemical groups occur in the thick Squaw
Butte section (sec. 26, T. 8 N., R. I W.) in the
southeast part of the embayment where both Ry and
younger No Imnaha flows occur. In the upper part of
the Squaw Butte section, at least eleven flows of
relatively low SiO; (less than 50.6 percent) and high
ALOj; (greater than 16.7 percent, with greater than 17
percent typical) contents make up the paleomagneti-
cally normal series. These are slightly different from
the low silica Imnaha flows near the bottom of the
Wildhorse Canyon section, many kilometers to the
northwest by being consistently higher in alumina by
about 1.0 percent and generally lower in both FeO
and TiO; by that amount. The Squaw Butte N flows
are also higher in alumina than the uppermost Ny
low-silica flows of the Oxbow section,

At Big Willow Creek (sec. 28, T. 9 N., R. 1 W),
approximately 10 kilometers northwest of the Squaw
Butte section, the lowermost flow exposed is Imnaha
of the Ny magnetostratigraphic epoch. This flow is
chemically and magnetically similar to the low silica-
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high alumina upper flows of the Squaw Butte section.
Above this flow at Big Willow Creek are seven to nine
Np flows of higher Si0; (greater than 51.2 percent)
and lower ALOs (less than 16.2 percent) contents. If
these are part of a chemical unit stratigraphically
above the No flows at Squaw Butte, an additional 200
meters of Imnaha Basalt can be added to the 400
meters of continuous section exposed at Squaw Butte
to give a minimum of 600 meters of Imnaha Basalt in
the southeastern portion of the embayment.

The older Ry Imnaha flows at Squaw Butte differ
from the overlying No flows by having a lower ALO;
content (less than 16.9 percent, with less than 16.7
percent typical) below the paleomagnetic break in at
least ten flows. Chemical compositions in the Ro
series, however, do not show as consistent a grouping
as in the Ny series at Squaw Butte and other sections
to the northwest. Intermixed intermediate and low
silica Imnaha flows appear to be present in the Squaw
Butte Ry sequence. Detailed sampling and analyses
might separate these into chemically distinguishable
units. The interlayering of possibly different Imnaha
Ro chemical types at Squaw Butte is similar to the
mixed pattern of the Little Salmon section (Brock
and Grolier, 1973), again suggesting multiple, inter-
mittent magma sources.

GRANDE RONDE BASALT

Eruption of Grande Ronde Basalt within the
Columbia Plateau began in the R, magnetostrati-
graphic epoch about 14.7 million years ago (Watkins
and Baksi, 1973) and continued through the N;, R,
and N; epochs. However, only one reverse paleomag-
netic sequence is found in the Weiser embayment.
Along Big Willow Creek, in the southeastern part of
the area, a normal paleomagnetic flow or thin
sequence of flows has been recorded, apparently
resting on Imnaha flows. At other locations in the
northwestern portion of the embayment a few normal
flows overlie reverse Grande Ronde flows. Because
no paleomagnetic continuum of R, through N» could
be found, it is not possible to determine conclusively
which reverse and normal sequences are present.
Tentative correlation with units mapped to the
northwest in Oregon and to the north in Idaho
(Camp and Hooper, 1981; Camp, 1981) would place
the Weiser embayment-Imnaha sequence in the R
and N; epochs. This interpretation requires a west-
ward regional tilting of the transcient Columbia
Plateau surface after early Grande Ronde Basalt
extrusions and confinement of later Grande Ronde
flows to Oregon, Washington, and northern Idaho as
proposed by Camp and Hooper (1981). It is conceiv-

able, however, that the reverse sequence could be R»
and the normal N, or the reverse sequence Ry and the
normal N, Until specific Grande Ronde units are
traced laterally northwestward into areas where the
complete magnetostratigraphic sequence is exposed,
the magnetostratigraphic position of the Weiser em-
bayment Grande Ronde sequence will remain in
question.

Grande Ronde Basait spread as far southeast as
present-day Squaw Butte {Figure 5). It covered about
three-quarters of the earlier Imnaha surface in the
southern portion of the embayment, and also spread
eastward to the outer margin of the initial Imnaha
surface and into canyons of the ancestral Salmon
River Mountains. This is east of the present location
of Long Valley south of McCall.

Grande Ronde Basalt in the embayment ranges
from scattered phyric at the base of the exposed
sequence of flows to sparsely phyric in the middle to
medium-grained aphyric at the top. The weakly
phyric units are principally in the reverse epoch, while
aphyric flows occur at the top of the reverse and in
the normal intervals,

In contrast with flows of the underlying Imnaha
sequence, most Grande Ronde units have a flow-top
breccia, are thinner at 10 to 20 meters, and are
relatively resistant to weathering. As a result, they are
more continuously exposed on steep erosional slopes
as layered dark bands. Their debris is angular and
forms prominent talus slopes.

Highly oxidized flow tops and scattered, very thin,
oxidized, and layered ashy interbeds characterize the
Grande Ronde in the embayment. Residual soils and
weathered surfaces on Grande Ronde flows have a
reddish cast rather than the darker colors typical of
weathered Imnaha flows in the northwest, or the
blues, pinks, and purples of Imnaha flow contacts in
the southeast.

At least seven paleomagnetically reverse Grande
Ronde flows occur in the northwest part of the
embayment, where about 200 meters of this unit is
exposed in canyvons northwest of Cuddy Mountain
(T. 17 N., R. 4 W.). There, the lowermost flow is
thickest and appears to consist of a number of flow
units. Paleomagnetically normal flows occur above
this, northeastward toward the Seven Devils.

The flows mapped as Grande Ronde (Table 2)
show major oxide abundances typical of Grande
Ronde flows from elsewhere in the Columbia Plateau
(Wright and others, 1973); they have relatively high
Si0. (greater than 52.7 percent) and relatively low
AlOs (less than 16.0 percent) concentrations. This
also is about the same as the aphyric, oxidized
Yakima flows identified by Brock and Grolier (1973)
in the Little Salmon River section of Breeser (1972).
It also agrees with Brock and Grolier’s separate
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sampling of five sequential post-Imnaha flows on the
Seven Devils homocline in the Grouse Creek area
(sec. 10, T. 19 N, R. 2 E.). These units were
considered part of the (lower) Yakima chemical
stratigraphic unit and informally calted “Weiser River
Basalt” (Breeser, 1972), to distinguish them from the
underlying, highly porphyritic Imnaha sequence. The
Grande Ronde chemistry of this study suggests that
one of Mclntyre’s (1976b) samples from the Weiser
Hot Springs area was also from the Grande Ronde
sequence.

WEISER BASALT

The post-Grande Ronde basalt flows in the Weiser
embayment are collectively referred to as the Weiser
Basalt. Individual flows of this unit are much more
restricted areally than those of the older Imnaha and
Grande Ronde Basalts. Extrusion of the Weiser
Basalt was accompanied by the eruption of large
volumes of pumice breccia, scoria, volcaniclastic
debris, and ash. These pyroclastic materials are an
integral part of the unit.

No single or contiguous series of outcrops in
the embayment exhibits a complete stratigraphic
sequence for the Weiser Basalt. Stratigraphic position
within that sequence is based on overlapping units
and flow-on-flow relationships exposed in scattered
canyons and scarps. Thus, the post-Grande Ronde
stratigraphy is largely a floating stratigraphy based
on relative positions and probable lateral correlations
of flows but with no fixed position in post-Grande
Ronde time.

Four distinct members of Weiser Basalt have been
defined by a combination of outcrop characteristics
and unconformable relations with underiying Imnaha
and Grande Ronde flows. Three of these occur in
succession in Crane Creek canyon near its confluence
with the Weiser River. From oldest to youngest, these
are the basalts of Cambridge, Sugarloaf, and Star
Butte (Figure 4). The fourth member, the basalt of
Black Canyon, is geographically isolated and thus has
not been placed in relative stratigraphic position with
the other three.

Additional chemically distinct, local basalt units,
similar to the basalt of Black Canyon, may have gone
unrecognized in the southern part of the embayment.
For example, five of the eleven samples from near
Weiser Hot Springs analyzed by Mclntyre (1976b)
could not be correlated with any of the basalt units
discussed in this study.

This four-part subdivision of the Weiser Basalt is
not all-inclusive; other post-Grande Ronde volcanic
rocks with andesitic to rhyolitic compositions occur

at scattered localities in the embayment (Mclntyre,
1976b, and analyses gathered for this study). In
addition, the local basalt unit at Cuddy Mountain
does not show a clear stratigraphic relationship or a
chemical similarity to either the Weiser Basalt or to
the older Imnaha and Grande Ronde Basalts; thus, in
this study, it has been treated as a separate unit.

CAMBRIDGE MEMBER

The Cambridge member contains twelve to four-
teen basalt flows that spread across much of the
south-central portion of the embayment (Figure 6).
Northward thinning remnants of the Cambridge
flows overlie the Grande Ronde in low areas north-
east and northwest of Cambridge. The unit extends as
far east as Indian Valley and westward to Warm
Springs Creek valley northwest of Weiser. A pumice
breccia tuff commonly occurring at the base of the
unit extends northwestward beyond the headwaters
of Rock Creek into the Rock Creek syncline. Cam-
bridge flows were traced as far south as Weiser Cove
near the edge of the Snake River Plain; south of this
location, sediments of the younger Idaho Formation
cover all older units.

The Cambridge flows were erupted during a
paleomagnetically reverse epoch. The amount of
structural deformation which followed Grande Ronde
accumulation but preceded the Cambridge eruptions
suggests that this reverse epoch is of post-R:-N; time.

Cambridge flows typically are from 10 to 15
meters thick. Individual flows, as those well exposed
in Weiser River canyon (sec. 15, T. 14 N, R. 3 W)
south of Cambridge, consist of basal columnar colon-
nades and rubbly, brecciated tops. Similar charac-
teristics can be seen in the multi-flow exposures along
Mann Creek north of Mann Creek Reservoir and at
the bottom of Crane Creek canyon near its juncture
with Weiser River canyon. Rolled-in portions of
vesicular crust and ashy material commonly occur,
particularly within the upper portions of flows and
near basal contacts. Cambridge flows typically are
oxidized and altered to variegated purple and pink
shades in vesicular and rubbly zones. Columnar
outcrops and hand specimens are dark gray to black
and nearly aphyric. Textures commonly are micro-
vesicular or diktytaxitic, giving a grainy appearance
to fresh surfaces.

The lower silica and higher alumina contents gen-
erally distinguish Cambridge flows from the under-
lying Grande Ronde units, as do the lower FeO and
TiO; and higher MgO and CaO contents. Cambridge
units have lower silica contents than Sugarloaf or
Black Canyon flows, but have higher silica contents
than Star Butte or Cuddy Mountain flows. Cam-
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bridge basalt can also generally be distinguished from
the directly overlying Sugarloaf flows by its higher
FeO and TiO: content. As in comparisons of the
older Imnaha Basalt flows, where a wide range of
chemical compositions is involved, the identification
of Cambridge flows must rely on field relations, hand-
specimen characteristics, and remanent magnetization
in addition to chemical composition.

SUGARLCAF MEMBER

Sugarloaf basalt was one of the first chemical-
stratigraphic units within the Weiser Basalt to be
recognized (Fitzgerald, 1980); it occurs primarily in
the southern portion of the Indian Valley trough
(Figure 6). No exposures north of Midvale are known,
and only scattered outcrops occur north of Crane
Creek Reservoir. Mann Creek is the approximate
western limit of Sugarloaf distribution, and Four
Mile Creek is the eastern limit. The east-west segment
of Big Willow Creek southeast of Weiser is about
the southern limit. As with Cambridge flows, the
southernmost exposures are at the northern margin
of the Snake River Plain, so it is probable that the
unit extends farther south beneath the Idaho Forma-
tion. Nine Sugarloaf member flows are exposed in
Crane Creek canyon (sec. 9, T. 11 N., R. 3 W), where
150 meters of basalt rests on an ignimbrite layer
separating the Sugarloaf and Cambridge members.

The Sugarloaf member is paleomagnetically re-
verse and may have been erupted during a continua-
tion of the reverse epoch of Cambridge basalt extru-
sion. The confinement of the Sugarloaf to the Indian
Valley trough suggests that post-Cambridge basining
partly controlled its distribution. The spatial associa-
tion of the Sugarloaf with the north-northwest trend-
ing Paddock Valley fault system suggests that a fault-
controlled vent system also may be a significant
factor in the unit’s distribution.

Sugarloaf flows typify the Weiser Basalt by being
relatively thin ([0 to 20 meters) and by having
abundant ash and other pyroclastic material asso-
ciated with top and bottom contacts. Sugarloaf flows
are generally distinguishable from other Weiser Basalt
units in the field by their abundant plagioclase
phenocrysts with 0.5 to 1.0 centimeter lengths.

Sugarloaf basalt is distinguishable chemically from
other Weiser Basalt units by its high SiO; (greater
than 52.2 percent and as great as 58.1 percent) and
low FeO (less than 10.0 percent) contents (Table 2).

STAR BUTTE MEMBER

Basalt flows of the Star Butte member occur
primarily as remnant caps in the Indian Valley trough

{Figure 6). The unit is not as widely distributed as the
two underlying Weiser Basalt members. Most ex-
posures occur between the Little Weiser River on the
north and Paddock Valley Reservoir on the south,
and between the South Fork of Crane Creek on the
east and Midd!e Valley and the main Weiser River on
the west.

About 25 meters of Star Butte basalt overlies the
Sugarloaf member in the Crane Creek area. Four thin
flows occur at the top of the Crane Creek canyon
section {sec. 4, T. 11 S.; R. 3 W.). Individual flows
typically are 5 to 7 meters thick. As with the other
Weiser Basalt members, pyroclastic material and ashy
interbeds form part of the Star Butte unit. Qutcrops
typically are small knobs or patches of rounded or
vesicular, blocky boulders. Hand samples are aphyric
or contain only scattered small plagioclase pheno-
crysts, in contrast to the abundant large plagioclases
in the underlying Sugarloaf unit. Fresh surfaces of
Star Butte basalt typically have a grainy appearance.

Star Butte basalt is chemically similar to the
Cambridge member, but slightly richer in iron and
titanium (Table 2). It is much lower in silica than the
Sugarloaf member. Star Butte basalt is paleomag-
netically normal, in contrast to the reverse paleo-
magnetic character of the Cambridge and Sugarloaf
units.

BASALT OF BLACK CANYON

The basalt of Black Canyon is located at the
southeastern margin of the embayment where the
Payette River goes through Black Canyon. The unit
apparently consists of a single very massive flow, up
to 100 meters thick, with no indications of flow-on-
flow emplacement. It very likely filled a preexisting
valley or canyon. A vertical basalt rib on the south
side of Black Canyon Reservoir near the western
margin of the unit’s distribution may be a feeder
remnant. The basalt of Black Canyon is paleomag-
netically normal. It unconformably overlies westward-
dipping and faulted Imnaha flows.

The basalt of Black Canyon has a hackly to blocky
appearance in outcrop. Its color ranges from black to
dark gray on fresh surfaces to rusty brown on
weathered surfaces. The rock is aphyric with a very
fine-grained to glassy texture and in places, contains
abundant vesicles. Joint and fracture intersections are
very acute, reflecting the dense, glassy texture of the
rock.

The Black Canyon basalt 1s distinct with a very
high SiO; content (greater than 57.6 percent) and
very low MgO (less than 2.3 percent) and CaO (less
than 5.5 percent) contents, when compared with
other basalts in the embayment (Table 2).
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VENTS

Two large vent areas are preserved in the southern
half of the embayment, They are the result of some of
the last volcanic eruptions in the area and thus are
relatively young in the Weiser Basalt sequence. Both
vents are accompanied by abundant pyroclastic de-
posits that have modified the local topography.
Basalt on both vents is paleomagnetically reverse, as
are adjacent flows.

One, the Stockton Ranch vent, is located 18
kilometers east of Cambridge. Hoover (1968) recog-
nized its post-flood-basalt stratigraphic position and
suggested it was Pliocene in age. It also was partially
described by McIntyre (1976a). The other, the Weiser
River vent, located 7 kilometers south of Midvale,
was previously defined by Fitzgerald (1979).

The Stockton Ranch vent area consists of several
small, gently sloping hills composed of pyroclastic
material that surrounds and partially covers four
aphyric dikes. Basaltic ash, pumice, lapilli, and
occasional fragments up to 4 centimeters across are
present. This pyroclastic deposit extends 10 kilo-
meters from the source and is at least 30 meters thick
in places. It could not be correlated with other Weiser
Basalt units from its physical and chemical properties.
The pyroclastic debris generally is well layered with
each layer less than 14 centimeters thick; the layers
terminated eastward in the Lava Flats area on a series
of small bluffs covered by lacustrine deposits of
Weiser Basalt age. The pyroclastic deposits dip gently
toward their source but lie beneath younger Weiser
Basalt lava flows that have a horizontal attitude. This
is interpreted as an initial depositional dip.

The Weiser River vent overlooks the Weiser River
from the east. It is a partially dissected cinder cone
that consists of two distinct circumferential zones.
The outer zone consists of pinkish to orangish red,
poorly welded, scoriaceous, well-layered pyroclastic
material that is impregnated with numerous volcanic
bombs up to 30 centimeters in length. The inner zone
is highly welded pyroclastic material with a few lithic
fragments; it appears to be a drain-back zone contain-
ing mainly welded spatter.

The pyroclastic apron of the Weiser River vent is
much less developed than that of the Stockton Ranch
vent to the east. It was recognized no more than 1
kilometer in any direction from the source.

As with the Stockton Ranch vent, the Weiser
River vent cannot be physically correlated to any
flow of the Weiser Basalt. Chemical data, likewise, do
not make diagnostic associations between vent mate-
rial and individual flows. The two vent units, there-
fore, also demonstrate the local nature of some
eruptive features within the Weiser Basalt.

BASALT OF CUDDY MOUNTAIN

The basalt of Cuddy Mountain is exposed mainly
along the eastern edge of the Cuddy Mountain uplift.
Small isolated exposures also occur a few kilometers
to the west on Cuddy Mountain. The basalt of Cuddy
Mountain has not been included in the Weiser,
Grande Ronde, or Imnaha Basalts because definitive
stratigraphic relations have not been found, and the
Cuddy Mountain unit differs chemically from any of
the other units (Table 2). Both paleomagnetically
normal and reverse flows have been found in the
basalt of Cuddy Mountain.

Two textural varieties of Cuddy Mountain basalt
were found: (1) a slightly phyric unit, and (2) a highly
phyric, pyroxene- and plagioclase-rich unit with
pyroxene phenocrysts as large as 2 centimeters in
length. Based on major element chemistry of seven
samples, the two types are indistinguishable (Table 2).

The slightly phyric type appears to be the more
widely distributed. It underlies a Grande Ronde Basalt
flow in an isolated exposure on the southwestern part
of Cuddy Mountain. Other exposures, however, lie
directly on pre-Tertiary rocks of the Cuddy Mountain
steptoe. The slightly phyric variety is commonly
massive and nonvesicular or only locally vesicular,
and contains scattered small plagioclase, pyroxene,
and olivine phenocrysts set in a fine-grained, glassy
groundmass.

The highly phyric type occurs only near Pyramid
Point and at the southeasternmost limit of the basalt
of Cuddy Mountain. In the southeastern part of
Cuddy Mountain the highly phyric type appears to
overlie Grande Ronde Basalt, although a clearcut
contact was not located. The phyric type is massive or
displays well-developed, thin columns 10 to 20 centi-
meters in diameter. Weathered surfaces of the highly
phyric variety are strongly pitted because of differen-
tial weathering of pyroxene and plagioclase pheno-
crysts. Fresh rock contains abundant and large
pyroxene and plagioclase phenocrysts and scattered
olivine phenocrysts in a black, glassy groundmass.

The basait of Cuddy Mountain shows low SiO;
(less than 47.5 percent) and generally low Al:O; (less
than 159 percent) contents and generally high FeO
(greater than 12.4 percent), CaO (greater than 9.7
percent), and TiO: (greater than 2.7 percent) contents
when compared with the Weiser Basalt (Table 2).
There appear to be two chemical types of Cuddy
Mountain flows as defined by low MgO (less than 7.4
percent), and high MgO (greater than 9.5 percent)
contents. However, the chemical types do not corre-
spond to the slightly and highly phyric textural types.
Additional detailed mapping and sampling will be
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required to further resolve the age relationships
between the chemical and textural varieties of the
basalt of Cuddy Mountain.

STRUCTURE

The principal structural features within the Weiser
embayment include the north-south aligned Long
Valley fault system (Capps, 1941) on the east, the
north-northwest-trending Paddock Valley fault sys-
tem in the southern and south-central portions of the
area, and the northeast-trending Snake River fault
system (Newcomb, 1970) on the west (Figure 7).
Other major structural features with marked topo-
graphic expressions include the Seven Devils homo-
cline which forms the south flank of the Seven Devils
arched up!lift in the north, the Cuddy Mountain uplift
on the northwest, the Sturgill Peak uplift (anticlinal
warp) on the west, Dead Indian Ridge on the
southwest, and the broad south-plunging Indian
Valley synclinal trough underlying the central and
southern lowlands of the embayment. Virtually all
structural features at the south margin of the embay-
ment are truncated or down-dropped by the younger
Snake River Plain.

NORTH-TRENDING BLOCK
FAULTS—LONG VALLEY
FAULT SYSTEM

The Long Valley fault system is a belt of north-
trending, high-angle normal faults at the eastern
margin of the Weiser embayment and in the adjacent
western margin of the Idaho batholith {Anderson,
1934; Capps, 1941; Hamilton, 1962). This system
extends along and north of the 165-kilometer-long
eastern border of the embayment; it is up to 30
kilometers wide. This fault system is responsible for
the alternating north- and south-flowing rivers in the
area—South Fork of the Salmon, Payette, Little
Salmon, and upper Weiser—and for the deep, elon-
gate valleys and tilted fault-block ridges which char-
acterized the eastern margin of the embayment.

Relative movement across the fault planes typically
is east-side down with steep fault scarps on the
eastern slopes of the fault-block mountains and 5 to
20 degree dip slopes on the western sides of the tilted
blocks. This east-side down character is most pro-
nounced where the Idaho batholith makes up the
bulk of exposed bedrock.

Numerous individual faults and parallel sets of
faults (fault zones) make up the Long Valley fault
system. Examples (Figure 7) include Bally Mountain

fault, Little Salmon fault, Mud Creek fault zone, and
Lost Creek fault zone in the northeast, Long Valley
fault in the east, and Squaw Creek fault, Big Willow
Creek fault zone, and Squaw Butte fault zone in the
southeast.

The Long Valley fault system consists primarily of
dip-slip faults which are straight to slightly curvilinear
or sinuous in plan view. Several faults branch or
splay; this is most common in the northeastern and
southeastern portions of the fault system where it
intersects the Snake River and Paddock Valley fault
systems respectively, Subordinate to the north-trend-
ing faults of the Long Valley fault system are short,
linear to slightly arcuate faults that trend at acute
angles to the major north-trending traces. A cluster of
these occurs at the headwaters of the Little Weiser
River west of Long Valley. These faults generally
have northwesterly and northeasterly orientations
and appear to be a conjugate set of the Long Valley
fault system.

The offset along the major faults of the Long
Valley system exceeds 900 meters at many localities,
as documented by the displacement of particular
Imnaha and Grande Ronde Basalt flows from uplifted
fault blocks to adjoining valleys. Council Mountain,
Snowbank Mountain, and Squaw Butte demonstrate
1,000 meters of displacement relative to adjoining
down-dropped areas. Major postbasalt structural
movement within the Long Valley fault system is also
demonstrated by the hemoclinal dip slopes of Imnaha
Basalt flows on Tripod Peak, Indian Mountain, and
Timber Butte that piunge beneath the Grande Ronde
in adjacent downslope areas.

Columbia River Basalt Group flows that discor-
dantly overlie older metamorphic and plutonic rocks
in the fault blocks are themselves offset and tilted.
This indicates that tectonism has long been persistent
and that faulting, in its latest episodes, is less than 14
million years old. Youthful consequent and ante-
cedent drainage patterns within the area, when con-
sidered along with the discordance between the
Grande Ronde and overlying Weiser Basalts, suggest
that movement of the Long Valley fault system
commenced shortly after the Grande Ronde eruptive
interval and has continued, at least intermittently,
nearly to the present.

NORTHWEST-TRENDING BLOCK
FAULTS AND FOLDS—PADDOCK
VALLEY FAULT SYSTEM

In the south-central portion of the embayment, the
basalt units and overlying sediments have been folded
and faulted along northwesterly trends (Kirkham,
1928, 1931; Mclntyre, 1976b). This is the Paddock
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Valley fault system of northwest-trending block faults
and open folds; it extends from the Big Willow Creek
arca north of Emmett to near the Snake River canyon
between Cuddy Mountain and Olds Ferry (Figure 7).
The belt is approximately 80 kilometers wide in the
southeast to S0 kilometers wide in the northwest.
Faults within this system are nearly parallel to the
trend of the structural belt except in the Sturgill Peak
uplifted block and near Dead Indian Ridge, where
fault orientations are variable and cross faults occur.
This zone of variable orientations occurs where the
Paddock Valiey system intersects the northeast-trend-
ing Snake River fault system.

The Paddock Valley fault system, in contrast to
the Long Valley system, does not show a consistent
down-to-the-east or down-to-the-west pattern. Dis-
placements, particularly in the southern and central
areas, appear to have responded to local structural
adjustments in the Indian Valley synclinal trough, the
Sturgill Peak plunging anticline, the Rock Creek
syncline, and the Dead Indian Ridge uplift (Figure 7).

Displacements across faults in the Paddock Valley
system typically range from 10 to 100 meters in areas
of high fault density in the southeast. This amount of
deformation appears to have partly accommodated
minor late Cenozoic folding and gravity faulting.
Displacements also were probably in response to
slumping and sliding of Weiser Basalt flows on
shallow interbed units throughout much of the south-
ern Paddock Valley fault system.

Greater displacements occur to the northwest and
west, near Sturgill Peak and Dead Indian Ridge,
where offsets across major faults have exposed sub-
basalt rocks at numerous localities and juxtaposed
Imnaha and Grande Ronde units. Displacements on
faults and fault zones of the Paddock Valley system
are at least 700 meters in the Cuddy Mountain and
Sturgill Peak areas and over 300 meters at Dead
Indian Ridge. Part of the vertical movement in the
Cuddy Mountain-Sturgill Peak area was due to
postbasalt localized uplift which occurred largely
along established faults of the Paddock Valley system.

Many individual faults and fault zones make up
the Paddock Valley fault system (Figure 7). In the
northwest these include the Pine Creek fault zone, the
Cambridge fault, the Sturgill Peak fault, and the
Mann Creek fault zone. The northwest-trending
western portion of the Cuddy Mountain fauit prob-
ably also belongs to the Paddock Valley system. This
northwest-trending fault system also manifests itself
as the Calamity Meadows fault zone on the Cuddy
Mountain uplift and the Hornet Creek fault northeast
of Cuddy Mountain. The Crane Creek fault zone, in
the center of the Paddock Valley fault system and
near the center of the embayment, is where fault
density is greatest but displacements are lowest. The

Black Canyon fault zone south of Squaw Butte
appears to be a southeasterly extension of the Pad-
dock Valiey system within an area dominated by the
Long Valley system.

Individual fault traces in the Crane Creek and
Black Canyon fault zone segments of the Paddock
Valley system range from 3 to 15 kilometers and
average about 6 kilometers in length. An average
length of 8 to 10 kilometers occurs to the northwest
where the belt widens to about 50 kilometers and the
fault density decreases. This change probably reflects
both differences in magnitude of deformation and the
response of the different basalt units to stresses in the
two areas. In the southeast the near-surface units are
the less competent Weiser Basalt flows and inter-
bedded and abutting sediments, whereas in the north-
west the near-surface units are the more competent
flow-on-flow Grande Ronde and Imnaha sequences.

Faulting and folding in the Paddock Valley system
occurred before and after the deposition of Idaho
Formation sediments (Kirkham, 1928; Mclntyre,
1976b). Folds, such as the Sturgill Peak anticline, are
open and plunge gently to the southeast (Kirkham,
1928). The age, style, and location of these northwest-
trending structures suggest they formed during the
downwarping and faulting of the western Snake
River Plain (Kirkham, 1931; Hamilton, 1962; Mc-
Intyre, 1976b). The northwestward continuation of
the fault system into Oregon (Newcomb, 1970) also
supports the interpretation that the Paddock Valley
system is associated with the evolution of the western
Snake River Plain. The geographic relationship of
the Paddock Valley system to the Weiser Basalt flows
suggest that dip-slip disruption provided pathways
for magma ascent and volcanic eruptions.

NORTHEAST-TRENDING HIGH-ANGLE
FAULTS-SNAKE RIVER
FAULT SYSTEM

Pre-Tertiary northeast-trending faults of the Snake
River fault system occur along the northwestern
margin of the embayment, generally parallel to the
Snake River canyon (Figure 7). Some high-angle dip-
slip faults of this belt offset Columbia River basalt
flows, attesting to recurring and postextrusion move-
ment (Cook, 1954; Hamilton, 1962; Brooks and
Vallier, 1967; Vallier, 1977).

The Snake River system forms a belt up to 25
kilometers wide, much of which lies west of the
Weiser embayment. The system extends into the
Clearwater embayment to the north, where it inter-
sects the Long Valley system. Faults of the Snake
River system strike dominantly N. 30-45° E.; move-
ment is nearly vertical and of block-fault character.
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In Idaho, offsets generally are west-side-down, so
that the Oregon portion of the Columbia Plateau
next to the Weiser embayment is lower in elevation.

Many youthful northeastward-aligned streams along
the western border of the embayment and nearby in
Oregon follow the Snake River system. Vertical uplift
along these faults accounts for much of the northward
elevation increase from Olds Ferry to the Seven
Devils in western Idaho.

Fault density, as mapped during this study and
compiled from previous work (Bond, 1978; Mitchell
and Bennett, 1979a, 1979b), is less than in the Long
Valley or Paddock Valley systems. However, because
much Snake River system deformation is in basement
rocks west of the area mapped, the fault abundance is
not well represented on Figure 7. Fault offsets are as
great as in the Long Valley system and far greater
than in the Paddock Valley system. The vertical
displacement of the Cuddy Mountain-Sturgill Peak
area relative to Oregon is well over 1,000 meters, as
demonstrated by the offset of Imnaha and Grande
Ronde Basalt units. Similar displacement occurs in
the Seven Devils area, where remnants of Imnaha
Basalt are at 2,440 meters (8,000 feet) elevation,
compared with exposures in the adjacent Snake River
canyon at 1,220 meters (4,000 feet) elevation.

Major individual faults and fault zones in the
Snake River system that offset Columbia River basalt
flows within the embayment include (Figure 7) the
Indian Creek fault, the Wildhorse Creek fault zone,
and the Lick Creek fault (including the latter’s
extension southwestward to Sturgill Peak).

The Snake River system deformation is clearly
both pre- and post-Columbia River Basalt Group in
age. The northeasterly alignment of the Sturgill Peak,
Cuddy Mountain, and Seven Devils blocks or domal
structures (Hamilton, 1962) along the same trend also
attests to the long activity of this structural belt.
These areas were structural highs prior to Columbia
River basalt extrusion and became steptoes when the
Weiser embayment was formed. Their present-day
elevated condition and the tilted basalt remnants they
contain demonstrate postbasalt movement.

UPLIFTED BLOCKS AND
INTERVENING COMPLEX GRABEN

The Sturgill Peak, Cuddy Mountain, and Seven
Devils uplifts are dome-shaped blocks of pre-Tertiary
rocks capped by remnants of Columbia River basalt.
Cook (1954) reported that the lowest basalt unit at
Cuddy Mountain was draped over the subbasalt
structure, suggesting postbasalt doming. Fankhauser
(1968) noted that flow thicknesses do not markedly
vary from the flanks to the top of Cuddy Mountain,

also indicating that uplift occurred, or recurred, after
the basalt accumulated. Similarly, Cook (1954) re-
ported that Columbia River basalt occurs at 2,485
meters (8,150 feet) elevation in the Seven Devils
Mountains. This is the northernmost erosional rem-
nant of Weiser embayment flows. These remnants are
mainly Imnaha flows, suggesting Grande Ronde units
may have been eroded so that more structural than
topographic relief occurs.

The uplifted blocks have a northeast-trending
alignment which, as noted before, parallels the Snake
River fault system (Figure 7). Cook (1954) suggested
that the uplifts were squeezed up between preexisting
northeast-trending structures when the Columbia
Plateau was regionally folded along east-west axes.
Hamilton (1962) stated that the domal blocks are
dominantly bounded by northwest-trending normal
faults; that is, the Paddock Valley fault system.

The Sturgill Peak block is uplifted on the east and
northeast by the north- to northwest-trending dip-slip
Sturgill Peak fault and Pine Creek fault zone of the
Paddock Valley fault system. The southwestern mar-
gin of the uplift generally coincides with the down-to-
the-southwest offset across the Mann Creek fault
zone. The southeast-plunging Sturgill Peak anticline
records postbasalt deformation within the block, as
does the central uplift and flank step-faulting in the
Paddock Valley fault system along the southeastward
projection of the anticlinal axis.

The Cuddy Mountain block is largely bounded
by dip-slip faults. On its southwestern and north-
eastern sides the faults trend northwestward and
belong to the Paddock Valley system. The faults
bounding the southwest (Cuddy Mountain fault) and
northeast sides (Hornet Creek fault) trend approxi-
mately N. 45 W. The nearly east-west segment of the
Cuddy Mountain fault forms the southern boundary.
These offsets, together with offsets across faults of the
Snake River system to the northwest, give the uplift a
horst configuration.

The south flank of the Seven Devils uplift is
primarily a basalt dip slope that is tilted rather
uniformly toward the Weiser River valley. This
southward-dipping slope extends from the northern-
most erosional basalt remnants near Smith Peak and
Pollock Mountain to near Mesa in the middle of the
embayment. This dip slope, the Seven Devils homo-
cline, is cut by numerous faults of the Snake River
system on the west and the Long Valley system on the
east. The north-dipping Doumecq homocline of the
Clearwater embayment is the mirrer-image dip slope
on the north flank of the Seven Devils Mountains
and demonstrates the arching of that uplifted block.

A complex graben, the Pine Creek graben, sepa-
rates Cuddy Mountain from Sturgill Peak. It is
drained by Pine Creek and several subparallel trib-
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utaries of the Weiser River. The graben trends
N. 30-50° W.in the northwest and about N. 90° E. at
the east end where it widens and parallels the
east-west Cuddy Mountain fault and merges with the
central synclinal region of the embayment.

The Pine Creek graben widens southeastward
from about 6 kilometers near the Snake River to
about 30 kilometers east of Cambridge between the
Little Weiser River and the southern side of Cuddy
Mountain. The southwestern boundary of the graben
steps up to the southwest on the flank faults of
Sturgill Peak. These subparallel splay faults generally
dip northeast to east. Several northwest-trending
faults occur near the middle of the Pine Creek graben
where the trend of the graben axis changes from
northwest to east-west. Subsidiary northwest-trending
horst and graben fault-sets trend southeastward into
the graben from the south-dipping faults at the
southern boundary of the Cuddy Mountain uplift.

CENTRAL SYNCLINAL
REGION—INDIAN
VALLEY TROUGH

The Indian Valley trough at the center of the
embayment is a south-plunging syncline or complex
basin bounded by the fault systems and other struc-
tures discussed above (Figure 7). Although this
region has poorly defined margins, it is characterized
by roughly centripetal drainage of tributaries to the
Middle Weiser River and Crane Creek. Many of the
large alluvial valleys in the embayment and much of
the Weiser Basalt and associated sediments, as well as
younger Tertiary sediments, are in this central de-
pression.

A strong structural pattern is not evident between
the Paddeck Valley and Long Valley fault systems.
Minor dip-slip faults with generally east-west trends
are the main faults in this area. North and south of
Crane Creck Reservoir, south-dipping faults form
discontinuous parallel east-west structural breaks.
Faults with this trend also form the eastern boundary
of the Pine Creek graben where it meets the Indian
Valley trough.

Faults within the Indian Valley trough are irregu-
larly distributed, less abundant, and have less dis-
placement than in the surrounding regions. In part,
this reflects the higher concentration of late Cenozoic,
relatively unconsolidated sediments overlying the
Columbia River basalt in that area.

Minor flexures in the Indian Valley trough can be
seen where the basalt is not covered by younger
sediments. For example, Granger Butte, near the east
side of the trough, is a doubly plunging anticline

that formed when Grande Ronde Basalt was weakly
folded along a north-northeast axis; this structure has
about 150 meters of relief.

LATE CENOZOIC
GEOLOGIC HISTORY

The evolution of structures formed since Imnaha
time (16 million years ago) in the Weiser embayment
has been fairly well established from field relation-
ships between basalt units, sedimentary units, fault
displacements, and stream patterns. The important
events are summarized below in chronologic order.

(1) A youthful to mature topography with a relief
exceeding 1,500 meters existed in west-central Idaho
in Miocene time. Higher elevations existed near the
Idaho-Oregon border where the present-day Seven
Devils Mountains, Peck Mountain, Cuddy Mountain,
and Sturgill Peak occur. The bedrock in this area
consisted mostly of Seven Devils metavolcanic units
and younger Mesozoic intrusive bodies. The area had
achieved its topographic relief by structural uplift.
The general elevations also were higher to the east in
central Idaho where the Idaho batholith and meta-
morphic rocks were exposed in the ancestral Salmon
River Mountains.

(2) The eruption of Imnaha Basalt began in eastern
Oregon and in Idaho near the present-day Snake
River canyon during the Ro magnetostratigraphic
epoch. At least twenty-five Imnaha flows, totaling
more than 700 meters, had spread eastward into
Idaho by the end of Ny time. Extrusion of Imnaha
flows may have continued into the paleomagnetic
transition at the beginning of, R, time. When the
Imnaha eruptions stopped, basalt had spread as far
southeast as Horseshoe Bend, as far east as Council
Mountain, and had joined the Clearwater embayment
on the north. This basalt field probably defined the
eastern and northern margin of the ancestral drainage
basin for Miocene streams flowing westward from the
Salmon River Mountains. Imnaha Basalt also prob-
ably flowed southward into the present-day western
Snake River Plain toward the ancestral Owyhee
Mountains in southwestern Idaho.

(3) Eruption of Grande Ronde Basalt began in R,
time in Oregon and Washington. Major accumula-
tions formed north and northwest of the Weiser em-
bayment during the Ry and N; magnetostratigraphic
intervals. During R, and N, time the initial Weiser
embayment underlain by Imnaha Basalt appears to
have been tilted slightly downward to the northwest,
perhaps by the initial regional basining toward the
center of the Columbia Plateau. Several reverse and
locally a few normal flows, probably of the R; and N,
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magnetostratigraphic epochs, spread into and across
the embayment from the west or northwest or both,
to as far south as Squaw Butte and as far east as Long
Valley. The thickest Grande Ronde accumulations of
up to 200 meters were in the northwest, and the
sequence thinned and wedged out to the south and
east. This southeasterly thinning may have been
partly or entirely due to the basining of the Columbia
Plateau to the northwest, or partly or entirely due to
the primary dip effects of the southeastward-spread-
ing Grande Ronde flows.

During this same interval a local minor eruption of
lava may have occurred within the embayment, as
suggested by the position of the sparsely phyric unit
of Cuddy Mountain basait, possibly beneath Grande
Ronde flows on the southwestern margin of Cuddy
Mountain.

(4) Grande Ronde Basalt eruptions continued
during the R, and N: magnetostratigraphic epochs
with most, if not all, of the basalt accumulating to the
north and northwest as regional westward tilting and
central plateau basining continued.

(5) Following Grande Ronde Basalt accumulation
within the Weiser embayment, major deformation of
the embayment surface began with incipient expres-
sion of the Sturgill Peak anticline, the Indian Valley
trough, probably the Rock Creek syncline, and the
regional southward homoclinal tilting southward
from the Seven Devils. Streams from the Salmon
River Mountains carried basement-derived sediments
onto the embayment margin and into slightly sub-
siding areas south of the Seven Devils. Mixing of
basalt detritus from the incipient Seven Devils homo-
cline with prebasalt detritus from the east led to the
deposition of heterolithologic conglomerates on the
Grande Ronde Basalt in the Indian Valley trough
southward from near Mesa, and on the Imnaha
Basalt near Big Willow Creek. Consequent drainages,
such as the Weiser River, flowed southward as they
developed on the embayment surface down the
incipient Seven Devils homocline. The interplay
between accumulating sediments and shallow struc-
tures controlled many stream courses in the lowlands
during this interval. The Weiser River may have been
displaced westward and was constrained to flow
along the base of the east flank of the growing
Sturgill Peak anticline by post-Grande Ronde Indian
Valley conglomeratic fill from the east.

(6) Activation and reactivation of faulting along
the preexisting Long Valley and Snake River systems
followed formation of the trough and fold structures;
this probably was concurrent with regional tilting and
continued movement of the local warps. Most of the
present-day fault blocks in the area began to show
topographic expression prior to Weiser Basalt extru-
sion. The north-south aligned drainages controlled by

the Long Valley fault system developed during this
early fault-block movement. This event diverted
much of the easterly derived detritus from the em-
bayment interior.

(7) Eruption of Weiser Basalt flows and pyroclastic
deposits commenced as locally derived sediments
continued to accumulate within the Indian Valley
trough. The concentration of eruptive conduits for
the Weiser Basalt within the Paddock Valley fault
system suggest that this fault system, as well as the
associated northeastern margin of the Snake River
Plain, was active by the time of Weiser Basalt
volcanism. Structural uplifts, such as the Squaw
Butte fault block, the Sturgill Peak anticline (or
“domal” block), and the Seven Devils homocline had
developed sufficiently by then to confine the Weiser
Basalt and associated sediments to the present-day
lowlands. One possible exception is the phyric type of
the basalt of Cuddy Mountain which occurs on the
east flank of Cuddy Mountain near Pyramid Point.
Its occurrence on an uplifted block within the Pad-
dock Valley fault system permits interpretations of
local extrusion of basalt on an upland area, or of
posteruption uplift.

The Weiser Basalt initially extended eastward to
the margin of the Long Valley fault system, north-
ward to the base of the Seven Devils homocline south
of Mesa, northwestward as if wrapped around the
southeast-plunging Sturgill Peak anticline, and west-
ward to the general area of the Rock Creek syncline.
Distinctive local units accumulated at Black Canyon
south of Squaw Butte and possibly at Cuddy Moun-
tain. Angular relationships between all Weiser Basalt
units and the underlying Grande Ronde and Imnaha
Basait units document interformational structural
movement. Continued movement during this time is
suggested by the distribution patterns of the individ-
ual Weiser Basalt members. During this period
consequent streams, such as Crane Creek and Rock
Creek, began to drain local basins, and the Weiser
River made a midsegment course change near the
northern margin of the Weiser Basalt.

(8) Structural growth of present-day features con-
tinued following the eruption of the Weiser Basalt. A
new cycle of stream development began as basins and
uplands became more pronounced. Continued move-
ment of the Paddock Valley fault system left the
Weiser River in an antecedent position across struc-
tural features, such as the Cambridge fault, while its
tributaries developed in consequent and subsequent
positions, as in the up-dip Pine Creek graben. Crane
Creek, developing primarily in post-Weiser Basalt
time from runoff gathered in the Indian Valley
trough, became incised across the developing step-
fauit blocks of the Paddock Valley fault system.
Weiser Basalt units near Mann Creek Reservoir were
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slightly uplifted as the Sturgill Peak block and
anticline continued to rise. This is indicated by the
incision of the Weiser River course across the Sturgill
Peak anticline and adjacent Weiser Basalt units
southeast of Shoe Peg Valley.

(9) Development of the present-day topography
and structures formed primarily by continued move-
ment of the major faults, by the development of
subsequent streams along fault zones, and by the
development of consequent streams on dip slopes and
in depressions. A thick accumulation of Idaho For-
mation sediments was deposited along the southern
margin of the embayment and similar sediments
partially filled fault-block troughs of the Long Valley
fault system. The basement-derived arkosic composi-
tion of these sediments suggests that the drainage
system and structural controls at the eastern margin
of the embayment were well developed by the Plio-
cene, so that most post-Miocene structural activity
was a continuation of an already established pattern.
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Structural Model for the Columbia River Basalt
Near Riggins, Idaho

by

P. R. Hooper!

ABSTRACT

Imnaha Basalt and Grande Ronde Basalt (R)) of
the Columbia River Basalt Group form a small
synclinal basin immediately west of Riggins, Idaho.
The displacement of the margins of the basalt
outcrop, of the synclinal axis, and of a dike of
Saddle Mountains(?) Basalt define a pattern best
explained by a model of west-northwest to east-
southeast and north-northwest to south-southeast
dextral strike-slip faults and east-northeast to west-
southwest sinistral strike-slip faults. The develop-
ment of the syncline, downthrow on the east side of
the easterly dipping Riggins fault, and the strike-slip
displacement are regarded as broadly contempora-
neous. Regional implications of significant west-
northwest strike-slip movement in the Riggins area
and the possible displacement of the Columbia River
dike swarm by such a movement farther west is
noted.

INTRODUCTION

The Riggins 30-minute quadrangle includes parts
of the western margin of the Idaho batholith and the
eastern edge of the Columbia River basalt province,
as mapped and described by Hamilton (1962, 1963a,
1963b, 1969, 1976; Onasch, 1977). The marginal
facies of the batholith include the Riggins Group, a
highly metamorphosed and sheared sequence, thrust
westward over the Seven Devils Group on the Rapid
River thrust (Hamilton, 1963a). The Seven Devils
Group is an island arc assemblage of Permian-
Triassic age thought to have been accreted to the
North American Plate in late Permian to Cretaceous
time (Hamilton, 1976; Davis and others, 1978). In
the Riggins area the suture zone between the accreted
island arc and the earlier western boundary of the

IDepartment of Geology, Washington State University, Pullman,
Washington 99164.

North American Plate corresponds to a broad
synformal trough that extends from the Clearwater
embayment in the north through Meadows Valley
and the Payette Valley to the south. Isolated out-
crops of Columbia River basalt are exposed in this
trough between the Clearwater and Weiser embay-
ments (see Figure 1 in Camp and others, 1982 this
volume).

Reconnaissance mapping of the small areas of
basalt near Riggins, undertaken by the writer during
1980, was designed to locate the stratigraphic divi-
sions of the Columbia River basalt recognized in the
main part of the Columbia Plateau (Swanson and
others, 1979). The most obvious stratigraphic hori-
zon in the Riggins area is the contact between the
coarsely phyric Imnaha Basalt and the overlying
aphyric flows of the Grande Ronde Basalt. The
contact is easily traced across the area west of
Riggins (Figure 1). Whereas the present work is
significantly less comprehensive than that of Hamil-
ton, mapping the contact has made it possible to
clarify the type and sequence of deformation which
has affected the basalt in the last 17 million years.

STRATIGRAPHY AND
STRUCTURE

Two main outcrops of basalt are present (Hamil-
ton, 1969). The slightly larger outcrop occurs along
the bottom and sides of the Little Salmon River
canyon, 3 to 35 kilometers south of Riggins. This is
composed almost entirely of Imnaha Basalt (Ti) with
one or two flows of Grande Ronde Basalt (Tgr)
forming only the highest exposures west of the
canyon. The smaller basalt outcrop, the subject of
this paper, lies immediately west of Riggins (Figure
1) and is some 17 kilometers long from north to
south and 8 kilometers wide. It includes 500 meters
of Imnaha Basalt (Ti) conformably overlain by 335
meters of Grande Ronde Basalt of the oldest magne-

Hooper, P. R., 1982, Structural model for the Columbia River basalt ncar Riggins, Idaho, in Bill Bonnichsen and R. M. Breckenridge, editors, Cenozoic Geology of Idaho: Idahe Bureau of

Mines and Geology Bulletin 26, p. 129-136.
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tic unit (Tgri; see Swanson and others, 1979, for full
Columbia River Basalt Group stratigraphy).

At least thirteen individual flows of Imnaha
Basalt are present in this outcrop. All but the lowest
one have been correlated with flow types recognized
in the Snake, Imnaha, and lower Salmon River
canyons (Hooper and others, 1979; Hooper and
others, in preparation), and they lie in the same
stratigraphic sequence (Table 1). The easily recog-
nizable highest flows in the type Imnaha Basalt area,
however, the Fall Creek, Log Creek, and associated
American Bar types, are missing from the Riggins
area.

The contact between Imnaha and Grande Ronde
Basalts is recognizable in the field, and its disposi-
tion clarifies the structural history. The flows form a
gentle synclinal basin elongated north-south. They
consistently dip inward from the contact with the
surrounding pre-Tertiary metamorphic rocks. The
dip increases as the contact is approached (Figure 1),
and small sympathetic normal faults commonly
occur near the contact. On the east side, the base of
the basalt sequence is clearly unconformable; the
lava appears to have filled a deep valley, and
younger flows overlap the valley side to the east. The
west side of the basalt outcrop is bounded by the

Table 1. Major element analyses of Columbia River basalt west of Riggins, ldaho. (Analyses by XRF, normalized on a weight percent

volatile-free basis with Fe;O; set at 2.00%).

PHSO
.PHB0041" '
'PHS0048

" Squaw Creek

@ Papoose Creek
k] . .
™ average analysis of sample numbers given

“flow types from P. R. Hooper, W. D. Kleck, C. R. Knowles, and S. P. Reidel, in preparation
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Riggins fault (Hamilton, 1969) which has been
traced north to Whitebird and has a downthrow to
the cast of over 600 meters (Hooper, in Swanson
and others, 1981). In the Riggins area the fault plane
dips to the east at angles as low as 45 degrees and is
accompanied by many parallel faults within the
basalt which juxtapose Imnaha Basalt against Grande
Ronde Basalt in many places. The easterly dip of the
flows increases to as much as 35 degrees as the
Riggins fault is approached, at which point the less
competent flow tops are sometimes used as small
fault planes.

The whole basalt outcrop is cut by small faults,
and the systematic orientation of the creeks suggests
many more. Observed faults include a set of north-
east-southwest faults in the north part of the outcrop
at the head of Bean Creek (Figure 1). Vertical
displacement with downthrow to the southeast is
evident. Vertical cliffs form the east side of the ridge
between Bean Creek and the Salmon River canyon
and result from major N. 10° W.-trending planes of
shattered rock, apparently dipping west at about 70
degrees. No displacement along the zones was ob-
served. Another fault of similar trend near the
middle of the basalt outcrop shows significant verti-
cal displacement with the downthrow to the east,
and a part of Race Creek follows the same trend
(Figure 1). Less direct evidence of faulting can be
found in the stepped nature of the northwest and
southeast boundaries of the basalt outcrop and in
the apparent displacement of the axis of the syncline
and of a well-defined dike (Figure 2). In many
places, these apparent displacements lie along west-
northwest to east-southeast-trending valleys, and all
suggest dextral strike-slip movement, Another domi-
nant drainage direction has an east-northeast to
west-southwest trend.

Hamilton’s map (1969) shows three sharp steps in
the northwest part of the basalt boundary with 90
degree reentrant angles occurring across Kessler
Creek, West Fork of Race Creek, and Bean Creek.
Whereas exposures are notably poor in the critical
areas and more detailed work is required to draw the
contact precisely, the writer’s current mapping has
confirmed this unusual form. The most obvious
explanation is a set of faults with west-northwest
trends parallel to the valleys along which a compo-
nent of dextral strike-slip movement has occurred.
Evidence in support of this explanation can be
found in the displacement of the axis of the syncline
(Figure 1), Hamilton (1969) drew this axis as a
sinuous line, and because the syncline is a shallow
one, the exact position of the axis is not easy to
define. Nevertheless, it is guite clear in the field that
the axis is offset across the West Fork of Race Creek

and Kessler Creek and that the size of the offset is
approximately that required to displace the basalt
contact by dextral strike-slip (Figure 2).

Additional evidence of dextral strike-slip move-
ment occurs further south between Squaw Creek
and Papoose Creek. A prominent peak, the Squaw
triangulation station on the north side of Squaw
Creek, is a deeply dissected volcanic vent composed
predominantly of pyroclastic and lahar materials
dipping and thinning away from a central point
capped by a thin lava flow. A roadcut in Squaw
Creek below the vent reveals a wide dike with
prominent and unusual cooling joints (Figure 3).
Chemical analyses of the flow and the dike reveal a
similar chemical composition which is distinguishable
from either Imnaha or Grande Ronde chemical
types (Table 1). The vent is later than the Grande
Ronde Basalt on which it stands and appears to lie
on or near the axis of the basalt syncline. Its chemi-
cal composition most closely resembles that of the
Sprague Lake and Lewiston Orchards flow of north-
east Washington (Wright and others, 1980).

Another dike outcrop of similar width, vertical
dip, petrography, and chemical composition and
with the same unusual joint pattern occurs on the
north side of Papoose Creek. No other dike of the
Columbia River Basalt Group has been observed in
this area, and the evidence strongly suggests that they
are two parts of the same feeder dike. As the two
exposures are clearly not on trend, the explanation
must lie in en echelon emplacement or in the presence
of a dextral strike-slip fault. Of the many dikes of
Columbia River basalt this writer has mapped, only a
few display en echelon emplacement, in which the
separation is a few meters at most. Thus, it is prob-
able that a plane of strike-slip movement of between
1 and 2 kilometers is present. Topographic expres-
sion of such a fault plane is not obvious; however, a
west-northwest line connecting local evidence of
faulting west of Squaw Peak and passing through
saddles in the ridge between Squaw and Papoose
Creeks may be the trace of the fault. In this southern
part of the basalt outcrop the predominant drainage
trend is east-northeast to west-southwest (upper Squaw
Creek and Papoose Creek); the synclinal axis is
displaced to the east along this drainage, and on the
south side it plunges gently northward from the
southern contact (Figure 1). A plausible but as yet
unverified model to account for these trends and
displacements includes a second set of strike-slip
faults with sinistral displacement in the east-northeast
to west-southwest direction (Figure 2).

A significant obstacle to a model including a set of
major west-northwest to east-southeast dextral strike-
slip faults is the obvious failure of the faults to cross
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Figure 3. Photograph of Saddle Mountains Basalt dike feeding
the Squaw vent.

the entire basalt outcrop. The West Fork of Race
Creek, Kessler Creek, and indeed both upper Squaw
Creek and Papoose Creek are sharply truncated at
their eastern ends by a north-northwest-trending
valley (Figure 1), to the east of which the west-north-
west to east-southeast trend is not present. The lower
reaches of both Race Creek and Squaw Creek do,
however, display a west-northwest to east-southeast
orientation with evidence of dextral strike-slip dis-
placement of the basalt contact (Figure 1). Clearly, if
these are the same dextral strike-slip faults that dis-
place the northwest basalt contact, they must them-
selves have been displaced by strike-slip movement
either along the north-northwest trend (dextral) or
along the east-northeast to west-southwest trend
(sinistral). On the evidence available from this re-
connaissance field work, no unique solution is
possible. One model is suggested in Figure 2 in which
the syncline formed first and was followed by the
Saddle Mountains Basalt vent along its axis and
then by the west-northwest to east-southeast dextral
strike-slip faults that were later displaced by both the
north-northwest to south-southeast and east-north-
east to west-southwest strike-slip movements. The
normal, approximately north-south, Riggins fault
was the last event. Such a time sequence is probably
misleading. For example, there is almost certainly
some association between the development of the
syncline and the uplift along the Riggins fault, which
clearly increased the dip on the western limb of the
syncline. 1t also seems inevitable that, in a deforma-
tion pattern such as illustrated in Figure 2, the
movement in one plane must be accompanied by
movement in the other planes, resulting in an overall
east-west extension and north-south shortening. The
apparent time sequence most probably represents

the order of the most recent movements in each
direction.

DISCUSSION

The north-south suture zone along the western
margin of the Idaho batholith has been tectonically
active in the last 17 million years. The Stites basin, a
northern extension of this zone in the Clearwater
embayment, was active during early Grande Ronde
Basalt eruption (Camp, 1981), and the thickness of
both Imnaha and lower Grande Ronde (Tgr,) Basalt
units near Riggins suggests that this area was
already a topographic low separating the batholith
from the Seven Devils Mountains at the time of
their eruption. Since Grande Ronde time, both the
Seven Devils Mountains and the Nez Perce plateau
on the west have risen relative to the suture zone
primarily by vertical movement along the Riggins
fault (Camp and Hooper, 1981). The north-south
syncline displayed by the basalt near Riggins is
probably a result of the drag caused by this move-
ment.

The deformation model proposed (Figure 2) to
explain the present features of the basalt involves
west-northwest to east-southeast dextral, east-north-
east to west-southwest sinistral, and north-northwest
to south-southeast dextral strike-slip movement. Of
these, the dextral faults appear to show the greatest
displacement. The total effect is a shortening in a
north-south direction, an extension in the east-west
direction, and a distortion of an originally north-
south or north-northwest to south-southeast long
axis of the outcrop into a north-northeast to south-
southwest long axis and a possible slight rotation of
the synclinal axis in a clockwise direction.

Evidence of strike-slip displacement in the south-
east part of the Columbia River basalt province has
been presented by Ross (1978), Price and others
(1973), and Shubat (1979), but the horizontal dis-
position of the flows has made it difficult to
ascertain the number and significance of such faults
in the southeast part of the Columbia Plateau. More
recently, dextral strike-slip movement close to the
Olympic-Wallowa lineament has been postulated by
Farooqui (1980), Kienle and Hamill (1980), and
Gehrels and others (1980). Hooper and Camp (1981)
have suggested that the Olympic-Wallowa lineament
marks a rough boundary separating an area to the
southwest, where dextral shear predominates, from
an area to the northeast where the shear component
is less evident but where north-south shortening and
east-west extension have resulted in north-northwest
basalt feeder dikes and ecast-west folds modified
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locally by older basement structures. The basalt
outcrop west of Riggins provides evidence of an
unusually detailed deformation pattern well to the
northeast of the eastern extension of the Olympic-
Wallowa lineament. It is clear that the structural
development of this critical zone needs more detailed
study.

The probability of more extensive west-northwest
to east-southeast dextral strike-slip movement in this
area than had hitherto been proposed may have
some interesting consequences in interpreting the
evolution of the Columbia Plateau to the north and
west. For example, the concentrations of feeder
dikes at the mouth of the Grande Ronde River and
at Cornucopia, Oregon, are significantly greater
than in adjacent areas. Yet these two concentrations
are not on trend with each other. The relatively few
dikes in the deeply eroded Imnaha and Snake River
canyons make it clear that this is not simply a matter
of more dikes occurring in the more deeply dissected
areas. Although Taubeneck (1970) and Swanson and
others (1979) have emphasized the presence of dikes
outside the Grande Ronde and Cornucopia swarms,
yet the greater concentration of dikes within these
originally named swarms has become increasingly
apparent with more detailed mapping. It is interest-
ing to speculate that dextral strike-slip movement
within a broad zone that includes the extension of
the Olympic-Wallowa lineament, with a cumulative
effect of about 35 kilometers (20 miles) of displace-
ment, would place the two areas of maximum dike
concentration in line with each other.
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Geophysics and Tectonics of the Snake River Plain, Idaho

by

Don R. Mabey!

ABSTRACT

Although the regional surface geology of the
Snake River Plain in Idaho is well known and many
shallow and a few deep holes have been drilled on the
plain, major uncertainties remain concerning the
structure of the plain. Seismic refraction profiles have
revealed that under the plain a thin upper crust
overlies a lower crust which is thicker than that under
the Basin and Range province to the south. The large
Bouguer gravity high over the plain reflects this thin
upper crust, but in the central and western plain it
also indicates a dense layer at intermediate depth.
Superimposed on the gravity high is a low produced
by low-density sedimentary and volcanic rocks that
partly fill the depression of the plain, which is in
approximate isostatic equilibrium with the adjoining
highlands. The regional magnetic anomaly over the
central and western plain reflects a layer of strongly
magnetized rock that is probably volcanic and, in the
cast, an upper crust made up of a complex of
magnetized bodies. Near-surface heat flow is lower
over the axis of the plain than along the margins, but
this may or may not reflect the deep heat flow. A
large negative P-wave delay anomaly lies along the
northwest edge of the eastern plain.

The western and central segments of the Snake
River Plain appear to be a fault-bounded depression
containing a layer of dense, strongly magnetized rock
that may be Miocene basalt overlain by silicic vol-
canic rocks and interbedded basalt flows and sedi-
ments. Rocks typical of the upper crust of continents
may not occur under the axis of this part of the plain.
The eastern Snake River Plain is more likely a
downwarp containing a complex of calderas with a
great thickness of silicic volcanic rocks overlain by
interbedded basalt flows and sediments. Fissures,
along which the younger basalts have been erupted,
paraliel trends of the basin and range structures to the
north and south of the eastern plain and may be
extensions of these structures. Although typical upper
crustal rocks may underlie the eastern plain, the
geologic structure in these rocks appears to be

1U. S. Geological Survey, Salt Lake City, Utah 84101.

different from the adjoining regions. The evolution of
the castern Snake River Plain appears to have
consisted of a northeastward-moving center of volcan-
ism that is now at Yellowstone National Park and of
an increase in the density of the crust by a correspond-
ing thinning of the upper crust and the resulting
subsidence. Current deformation of the eastern plain
is a southwest extension, parallel to the plain.

INTRODUCTION

The Snake River Plain, which extends in a 600-
kilometer arc across southern ldaho, is the most
prominent Cenozoic feature in the state (Figure 1).
The plain is distinguished from the surrounding
terrain by lower elevation and lower surface relief and
by a complete cover of Cenozoic sedimentary and
volcanic rocks. Well-defined topographic features
form the boundary of the Snake River Plain through-
out most of its length except in the southern part of
the arc of the plain, where the moderately dissected
surface of the plain rises to merge with the mountains
to the south. This segment of the boundary has
commonly been drawn as an arc connecting the well-
defined segments to the northwest and east. However,
the gravity and magnetic data suggest that the
subsurface structure of the plain extends farther
south, and the boundary suggested by the geophysical
data will be used in this report.

The regional surface geology of the Snake River
Plain has been known for many vears, and in recent
years, much of the surface geology has been studied
in moderate detail. Added to the surface information
are data from thousands of water wells, several deep
oil and geotherma! exploration wells, and a wide
variety of geophysical surveys. Yet the Snake River
Plain remains one of the least understood geologic
structures in the United States. The data on the plain
have been interpreted in very divergent ways by
different investigators. The Snake River Plain has
been described as a depression, downwarp, graben,
rift, and lateral rift. In addition, several volcanic or
thermal events have been used to explain the forma-

Mabey, D. R., 1982, Geophysics and tectonies of the Snake River Plain, ldaho, in Bill Bonnichsen and R. M. Breckenridge, editors, Cenozoic Geology of Idaho: 1daho Bureau of Mines and

Geology Bulletin 26, p. 139-153.
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Figure 1. Geologic map of southern Idaho showing the Snake River Plain and location of profiles. Heavy dashed lines indicate major
divisions of the plain. Narrow dashed line is lineament defined by the geophysical data. Geology generalized from geologic map of the
United States {King and Beikman, 1974).

tion of the plain, and the plain has been tied to several meters wide, trends northwest, and is generally con-
plate tectonic models. Although the Snake River sidered to be a fault-bounded depression with normal
Plain is a continuous arc across southern Idaho, faults forming major segments of both edges of the
major differences exist between the surface geology plain (Malde, 1965). Much of the northwestern part
and the geophysical anomalies in the western, central, of the western Snake River Plain is covered by
and eastern parts of the plain. It is, therefore, conven- Quaternary alluvium. To the southeast, the surface
ient to discuss the plain as three units: the northwest- rocks are primarily Tertiary and Quaternary lacus-
trending western Snake River Plain, the northeast- trine sediments and basalt flows, and the land surface
trending eastern Snake River Plain, and the central and the rocks generally dip gently toward the axis of
Snake River Plain between them (Figure 1). the plain. Southwest of the plain are the Owyhee

Mountains with a core of metamorphic rocks and
Cretaceous granitic rock overlain by Tertiary volcanic
WESTERN SNAKE RIVER PLAIN rock. To the northeast are the Cretaceous granitic
rocks of the Idaho batholith locally overlain by
Tertiary volcanic rock.
The western Snake River Plain is 50 to 70 kilo- Several oil and geothermal test wells have been
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drilled on the western Snake River Plain to depths as
great as 4,300 meters. These wells have revealed
lacustrine sediments several hundred meters thick
underlain by 1,000 to 2,000 meters of basalt flows
with some interbedded sediments. The two deepest
holes, Chevron Highland No. 1 and Halbouty James
No. 1, had reportedly bottomed in interbedded silicic
volcanic rocks, lacustrine sediments, and basalt. To
the southeast, one deep drill hole, 22 kilometers
southeast of Mountain Home, Bostic No. 1-A, pene-
trated about 2,300 meters of interbedded basalt and
sediment and bottomed in silicic volcanic rock (Arney
and others, 1980). A drill hole about 70 kilometers
south of Boise, Anschutz Federal No. 1, penctrated
basalt and sediment to a depth of 800 meters and then
predominately silicic volcanic rock to 3,400 meters,
where granite was found (Mclntyre, 1979).

The major sets of geophysical data available in the
western and central Snake River Plain are regional
gravity and magnetic surveys {Mabey and others,
1974: Zietz and others, 1979), a seismic refraction
profile (Hill and Pakiser, 1966), and numerous
thermal-gradient and heat-flow measurements (Brott
and others, 1976). More detailed geophysical studies
have been made in local areas, particularly near some
of the deep drill holes.

The Bouguer! gravity high over the Snake River
Plain, which was first reported by Bonini and Lavin
(1957), has been studied by several investigators. The
maximum amplitude of the high, which is about 100
milligals, is over the western Snake River Plain
(Figure 2). Here the crest of the high trends a few
degrees more westerly than the axis of the plain and
has one major offset. Steep gradients associated with

'Bouguer gravity anomalies include a correction for the elevation
of the point of observation relative to a reference datum (usually
sea level). Included is a correction for the attraction of the
material between the point and the reference datum. The Bouguer
anomalies reflect all mass anomalies below the reference datum
as well as variations from the density assumed in correcting for
the material above the datum. Free-air anomalies include the
correction for the elevation but not for the material above the
reference datum. If a region is in isostatic equilibrium, the
material above the reference datum will be compensated by an
equal mass deficiency at depth. The gravity effect of the two
masses at an observation point are approximately equal and
opposite in sign, and the free-air is near zero. However, local
relief on the Earth’s surface is not compensated, and in areas of
considerable local relief, free-air anomalies are strongly depen-
dent upon the elevation of the observation point. The Faye
anomaly includes a correction to the free-air anomaly for the
difference between the elevation of the observation point and
the average surrounding elevation. The Faye anomaly, which is
a special type of isastatic anomaly, is approximately equal to the
free-air anomaly that would be measured at a point with an
elevation equal to the average surrounding elevation. Faye
anomalies are designed to be used in areas of considerable local
relief to reveal subsurface massanomalies that are not isostat-
ically compensated and regional departures from isostatic equi-
librium. See Mabey, 1966.

the gravity high show that at least part of the
anomaly is produced by a positive mass anomaly
within the upper crust, but part has a deeper source.
The Bouguer gravity high is approximately coincident
with the topographic low. Because the isostatic
compensation for the plain is unusually local, the
value of isostatic anomalies computed for gravity
stations on or near the plain are highly dependent on
the model assumed in computing the anomaly. The
free-air and Faye anomalies over southwestern Idaho
average slightly positive, and those over the axis of
the gravity high on the plain are more positive than
the average for southwestern lIdaho (Figure 3).
Although the plain in the area of the crest of the
gravity high may not be in complete isostatic equilib-
rium, the western plain as a unit appears to be in
approximate isostatic equilibrium with the adjoining
regions, and the relative depression of the plain
probably reflects an isostatic response to the large
positive mass anomaly underlying the plain.

The gravity anomaly over the western Snake River
Plain can be interpreted in several ways, but most
interpretations involve a combination of dense basalt
and a thinning of the upper crust that underlies the
plain. At least three mass anomalies contribute in a
major way to the gravity anomaly over the western
Snake River Plain: a thin upper crust, low-density
sediment with interbedded basalt, and massive dense
basalt flows. The thinning of the upper crust, indi-
cated by the refraction data, is a large positive mass
anomaly and could produce most of the gravity high.
Sedimentary rocks with some interbedded basalt
cover much of the western plain and in some areas are
over 1 kilometer thick. The average density of these
rocks is low and their effect is to reduce the Bouguer
anomaly over the plain. Three drill holes (Chevron
Highland No. 1, Halbouty James No. 1, and Bostic
No. 1-A) on the western Snake River Plain have
penetrated 2 to 3 kilometers of basalt, but the bulk
density of this basalt has not been determined. The
dry bulk density of forty-nine samples of basalt flows
of the Quaternary Snake River Group on the eastern
Snake River Plain averaged 2.55 grams per cubic
centimeter, and seven samples of basalt flows of the
Miocene Columbia River Basalt Group north of the
plain averaged about 2.9 grams per cubic centimeter.
Two and one-half kilometers of the denser basalt
would produce a 25-milligal anomaly, about one-
fourth of the measured high. Three of the deep holes
(Halbouty James No. 1, Bostic No. 1-A, and Anschutz
Federal No. 1) found thick sequences of other
volcanic rocks that, on the average, are probably less
dense than the average crustal rocks.

Residual magnetic intensity over the western Snake
River Plain is generally higher than over the areas to
the north and south, but no magnetic feature coincides
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Figure 2. Bouguer gravity contour map of southern Idaho generalized from Mabey and others (1974). Heavy dashed lines indicate major
divisions of the plain. Narrow dashed lines are linecaments defined by the geophysical data. Contour interval is 19 milligals,

with the axis of the plain or the gravity high (Figure
4). The most prominent feature of the total-intensity
magnetic field is a high along the south side of the
plain with a less conspicuous low along the north
edge. Lower amplitude highs and lows, which gener-
ally do not correlate with surface geologic features,
occur over the central part of the western plain. The
magnetic field can be modeled in a variety of ways,
but the high along the south edge of the plain and the
low along the north edge, along with the extent of the
associated gradients, strongly suggests that the plain
is underlain, at a depth of a few kilometers, by a layer
of rock strongly magnetized in the approximate
present direction of the Earth’s magnetic field. At one
location on the southwest side of the plain, an
appendage of the magnetic high extends beyond the
plain, Underlying this appendage is the only extensive
body of Eocene volcanic rock exposed south of the
plain.

Shot points along the seismic-refraction profile
that extends south across the plain from near Boise
were at Lucky Peak Reservoir north of the plain, at

C. J. Strike Reservoir near the axis of the plain, and
at Mountain City south of the plain. In addition,
underground nuclear tests on the Nevada Test Site
were recorded. Several interpretations have been
made of the data obtained, and although interpreta-
tions differ in detail, they agree that the total crust
under the plain is over 40 kilometers thick, which is
about 10 kilometers thicker than in central Nevada,
and that the upper crust is thin under the axis of the
plain (Hill and Pakiser, 1966).

Heat-flow measurements in southwestern Idaho
have defined a heat-flow high along the margins of
the plain and a relative heat-flow low over the plain
(Figure 5). Brott and others (1978) conciude that a
large heat source underlies the plain and that the
heat-flow values measured in the near surface result
from thermal refraction in the sedimentary and
volcanic rocks underlying the plain and from the low
heat generation of the rocks in the upper crust under
the plain.

The gravity, magnetic, and seismic data have been
combined to produce an interpreted profile across the
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Figure 3. Faye gravity anomaly map of southern Idaho. Contour interval is 20 milligals. Heavy dashed lines indicate major divisions of the
plain. Narrow dashed lines are lineaments defined by the geophysical data and approximate extent of the Idaho batholith. The Faye
anomaly is the free-air anomaly corrected for the difference between the elevation of the gravity station and the average elevation
surrounding the station. For this map the elevations were averaged over an area 64 kilometers in radius.

western Snake River Plain. The extent of the flanks
of the gravity high beyond the plain require that a
part of the positive mass either extends across the
borders of the plain or lies at depths greater than 10
kilometers below the surface of the plain. Thus, the
anomaly is not produced entirely by dense rock
underlying the plain at depths of less than 10
kilometers. Very likely, the part of the anomaly with
a deep source relates to the thinning of the upper
crust as indicated by the refraction data. The steepest
gravity gradients associated with the high, however,
require a source above 10 kilometers. Some of these
steep gradients can be attributed to variations in the
thickness of the low-density sedimentary and silicic
volcanic rocks, but a high-density mass above 10
kilometers is also indicated. If the magnetic anomaly
over the plain is assumed to reflect a layer of dense,

strongly magnetized rock, the magnetic data can be
used with the gravity data to infer the depth and
extent of this unit. The near-surface anomalies can be
attributed to variations in the thickness and density
of overlying low-density rocks and the remaining
gravity anomaly attributed to the thinning in the
upper crust. Such a model is shown in Figure 6. Large
variations in this model are possible (for example, see
Mabey, 1976), but good evidence exists for the
approximate position and size of the major units.
Southwest of Boise, the crest of the gravity high
along the axis of the plain is offset about 30
kilometers in a right-lateral sense {dashed line, Figure
2). This offset may reflect displacement upon a north-
trending strike-slip fault. Such an offset is consistent
with the magnetic data and the configuration of the
southwest margin of the plain. North of the plain, the
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trend of the offset projects along the linear western
margin of the exposed part of the Idaho batholith. 1f
the two highs reflect a geologic unit that has been
offset, the offset probably occurred after most of the
mass anomalies underlying the plain were emplaced
but before part of the relative subsidence of the plain
that produced the present topography occurred.

All of the geological and geophysical evidence is
consistent with major segments of the western Snake
River Plain being bounded by normal faults, although
these faults may not have been the fundamental
structure that formed the plain. A thick sequence of
volcanic and sedimentary rock underlies the plain,
but what, if any, pre-Cenozoic basement underlies the
plain is not known. The large Bouguer gravity high
and the approximate isostatic equilibrium of the
plain relative to the adjoining highlands is in marked
contrast to the basin and range structures to the
south, With the basin and range structures, gravity
highs do not occur over the basins; isostatic balance
does not exist between the basins and the ranges; and
the bounding faults do not appear to extend deep into
the crust (Mabey, 1966). In contrast, the structure of
the western Snake River Plain extends deep into and
perhaps through the crust. If the term graben is used

nre 116° 115°

to describe the western Snake River Plain, a qualify-
ing statement should be included noting that pre-
Cenozoic rocks similar to those exposed north and
south of the plain are not known to be downfaulted
under the plain.

The western Snake River Plain has been described
by Warner (1975) as a lateral rift, and by several
others as a rift. Warner cites several lines of evidence
to prove that 80 kilometers of left-lateral displace-
ment has occurred along the Snake River Plain,
mostly since early Pleistocene time. He also infers
some separation across the western Snake River
Plain. Yet, Warner’s evidence for lateral movement
does not appear to have been generally accepted by
investigators of the plain. The trend of the western
Snake River Plain is approximately parallel to the
San Andreas and related faults southwest of the
plain, but no evidence of the right-lateral movement
of this system along the plain has been reported.
Although the geophysical data do not establish that
lateral movement has not occurred along the western
Snake River Plain, lateral movement does not appear
to be a likely cause of the major geophysical anoma-
lies associated with the plain.

Several investigators have inferred a relationship

114° 113° 112° 111°
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Figure 4. Residual total intensity magnetic map of southern Idaho at 3.8 kilometers above sea level. Heavy dashed lines indicate major
divisions of the plain, Narrow dashed lines are lineaments defined by the geophysical data. Contour interval is 100 gammas. Map from

Bhattacharyya and Mabey (1980).
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Figure 5. Contour map of heat flow in Idaho and adjacent areas.
Map modified from Lachenbruch and Sass (1980). Values are
heat-flow units.

between the western Snake River Plain and a better
exposed but narrower rift of parallel trend in northern
Nevada (Christiansen and McKee, 1978; Zoback and
Thompson, 1978; Mabey, 1976). The rift in Nevada,
which is Miocene in age, consists of a swarm of basalt
dikes overlain by a graben, filled with basalt flows
and sediments. Christiansen and McKee suggest that
the rift in Nevada and the western Snake River Plain
developed as a continuous rift about 17 million years
ago. They postulate that the two structures were
offset in a right-lateral sense by a transform fault
coincident with the eastern Snake River Plain and the
Brothers fault zone and related fault zones in Oregon.

If a rift is defined as an elongate rupture of the
entire thickness of the lithosphere under tension, such
an origin of the western Snake River Plain appecars
consistent with most of the geological and geophysical
evidence. The upper crust apparently was thinned or
pulled apart as major extension began about 17
million years ago, and the resulting depression was
filled with upwelling basalt and debris from the
adjoining highlands. The only major inconsistencies
are the cuttings of granitic rock reported from the
bottom of the deep drill hole 70 kilometers south of
Boise (Mclntyre, 1979) and the suggestion given by
the magnetic high over Eocene volcanic rocks south
of the plain that the magnetic high under the plain
may relate to Eocene volcanic rocks. The presence of
granitic basement at the bottom of the drill hole
overlain by a section of volcanic and sedimentary

rocks that were not strongly magnetized is not
consistent with the measured magnetic anomaly,
which requires strongly magnetized rock at depth.
Perhaps, the granite is a relatively thin slide block, a
floored intrusive unit, or a narrow sliver. The possibil-
ity that a thick sequence of pre-Miocene volcanic
rock may underlie the western Snake River Plain has
not been evaluated.

The western Snake River Plain appears to be a rift.
However, the western Snake River Plain differs
significantly from typical modern continental rifts
such as the Rio Grande rift in Colorado and New
Mexico and the Dead Sea and east African rifts. One
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Figure 6. Interpreted gravity profile A-A’, across the western Snake
River Plain, Idaho. Location of profile shown in Figure 1.

prominent difference is that the other rifts coincide
with gravity lows produced by low-density sediments
within the rift. Aithough the sediments underlying the
western Snake River Plain produce a gravity low, the
low is much smaller than the larger gravity highs with
approximately the same extent produced by deeper
mass anomalies, The gravity anomaly is similar to
that in the Salton Trough or the mid-continent
gravity high.

Two primary structures can explain the heat-flow
pattern in the western Snake River Plain. Brott and
others (1978} propose the emplacement of a large
heat source under the plain about 20 million years
ago and the development of an overlying crust with
low thermal conductivity and low heat-generating
capacity. The resulting model would account for the
measured high heat flow along the margins of the
plain and the low values on the plain. An alternate
explanation would involve the continued extension
concentrated along the margins of the plain and
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continued subsidence as the plain seeks isostatic
balance. Either thermal model is consistent with the
formation of the western Snake River Plain in
Miocene time as a tension rift.

CENTRAL SNAKE RIVER PLAIN

The boundary between the western and central
Snake River Plain is here taken as an east-northeast
line extending across the Snake River Plain from the
south end of the Owyhee Mountains at Poison Creek
to the southern flank of the Mount Bennett Hills
(Figure 1). Southeast of this line the plain widens as
the southwest margin of the plain loses topographic
expression and bends to the south and as the
northeast margin curves to the east and also becomes
a less prominent topographic feature. The prominent
magnetic high that lies along the southwest margin of
the western plain bends to the south and continues to
near the [daho-Nevada border (Figure 4), Here, the
high makes a bend of about 90 degrees to the east,
and generally corresponds to the margin of the
Bruneau-Jarbidge eruptive center (Bonnichsen, 1982
this volume). A less prominent gravity gradient is
coincident with the magnetic anomaly. The margin of
the Snake River Plain in this segment has no well-
defined topographic or surface geologic expression
and is here assumed to coincide with the south edge
of the subsurface mass indicated by the magnetic high
and the gravity gradient.

Silicic volcanic rocks extend southwest of the plain
into northern Nevada and southeast Oregon. South
of the plain silicic volcanic rocks lap onto a highland
in northern Nevada with a core of pre-Tertiary
sedimentary and intrusive igneous rocks and onto the
Albion Mountains with a core of Precambrian gneiss
domes. On the north are the Tertiary silicic volcanic
rocks of the Mount Bennett Hills and further north,
beyond the west-trending Camas Prairie, is the Idaho
batholith.

The Tertiary sedimentary rocks that cover much of
the surface of the western Snake River Plain extend
into the northwest part of the central plain, but most
of the central plain is covered by voleanic rocks. In
the west and south, the volcanic rocks are Miocene
and Pliocene rhyolite overlain by Pliocene and Quater-
nary basalt and, in the east, Quaternary basalt. Faults
trending north to northwest are common in the older
volcanic rocks. No data from deep holes are available
from this part of the plain, but Bonnichsen (1982 this
volume) has suggested that calderas are beneath this
area, buried within the Bruneau-Jarbidge eruptive
center.

Although the gravity and magnetic features along

the north edge of the western Snake River Plain
generally parallel its margin, the magnetic low is
interrupted where this margin of the plain begins the
eastward arc. Patterns in both the gravity and the
magnetic data can be interpreted to indicate a struc-
ture across the plain on a projection of the linear
northeast border of the western plain (Figures 2, 3,
and 4). A northwest grain in the magnetic data is
apparent to the east of this projection.

The amplitude of the gravity high over the central
segment of the plain is about 75 milligals, contrasted
with 100 milligals over the western plain. The crest of
the gravity high lies near the north edge of the plain,
and in two places to the south (Figure 2), closed
gravity highs trend parallel to this main gravity crest.
Although the amplitude of the gravity high over the
central plain is lower than over the western plain, the
plain and the total gravity high are broader and the
cross-sectional area of the positive mass underlying
the central plain is as large or larger than that under
the western plain,

The magnetic pattern over the central Snake River
Plain is similar to that over the western plain but the
amplitude of the high along the south edge is greater.
A northwest grain to the magnetic anomalies is also
more prominent, particularly in the eastern part.

No deep seismic-refraction data are available across
the central Snake River Plain, but the gravity anomaly
suggests a thinning of the upper crust. The thinning,
distributed over a greater width than under the
western plain or shallower positive mass anomalies,
may cause the greater width of the gravity high. Asin
the western plain, a layer of dense, strongly magne-
tized material appears to be overlain by less dense
and less strongly magnetized rock.

The heat-flow pattern over the central plain is
similar to the west except that high heat flow on the
southwest is continuous with the large area of high
heat flow in northern Nevada (Figure 5). The model
of Brott and others (1981) for the western plain also
applies to the western part of the central plain, but to
the ecast an area of low heat flow related to the
horizontal movement of ground water in volcanic
aquifers extends into the central plain.

The similarity between the geophysical anomalies
and the geology in the western and central Snake
River Plain suggests that these two parts of the plain
have a similar origin. One explanation is that they
both developed during extension in response to
regional tension approximately normal to the trend
of the present western Snake River Plain. Southwest
of the edge of the Idaho batholith, the extension and
the resulting thinning of the upper crust and subsi-
dence of the surface may have been concentrated in a
narrow zone, thus producing the structutre of the
western Snake River Plain. Southeast of the batholith,
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the extension may have been distributed over a wider
zone producing the structure of the central Snake
River Plain. If the crest of the gravity high reflects the
zone of maximum thinning of the upper crust, the
castward arcing of the crest of the gravity high
suggests a greater south component of movement of
the block south of the Idaho batholith. Perhaps the
block south of the plain was rotated clockwise.

EASTERN SNAKE RIVER PLAIN

The magnetic and gravity patterns change abruptly
on the east at a zone that trends northwest across the
plain from the northeast end of the Albion Mountains
(dashed line, Figure 1). Southwest of this zone, a
pronounced single or compound gravity high trends
subparallel to the plain. Northeast of the zone, the
Bouguer gravity anomaly is generally higher than
over adjoining areas but consists of a complex
pattern of highs and lows with the largest closed
gravity high elongated approximately normal to the
axis of the plain. No continuous magnetic high lies
along the south edge of the eastern plain. Over the
plain instead is a series of magnetic highs and lows
with high amplitude and a grain normal to the plain.
Thus, no evidence exists of a dense, strongly magne-
tized layer underlying the eastern Snake River Plain.
The land surface along most of the axis of the eastern
plain is higher than the margins, indicating greater
recent subsidence of the margins.

Southeast of the eastern plain are basin and range
structures trending approximately normal to the
plain. The ranges are primarily folded pre-Tertiary
sedimentary rock, and the valleys commonly are
underlain by thick accumulations of Cenozoic sedi-
ments. Pliocene and Quaternary volcanic rock occur
in several areas. Northwest of the eastern plain is a
zone of basin and range structures flanked on the
southwest by the Pioneer and White Knob Mountains
and on the northeast by the east-trending Centennial
Mountains. Folded pre-Tertiary sedimentary rocks
are the most common rocks in the ranges north of the
eastern plain, but Eocene extrusive and intrusive
igneous rocks are abundant. Geologic mapping north
and south of the plain has not revealed any evidence
of lateral movement parallel to the axis of the plain
(S. S. Oriel, oral communication, 1980).

Most of the eastern Snake River Plain is covered
by Quaternary basalt flows. The younger flows
appear to have erupted along fissures normal to the
plain approximately parallel to and in some places
along extensions of basin and range structures to the
north and south. Rhyolite domes ranging in age from
0.3 to 1.5 million years rise above the surface of the

basalt in the central part of the eastern plain (Kuntz
and Dalrymple, 1979; Spear and King, 1982 this
volume). Rhyolite ash flows are common around the
margins of the plain, and rhyolite has been found in
all of the deeper drill holes on the plain. Cenozoic
sediments are abundant in the surface and shallow
subsurface near the margins of the plain. Although
cracks and fissures with trends generally normal to or
parallel to the axis of the plain are common, evidence
of displacement along them is rare.

The structure of segments of the margins of the
eastern Snake River Plain appear to differ. The
linearity and steep gravity gradient parallel to the
margin of the plain east of Arco suggest a normal
fault near the plain margin. Along the south edge of
the plain west of Pocatello, the ranges appear to dip
under the margins of the plain but the gravity data
suggest they are terminated in the subsurface a few
kilometers to the north. East of Ildaho Falls, a
segment of the margin of the plain is coincident with
the edge of the Rexburg caldera complex (Embree
and others, 1982 this volume).

Although the eastern Snake River Plain extends
into the Intermountain seismic belt, there are few
earthquakes under the plain. Apparently, whatever
deformation is occurring does not involve large-scale
brittle failure of rocks underlying the plain.

Northeast of the eastern Snake River Plain lie the
large Island Park and Yellowstone caldera complexes.
Another large caldera complex, the Rexburg caldera
complex, has been identified on the eastern Snake
River Plain, and the existence of several others has
been inferred (Embree and others, 1982 this volume).
A northeast decrease in age of the silicic volcanic
rocks in and adjacent to the plain has been noted
from southwestern Idaho to Yellowstone National
Park (Armstrong and others, 1975). This large-scale
progression has been interpreted as indicating that
the central and eastern Snake River Plain coincides
with the track of a northeastward-moving center of
silicic volcanism (Christiansen and McKee, 1978).

Only one deep hole has been drilled on the eastern
Snake River Plain. This hole, which is on the Idaho
National Engineering Laboratory about 30 kilometers
east of Arco, was 3,155 meters deep and was bottomed
in a rhyodacite porphyry. The rock in the lower part
of the hole, which has been dated at 11.2 million years
(McBroome, 1981), may be an ash-flow tuff or a high-
level intrusive rock. Doherty and others (1979) suggest
that this hole was drilled into a caldera. Drilling and
resistivity soundings (Zohdy and Bisdorf, 1980) sug-
gest that Quaternary basalt is generally less than |
kilometer thick on the eastern plain, although in part
of the area it may be thicker.

Extensive seismic-refraction profiling has been
done in the eastern Snake River Plain and Yellow-
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stone National Park. Preliminary reports on the
interpretation of these data suggest that the velocity
structure of the crust under the eastern Snake River
Plain is similar to that of the western plain with a thin
upper crust and a thick lower crust and suggests that
the total crust thickens northeastward toward Yellow-
stone National Park (Braile and Smith, 1979).

The regional gravity high centered over the eastern
Snake River Plain extends well beyond the plain
{Figure 7). This high apparently reflects the thinning
of the upper crust toward the center of the plain
indicated by the refraction data, and the thinning
appears to extend well beyond the plain. Super-
imposed on this high are two gravity lows produced
by the Cenozoic sedimentary and volcanic rocks
underlying the margins of the plain. The maximum
thickness of these Cenozoic rocks has not been
determined, but it is likely to be several kilometers.

The source of most of the more extensive magnetic
highs on the eastern Snake River Plain is uncertain.
The basalt flows in the near surface of the plain are
strongly magnetized with both normal and reversely
magnetized flows, but the more extensive magnetic
highs have been interpreted as having a deeper source
(Bhattacharyya and Mabey, 1980). Some of the highs
on the plain near the south edge are over uplifted
blocks of Cenozoic rock and can be inferred to relate
to underlying Cenozoic intrusive rocks. Eaton and
others (1975) and Mabey and others (1978) have
pointed out that the eastern Snake River Plain is part
of a northeast-trending magnetic zone: the Humboldt
zone, that extends through Yellowstone National
Park. To the northeast of Yellowstone, this zone is
reflected in Precambrian rocks. Although the source
of the deeper magnetic anomalies over the eastern
Snake River Plain is not known, the crust under the
plain is composed of more strongly magnetized units
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Figure 7. Interpreted gravity profile B-B’, across the eastern Snake
River Plain, Idaho. Location of profile shown in Figure I.
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than adjoining areas.

Deep conductivity data are available in the eastern
Snake River Plain from magnetotelluric (Stanley and
others, 1977) and magnetic variometer soundings
(Fitterman, 1979; Wier, 1979). Published interpreta-
tions of the magnetotelluric data indicate a conductive
layer in the crust at depths of from 12 to 22
kilometers, but neither technique reveals a deep
conductive anomaly coincident with the plain.

A delay of up to 1.5 seconds in teleseismic P-wave
arrivals suggests that a low-velocity zone extends to
depths of over 200 kilometers under the northwest
edge of the eastern Snake River Plain (Evans, 1981).
This anomaly is a westward continuation of the P-
wave delay anomaly underlying Yellowstone National
Park. Thus, the Snake River Plain appears to be
offset from the low-velocity zone in the mantle. Shear
wave velocities of the crust and upper mantle are
lower under the eastern Snake River Plain than in the
Basin and Range province to the south (Greensfelder
and Kovach, 1980). Both low-velocity anomalies
might reflect high-temperature zones.

Although the surface relief across the eastern
Snake River Plain is about equal to that of the plain
farther west, the gravity and magnetic anomalies
suggest a somewhat different crustal anomaly. Rather
than an abrupt thinning or perhaps complete parting
of the upper crust, as appears to have occurred in the
western plain with an outpouring of large volumes of
basalt, the thinning of the crust under the eastern
plain is a broader feature; no evidence of large early
eruption of basalt is apparent, Instead, a complex of
silicic volcanic rocks and related intrusive bodies
appear to underlie most of the eastern plain.

The heat-flow pattern over the eastern plain is also
similar to that in the west. Over most of the eastern
plain, the near-surface heat flow is disturbed by the
southwestward movement of ground water down the
plain in the volcanic aquifer that underlies most of
the eastern plain. Brott and others (1981) believe that
this movement of water is the cause of the low heat
flow measured over the interior of the plain and that
the heat flow under the aquifer is very high. However,
the thermal data from the three holes drilled through
the aquifer in the INEL area of the plain do not
confirm that the thermal gradients below the aquifer
are higher than those along the margins of the plain.

The free-air gravity anomaly indicates that the
gastern part of the Snake River Plain, like its central
and western segments, is in approximate isostatic
equilibrium with the adjoining highlands. The thin-
ning of the upper crust under the plain represents a
positive mass anomaly that is the compensation for
the low surface elevation of the plain. The relative
thinning of the upper crust could result from exten-
sion normal to the plain, from lateral mass transfer
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related to igneous activity, or a combination of the
two. Extension normal to the plain would account for
the thinned upper crust, and the concentration of the
thinning near the margins could explain the apparent
subsidence and high heat flow there. However, the
evidence of northwest regional extension in this part
of the western United States in late Tertiary and
Quaternary time is unconvincing. The average density
of the crust can also be increased by the ejection of
lower density material in volcanic eruptions; however,
there is no evidence of the very large eruptions that
would be required to remove the volume of upper
crustal material necessary to produce the density
decrease indicated by the gravity anomaly.

In its simplest form, the thermal model suggests a
heat source propagating northeast relative to the
surface from southwest Idaho to a current position
under Yellowstone National Park. Brott and others
(1981) propose a quantitative model with a 120-
kilometer-wide heat source plane normal to the
Snake River Plain moved through a 42-kilometer-
thick slab of lithosphere at a velocity of 35 millimeters
a year. The model combines the heating and cooling
in this thermal event with a density increase under the
plain, which they believe could be caused by extension,
dispersion of granitic material, extrusion of ash
flows, or erosion. In this model, the major subsidence
of the plain is caused by isostatic adjustment of the
density increase. In their model, the continued subsi-
dence is caused by contraction due to cooling, as is
the development of rifts and the elevation decrease of
the plain toward the southwest. Morgan (1972) had
earlier suggested that the Snake River Plain is the
track of a mantle plume over which the continent
moved in Cenozoic time, whereas Smith and Christian-
sen (1980) suggest a mantle hot spot. Blackwell (1978)
has suggested that the heat source is related to
magma developed over a subducted slab. Others have
suggested that the Snake River Plain is a zone of
extension or a propagating fracture (Hamilton and
Mpyers, 1966; Lachenbruch and Sass, 1978; Smith,
1977, 1978; Furlong, 1979). In these models, a
mechanical process is the primary cause of the
structure and the thermal events. Numerous combina-
tions of thermal and mechanical processes are pos-
sible. A further complication is that the low-velocity
zone in the mantel indicated by the P-wave delay
anomaly, which is probably related to a deep heat
source, lies north of the plain.

Numerous fractures extend inward from the mar-
gins of the eastern Snake River Plain. From segments
of these fractures, large volumes of basalt have
erupted; other are open fissures in basalt flows (Kuntz
and others, 1982 this volume; King, 1982 this volume).
These fractures must be tensional features related to
extension parallel to the axis of the plain; the fact that

basalt is erupted through them suggests that they
extend to great depth. The model of Brott and others
(1981) suggests that cooling and related contraction
at depth could account for the opening of the rifts
normal to the axis of the plain. However, these rifts
may reflect a more regional extension suggested by
the basin and range structures to the north and south.

The most prominent volcanic rift on the eastern
Snake River Plain is the Great Rift along which the
Craters of the Moon lava field occurs. On the north,
this rift is coincident with an aeromagnetic anomaly
that extends across the edge of the plain and for 100
kilometers north of the plain. To the north this
anomaly is coincident with a zone which contains
several Cenozoic plutons. On the plain, the rift arcs to
the south to parallel basin and range structures south
of the plain. Thus, the rift appears to be related to
structures that extend beyond the plain.

The apparent relationship between the rifts on the
eastern Snake River Plain and the basin and range
faults to the north and south suggests they represent
different responses to extension of the crust approxi-
mately paraliel to the axis of the plain. Normal faults
south of the plain, and presumably those north of the
plain, appear to be controlled by old structures, many
related to overthrusting; many of the normal faults
flatten at depth to merge with major thrust faults.
Movement along these faults results in a thinning of a
surface layer that appears to generally correspond
to the allochthonous unit involved in the thrusting.
The underlying layer appears to extend by ductile
flow without the development of major normal faults.
Although the belt of overthrusting probably initially
extended across the area of the Snake River Plain,
subsequent igneous activity along the plain and
perhaps extension normal to the plain have disrupted
the thrust faults. Current extension of the upper layer
on the plain is not accommodated along preexisting
thrust faults but rather occurs by the opening of
vertical fractures to the depth at which extension is by
ductile flow. The greater subsidence of the margins of
the plain could occur under tension parallel to the
margins, if the ductile layer is thicker there, or it may
reflect the development of more local isostatic balance.

Although the entire Snake River Plain appears to
be in approximate isostatic equilibrium with the area
to the north and south, a more regional isostatic
anomaly is apparent on the Faye or average free-air
anomaly map of southern Idaho (Figure 3). Over
most of southern Idaho, the average free-air anomaly
values are positive, as contrasted with near-zero
values in Nevada (Mabey, 1966). However, the south-
eastern Idaho values are even more positive with
most of the area higher than +20 milligals. The
isostatic equilibrium of the plain relative to adjacent
areas superimposed on a more regional isostatic
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disequilibrium suggests that the compensation of the
plain occurs at relatively shallow depths but that a
much larger region apparently centered northeast of
the Snake River Plain is undercompensated. Perhaps,
deep dynamic forces account for a part of the high
elevation of this large region.

CONCLUSIONS

Geophysical data and deep drilling have been used
to obtain information on several aspects of the deep
structure of the Snake River Plain. Major problems
addressed are: (1) What regional anomalies in the
crust and upper mantle are associated with the plain?
(2) What is the nature of the stress fields and thermal
events that have formed the plain? (3) What is the age
of the plain? (4) What is the primary structure of the
major segments of the plain? (5) What rocks underlie
the plain at depths greater than the deeper drill holes?
(6) Do structural patterns adjacent to the plain
extend onto the plain?

The entire Snake River Plain appears to be
underlain by a thicker crust than the Basin and Range
province to the south. The Snake River Plain crust
consists of a thin upper crust and thick lower crust.
P-wave delays and shear-wave velocities indicate
that the mantle underlying the region of at least the
eastern Snake River Plain is also anomalous. The
velocity structure of the eastern Snake River Plain
has been studied intensely in recent years, and an
analysis of the data obtained will provide a velocity
model of this part of the plain. More refraction data
are needed to define the velocity structure of the
central and western plains. The anomalous crust and
upper mantle very likely are directly related to the
formation of the plain and probably preceded or
accompanied the formation of the plain. The thin
upper crust can be explained by extension, but the
cause of thick lower crust is not obvious. Brott and
others (1981) postulate that magma above a subduct-
ing slab coalesced under the Snake River Plain in the
manner that salt flows laterally into an initial pertur-
bation. A mantle hot spot or plume may have
thickened the lower crust as it moved under the plain.
The Snake River Plain-Yellowstone crust and upper
mantle appear to be a unique intraplate anomaly, and
the events in its development are not yet understood.
Regardless of how the crustal and upper mantle
anomaly under the Snake River Plain formed, the
structure of the upper crust underlying the plain
appears to hav