Memorial to Richard Eugene Fuller
1897-1976

JULIAN D. BARKSDALE
Department of Geological Sciences, University of Washington,
Seattle, Washington 98105

Richard Eugene Fuller was born in New York City
June 1, 1897, the son of Dr. Eugene Fuller, for many
years distinguished physician and Professor of Urology
at the Postgraduate School of Bellevue Hospital, New
York, and Margaret MacTavish Fuller. Mrs. Fuller, a
native of New York, traveled widely in this country
and Canada. In 1880 she made a trip with her father
around the world in ninety days. She became fasci-
nated with the Far East and developed an engrossing
interest in Asian art objects.

Richard, the youngest of four children, graduated
in 1915 from Hill School, Pottstown, Pennsylvania,
then broke a long-time Fuller ‘‘Harvard tradition’’ by
entering Sheffield Scientific School of Yale University,
class of 1918, as a chemistry major. World War I
intervened, and he left Yale in 1917 to serve as an ambulance driver in France with the
American Field Service Committee. (His sister, Eugenia, was serving with the American
Red Cross in Paris.) Richard returned to New York in 1918 and enlisted in the U.S.
Coast Artillery Corps. He was commissioned a second lieutenant and sent back to
France to attend the Artillery School at Angers. He served subsequently with Battery B,
42nd Coast Artillery and was mustered out at the end of the war.

Richard and Eugenia returned to New York from France early in 1919. The oldest
Fuller son, Duncan, had completed his surgical internship; so Dr. and Mrs. Fuller and
the three children soon left New York for the Orient, planning a year’s stay. For some
years Mrs. Fuller had been seriously collecting snuff bottles and other small Chinese
antiques as a hobby, and her enthusiasm was picked ‘up by her children during an
enforced stay in Nikko, Japan, when Richard was stricken with acute appendicitis.
The close family relationship of the Fullers was again demonstrated. Dr. Duncan Fuller,
the brother, performed his first private surgery; he was assisted by the senior Dr. Fuller.
Convalescence from an acute appendix operation in 1919 was slow. Duncan began a
collection of netsukes, the small Japanese toggles, a collection eventually named in his
memory when it was given to the Seattle Art Museum. Richard read widely while con-
valescing, and his interest was captured by jade. The enforced stay in Nikko led to his
beginning the famous Jade Collection, now greatly augmented on permanent exhibition
in the Seattle Art Museum.

The family returned to New York in 1920, and Richard re-entered Yale, receiving
his bachelor of philosophy, honoris causa, in the spring of 1921. The family then
moved to Victoria, B.C., whereupon Richard began what proved to be a short career
in banking (1921-1922) in Eugene, Oregon. Illness forced his withdrawal. When he re-
cuperated, the family toured South America and Western Europe, broadening its inter-
est in art, particularly in pre-Columbian fabrics and ceramics. Returning west in 1923,
the family settled in Seattle. Richard began the study of geology at the University of
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Washington. His interest in minerals and rocks brought him under the influence of
Professor George Edward Goodspeed. Fuller’s background in chemistry, physics, and
mathematics at Yale enabled him to complete a second bachelor’s degree in record
time, a bachelor of science in geology at the University of Washington in 1924. He
immediately began his field work for graduate study and by December, 1925, was
awarded his M.S. degree.

Fuller contributed early not only to the science of geology, but also to the produc-
tion of geologists. Aaron C. Waters became his field assistant during the summer of
1925, beginning an association that influenced Waters’s entire career. Fuller did his
M.S. thesis research in the nearby Snoqualmie Pass area in the Cascades and clearly
established that the Snoqualmie batholith broke through its roof and poured out as
volcanics. Waters and others (U.S.G.S. Prof. Paper No. 444) and subsequent investi-
gators have found the phenomenon to be typical of the Miocene-Pliocene intrusives
along the Cascade Chain. i

Goodspeed, Fuller’s supervisor, urged him to continue graduate work, suggesting
the Columbia Plateau basalts as a suitable topic for his Ph.D. His sister, Eugenia, was
very supportive, and her encouragemcnt enabled Dick to balance the disparate pulls of
family duty, the art world, and geology, a problem he faced the rest of his life. The
family always came first; geology sometimes nudged out art for second place, but only
momentarily. So he began his field work in the Columbia Plateau of Washington in
1926, with Aaron Waters again as his field assistant, gathering material for three papers
that appeared in 1927-1928. His was a creditable explanation of the origin of the Asotin
craters in Washington, and he brought to the attention of American petrographers and
petrologists the many occurrences of palagonitic alteration of basaltic glass in the
Columbia Plateau. Fuller (with M. A. Peacock) set up standards still useful in distin-
guishing cloropaeite, sideromelane, and palagonite, three mineraloids characteristic
of Cenozoic basaltic fields of the world.

Fuller soon realized that the Columbia Plateau basalt problem was too big for a
Ph.D. dissertation and concentrated his study on the Steens Mountain area in south-
eastern Oregon. His initial purpose was to compare the thick volcanic sequence in
southern Oregon with that composing the Columbia Plateau of Washington. The origin
of the structure of Steens and the associated mountains temporarily diverted him, but
he completed the field study with the devoted assistance, at various times, of Aaron C.
Waters, Charles W. Flagler, Howard A. Coombs, and Keith Whiting, all of whom
went on to notable careers in the profession. His Ph.D. degree was awarded in 1930,
and in 1931 an expanded version of the dissertation was published, complete with
twenty-nine chemical analyses of the diverse assemblage of rhyolite, andesite, basalt,
and latite that forms Steens Mountains, together with their calculated norms. Fuller
found that the basalts are chemically conventional, but that their colors and textures
are unique. Perfectly fresh basalt in Steens is a far lighter shade of gray than one would
expect. Most of the flows, in spite of thinness, consist of relatively coarse holocrystal-
line feldspar and olivine, with open cavities existing between the crystalline constituents.
Fuller proposed the name ‘‘diktytaxitic’’ for the texture (Greek, diktuon, net, + taxis,
arrangement) and it has become a standard glossary term. The publication was superbly
illustrated by aerial, as well as conventional photographs and remains a valuable
contribution to Oregon geology.

Fuller was a very busy man during his Ph.D. interval. He was elected vice-president
of the Art Institute of Seattle in 1929 and president in 1930. The Fuller collection of
jade had been growing steadily for more than ten years. The Art Institute was losing
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its quarters in a private house. Many decisions were necessary, requiring much of the
president’s time. That same year his father died, leaving a considerable estate acquired
over the years from successful investments. Full responsibility as head of the Fuller
family devolved on Richard, and he was temporarily lost to the field of geology he loved.

Once the estate was settled, the Fuller family offered to the Seattle Art Institute
on December 31, 1931, the sum of $250,000 for the purchase and construction of a
museum to be located in city-owned Volunteer Park. The building was completed in
1933 and given to the city to maintain while the Seattle Art Museum, the successor to
the Art Institute, assumed the cultural operation. Fuller served as president and direc-
tor, without pay, for the next forty years, bringing the Seattle Art Museum to rank
among the best in North America.

Fuller made a valiant effort to continue geological research. He gave numerous
papers at section and national meetings in the 1931-1941 interval, nine of which he
found time to complete for publication. Most were concerned with the Columbia Pla-
teau basalts. His major contributions in this period dealt generally with basaltic glass
and its alteration products, and particularly with the structures and products resulting
from aqueous chilling of basaltic lava.

The University of Washington appointed Fuller assistant professor in 1930, asso-
ciate professor in 1933, and research professor in 1940. He served the University part-
time without pay for thirty-two years. It was my good fortune to share his office from
1936 to 1942, to use his library and bound journals, and to benefit from his friendship
and counsel. He taught my structural geology class at least one quarter when I was
away on active duty during World War II. During 1942-1943 he also served as Major,
U.S. Army Specialist Corps for Procurement, in Seattle.

The birth of a basaltic volcano in a Mexican cornfield in February, 1943, brought
Fuller back into active geological participation. United States scientists from several
governmental agencies and universities wanted very much to participate in the study of
the eruption and its effects on the various fields of science before the record was lost.
The State Department was insistent that care be taken not to tread on delicate Mexican
sensibilities. A coordinator with scientific standing, tact, and managerial ability was
found in Fuller who, as President of the Volcanological Section, American Geophysical
Union, became Chairman of the U.S. Committee for the Study of the Paricutin Volcano
in 1944. He served with great effectiveness for six years of the committee’s existence.
His interest in the volcano and the region was to continue for the rest of his life. Fuller
met a young topographer working at Paricutin on one of his earliest visits and subse-
quently converted him to geology as a career, as he had done many others. By extended
correspondence and conversations over the years, Kenneth Segerstrom kept Fuller
informed on the posteruption history of the volcano and the region. As late as 1976,
Fuller was contributing to the support of an extraordinary amateur Mexican volcanolo-
gist who has kept daily records of the Paricutin area from the time of premonitory
earthquakes to the present day, and who recently has fallen upon hard times.

Fuller’s final geological publication came in 1950, but he never lost interest in the
science or in the department in which he continued to served as research professor until
1962. He kept up his fellowship in the Geological Society of America and the American
Association for the Advancement of Science. He was also a member of Phi Beta Kappa
and Sigma Xi. His interest in geology was encouraged by his wife, Elizabeth Morrison
Emory, to whom he was married in 1951. She was a delightful hostess, and her annual
dinner for the geology department was a highlight for many years. The period from
1951 to the time of her death in 1975 was, without doubt, the happiest of Dick Fuller’s
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long and eventful life, which quietly came to an end in Seattle on December 10, 1976.
He is survived by his sister, Eugenia, Mrs. John C. Atwood, Jr., of Philadelphia.

Fuller was a quiet, modest, cultured benefactor who influenced many lives. A
recognized scientist, art scholar, and administrator, he also enjoyed and supported
symphony and opera in Seattle. He played an enormous and varied role in the com-
munity. The many honors that came to him for these endeavors are recorded, in detail,
in the public print. His nature, however, was such that he would not have liked them
repeated here. Among his honors were Honorary LL.D. degrees by Washington State
(College) University in 1944 and Seattle University in 1969. He was designated Alumnus
Summa Laude Dignatus by the University of Washington in 1961. His financial con-
tribution to geology will long continue at his alma mater through his generous gifts
to the department and through his endowment of the Howard A. Coombs Geology
Scholarship in honor of a longtime chairman of the department, one of his early field
assistants, of whom he was very proud.

SELECTED BIBLIOGRAPHY OF R. E. FULLER

1927 The mode of origin of the color of certain varicolored obsidians (south-central
Oregon): Jour. Geology, v. 35, p. 570-573.

—— The closing phase of a fissure eruption: Am. Jour. Sci., v. 14, p. 228-230.

1928 The Asotin craters of the Columbia River basalt: Jour. Geology, v. 36, p. 56-74.

—— (and Peacock, M. A.) Chlorophaeite, sideromelane and palagonite from the
Columbia River Plateau: Am. Mineralogists, v. 13, p. 360-383.

1929 (and Waters, A. C.) The nature and origin of the horst and graben structure of
southern Oregon: Jour. Geology, v. 37, p. 204-238.

1931 Evidence on the gravitational accumulation of olivine during the advance of a
basaltic flow [abs.]: Geol Soc. America Bull., v. 42, p. 190.

—— The aqueous chilling of basaltic lava on the Columbia River Plateau: Am. Jour.
Sci., v. 21, p. 281-300.

—— The geomorphology and volcanic sequence of Steens Mountain in southeastern
Oregon: Washington Univ. [Seattle] Pub. in Geology, v. 3, p. 1-130.

1932 Tensional surface features of certain basaltic ellipsoids: Jour. Geology, v. 40,
p. 164-170.

—— Concerning basaltic glass: Am. Mineralogists, v. 17, p. 104-107.

1934 (and Hoffman, M. G.) Structural features in the Columbia River lavas of central
Washington: Jour. Geology, v. 42, p. 311-328.

1938 Deuteric alteration controlled by jointing of lavas: Am. Jour. Sci., v. 35,
p. 161-171.

1939 Gravitational accumulation of olivine during the advance of basaltic flows: Jour.
Geology, v. 47, p. 303-313.

1941 (and Goodspeed, G. E., and Coombs, H. A.) Metasomatism of a coaly sediment
into a igneous-appearing rock: Jour. Geology, v. 49, p. 190-198.

1944 (and Goodspeed, G. E.) Replacement aplite breccia [Cornucopia, Oreg.]: Jour.
Geology, v. 52, p. 264-274.

1945 (and others) A report on the United States Committee for the Study of the
Paricutin Volcano [Mexico]: Am. Geophys. Union Trans., v. 26, p. 131-133.

1946 Scientific cooperation at Paricutin: The Record, U.S. Dept. State Pub., v. 2,
no. 9, p. 6-7.

1950 Structural features in the Columbia River basalt: Northwest Sci., v. 24, p. 65-73.

Printed in U.S.A. 5/78




UNIVERSITY OF WASHINGTON PUBLICATIONS ‘l

IN |
GEOLOGY | 5

Vol. 3, No. 1, pp. 1-130 November, 1931

THE GEOMORPHOLOGY AND VOLCANIC -
SEQUENCE OF STEENS MOUNTAIN ; ‘
IN SOUTHEASTERN OREGON 1 |

BY

RICHARD E. FULLER

J This bulletin is modified from “The Petrology and Structural Relationship
of the Steens Mountain Volcanic Series of Southeastern Oregon,” a thesis
submitted at the University of Washington in 1930 in partial fulfillment
of the requirements for the degree of doctor of philosophy

UNIVERSITY OF WASHINGTON PRESS
‘ SEATTLE, WASHINGTON
1931




CONTENTS

PAGE
TRETOAUCHION © o o o ot e e e e e e e e 7
TLOBBHIGIL 4y ix « 0 o ovmomonn wmmims wme vw nine afboild GRESTIMS s WTEs 15E EFE0e swn oo 7
NAMIE . o v ihe et viemesbsasonasasesnevoennnens T P 7
BT TBEIE . oo e e e msms §56 A S 5GBS §0 8 FHAE gy e dn s 7
CUIBUEE & & 5 ¢ cmsms siws cmsmsme wmaimm e e me smsomn nom e s s $8388ERE a0 s 9
ACCEESIIIEY .« « v o «ov cmnimn s w5 8 pm T am e e v B e s - 9
General Geology and Scope of Investigation......................... 10
Previots LATETAtiTE v vuvos vosms omne e 66 s oot omsms saessanmsnnsnsons 13
General Reconnaissance Work. ... ... oo 13
Tocal Stratigraphy in Adjacent Regions. ..o 14
Origin of the StIUCTUT@. ..ottt 16
Wiormal Tanting: .5 cosesms sms covmwnms surmn md omama msmmami s 17

Genetic Importance of Step Faults. .. covvmceriaresininnenn. 17
Volcanic Vents Associated with the Scarps.................... 19
Circular Fault Basin. ......cooiiiiniiiieiinnenn. el enmen e 20

Absence of Folding and Other Compressional Effects............ 20

Even Distribution of the Deformation.......................... 20

Effects of Compressional Deformation in the Columbia River Plateau 21

Absence of Marked Lateral Movement. . .............oovn.. 21
Geomorphology of Steens Mountain............ ... 23
NOTEHEEE SEEETS .« v iov o ve nos 55 S a 566 Fas G55 $mata s cmsmn s <msms 23
High SEEEMS «:vuvsveronersasenmmnmemasseionassasneunsnssssns 23
Southern Steens and Its Relation to Pueblo Mountain................ 25
The Fastern Scarp of Steens Mountain. ........... ..., 29
GEETCEULE « \ o 4 5 st s o n e s ae s miie s sme tmiin s n et ras wne e s 54 B a 29
Erosion . B Rt LA © . T . . R 36
IDTAITAEE & 5.6 50 o5 5 gy m e v wis aowemm bon wimamn s i inio 355 A5 W TE 49 ¢ 36
GIACIATION © v o e e e e e e 38
Differential FrOSION ... onuurteee e 39

WiINA BEFOSION « ottt et e e e e e e e 39

T ATASIIAES & o v wiocomioime wommin 2 ns £5 585 383 0E 4ms 5u mws Fa wma no 40




The Volcanic SEqUENCE. ... ..uvwnrrenneeneenine e 43
SYBITIAT « v o o 5@5 553 SH8@s s smammuns nws sOESEERS EBT0s 30 curinn oo 43
Alvord Creek BedS. cov s ininsivevmerisoeonanecueansansssinse 46
General CharacteriStics .« vvvvvvrer e iera e 46
North of Alvord Creek. ... oot 47
South Fork of Alvord Creek. ... 48 . ‘ ¢
North of Little Alvord Creek. .. ... ..o 49
F0SSI] COMEENE v e v ee et e e e ne e an e 51
Early Intrusions in the Alvord Creek Beds.................oovennn 52
BASAIIE SHL © e oo s o crod 555 s ss som s mmn s Gmn wor B TR EAH LG 2 52
Rhyolitic Laccolth .. ....ovvneeneiieniiiiii e 53
Elongate Acidic Vent. .....covvveveimuiroreimsaraeaaann. 54 Tlie Geomorphology and Velcanic S€qU€HC€ il
Pike Creek Volcanic Series. .. .........ooeeeerremiiiane oo 57 ]
ToWer TS vttt et 58 Steens Mountain In Southeastern Oregon
TLower Laminated RIyolite. ... .....ovovvivmnniiii ... 58 »
Middle T'uffs and Their Stratigraphic Equivalent to the South..... 62
Upper Laminated Rhyolite. .......oovvriiiiieiioiiiinn. 63
Little Alvord Creek Rhyolite. . . oo ovvvveeerinvi e ierionnan 66
Upper THfls .ivrms tmsmaios speae e 6o et @ o0 DB 0 fen A o 2 oo 69
BAOHTEIDATIEE « « ¢ vore it cinie o n s B B S S SR e e s s 69
Rhyolitic Rocks of Cottonwood Creek and Willow Creek............. 73
Steens Mountain Andesitic Series. ... ...vi it 74
Basic ANAESIEE oo .e e v fin v e woimin wios noiemn 868 8 Rs 3 8GR 74
Thie Creak BlOMms o b wmt o £asm s m e wme i s e gms e i 77
(CotTEEAl TFOATUTES v oo a £ 6% 35 & 805 1255500 08 B 55 0o 4 s o 77
Petrology of the Great Flow. ...t 85
Upper Andesitic Series. . ccovvrvvanrrescvircnnintioinninn 87
Genetal FEatlifes: « «uvwnivin vms oir s a5 £5 868 Bajs Gt s s sus v 87
TISECIDULION. 5 5 & & 5i0s 5 & st 58 00 s s = fo ot n o mcms woms s #rst 508050 5 608 5 5 38 91
Petrology of the Upper Andesitic Series.................... 99
Steens Mountain Basalt. . ... 101
General Description .. .e.ovvvriiinedirmevorae vt as 102
TOISEABUELION, & & » o s s soreovs vinin wmirnn e 4 BT B ga s E g s goswy o s 104
Age Relationship . cciusovsossnnsas socusannmrmnconusiasssms 114
PEtrOSIaPIY « « v v < on o vn vmnms sis d8e saiss a b wa s e ka e e 115
Basaltic TNtrusSIOnS . v v v v emeeneneenennannseereneeeeosns 122
The TAter SBITEH. oo v e vs o sh s & 58 S5 500 @ # e s n i womain s n aesih 6 125 (5)




THE GEOMORPHOLOGY AND VOLCANIC
SEQUENCE OF STEENS MOUNTAIN
IN SOUTHEASTERN OREGON

INTRODUCTION
LOCATION

Lying in the arid sage-clad region of southern Oregon, Steens Mountain
forms by far the largest topographic feature in the northwestern part of the
Great Basin (fig. 1). The major central mass of the mountain consists of a
great fault block, which rises gently from the west with an even slope about 25
miles in length. The block, which is but slightly dissected by erosion, is trun-
cated on the east by a scarp, which drops abruptly to Alvord Desert, 5,500 feet
below. 'This scarp has been rendered extremely precipitous by valley glacia-
tion. The summit, with an elevation of approximately 10,000 feet, lies in the
south central portion of Harney County, a little less than 50 miles north of the
Nevada line at a point approximately midway between the California and the
Idaho boundaries (fig. 2).

NAME

Tn the early reports the mountain is referred to as Stein Mountain, which
according to hearsay in the region, is attributed to the German word meaning
“stone,” in reference to the magnificent exposures of rock on the eastern scarp.
Subsequently the word was corrupted to “Steins.” For at least the last 20
years, however, popular usage of the present generation has firmly established
the derived appellation “Steens Mountain.”

FIELD WORK

The writer’s field work in the region has been distributed over seven sum-
mers, varying in duration from two to nine weeks in length. The first two
years were devoted to reconnaissance and to the study of the basalt of the re-
gion in comparison to the Columbia River lavas. This investigation necessitated
the examination and sampling of the basalt exposed on the major fault scarps.

Subsequently the origin of the structure formed a temporary objective.
This culminated in 1929 in a joint publication with Aaron C. Waters on the
“Nature and Origin of the Horst and Graben Structure of Southern Oregon.™
In addition to a description of the structural features, this paper included brief
comments on the volcanic sequence of the region.

1 Richard E. Fuller and Aaron C. Waters, “The Nature and Origin of the Horst and
Graben Structure of Southern Oregon,” Jour. Geol., vol. XXXVII, pp. 204-239, 1929,
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Fig. 1.

The area shown in the sketch map in fig. 2 is here superimposed on a section

of the “Physiographic Diagram of the United States” by A. K. Lobeck, Chicago, 1921, The
scale is approximately 100 miles to an inch.
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Tig. 2. R. E. Fuller and A. C. Waters, op. cif,, fig. 1, p. 209.

CULTURE

Steens Mountain and the adjacent district is very sparsely populated, owing
to the fact that its principal industry is sheep raising. In the summer the
herds find good pasturage on the higher mountains, while in the winter they
forage on the scanty vegetation of the lower deserts, which are but seldom
mantled with snow. This industry is largely in the hands of Spanish Basques.
The region also contains several cattle ranches with hay land irrigated by the
larger streams. The towns named on many of the maps commonly consist of
a single store, which contains the post office. In addition, there are numerous
deserted homesteads, which as a rule were established about 25 years ago.

ACCESSIBILITY

A network of roads and the presence of playas enables one to motor to
within a few miles of almost any locality. Some of the main roads have been
improved. Many of them, however, consist merely of trails worn through the
sage brush. Locally occasional cloud-bursts render them very rough. Owing
to the trend of the faults, the chief difficulty in travelling lies in going east
and west.

To the north, a branch line of the Union Pacific ends at Burns, about 20
miles north of Harney Lake. To the southwest, Lakeview, situated at the north-,
ern end of Goose ILake, is the terminus of another branch line. The third
outlet of the region is Winnemucca, which lies about 120 miles below the Ne-
vada border on the nearest railroad line to the south. These three towns are
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all prosperous centers of one to two thousand inhabitants. They are all on well
constructed highways.

GENERAL GEOLOGY AND SCOPE OF INVESTIGATION

In southern Oregon, east of the Cascade Range, a varied series of late
Tertiary lavas is cut by the northern continuation of the Basin Range faults.
The differential movement of the fault blocks has resulted in the formation of
seven major depressions which are commonly bounded by precipitous fault scarps
varying in height from a few hundred to several thousand feet. These seven
depressions, which trend roughly north-south, are in order from west to east:
the Klamath graben (containing Klamath Lake), the Summer Lake-Chewaucan
Marsh-Goose Iake depression, Warner Valley, Guano Valley, Catlow Valley,
Alvord Desert, and McDermitt Valley.

These depressions are all relatively flat-floored owing to the accumulation of
sediments in the vast system of lakes which they once formed. The many
partially eroded beach terraces on the scarps throughout the region testify to
a previous depth of water of about 300 feet above the lake deposits, which in
themselves are probably many hundred feet in depth. The surface of the
bolson deposits, varying but slightly in the different basins, is over 4,000 feet in
elevation.

Since the melting of the Pleistocene glaciers on some of the higher moun-
tains, the lakes have diminished until now their former presence is indicated
chiefly by playa flats, -which usually have only.slight marginal vegetation. In
recent years most of the perennial streams in the region have been utilized for
irrigation. Denied this replenishment, the few surviving lakes are rapidly being
reduced to playas that are flooded only by occasional rains.

The depressions, or grabens, are bounded longitudinally by the steep scarps

-of the gently tilted fault blocks that border them. Many of these blocks are

defined by faults on both sides, and, in consequence, give rise to true horst and
graben structure rather than the tilted fault block mountains, which are char-
acteristic of much of the Great Basin. As a rule, the blocks dip away from the
major fault.

Only the two highest scarps in the region have been appreciably modified
by stream erosion. These two localities are the high eastern face of Steens
Mountain and the western side of Hart Mountain, which forms the eastern
wall of Warner Valley. Owing to their elevation and consequent greater rain-
fall these mountains have many small active streams. The principal erosion,
however, probably was confined to the Pleistocene when the climate is thought
to have been more humid. To this same period, there is also attributed the
marked valley glaciation of the higher portion of Steens Mountain. Fortunate-
ly these two localities form the centers of the principal volcanic activity of the
region, for the magnificent exposures in the numerous valleys that cut the
scarps furnish ideal opportunities for arriving at an interpretation of many of
their volcanic phenomena. The higher members of the series, however, have
survived erosion only on the lower scarps, which lack the stratigraphic com-

1931] Fuller; Steen; Mountain, Oregon 11

plexity of these two localities. As a consequence their complete interpretation
involves merely the study of sections at a few carefully chosen localities.
Although this report is confined principally to the Steens Mountain series,
it includes evidence on the stratigraphic relations of these volcanic rocks to
those exposed in the adjacent region. Since some of the abundant petro-gene.tic
proeblems demand additional study, they have been omitted. The investigation
practically ceases at the margin of the desert country which may be roughl}i
outlined by continuing to the southwest the line formed by the western wall of
the Summer I,ake-Chewaucan Marsh depression until it reaches the western
scarp of Warner Valley. West of this line, the exposures are less sgtist‘actory,
owing to the rapid increase in vegetation as the Cascade Mountains are ap-

proached.




PREVIOUS LITERATURE
GENERAL RECONNAISSANCE WORK

The earliest report on the geology of the region is by James Blake! In
the early seventies he examined Pueblo Mountain, which lies directly to the
south of Steens and is, in part, defined on both sides by continuations of the
same faults. Here are exposed both the southern continuation of the Steens
Mountain volcanic series and the underlying crystalline rocks on which it rests.
Blake gave a brief description of hoth the metamorphic and the volcanic rocks
and suggested that the latter might form the sequence for a large part of
southern Oregon, perhaps even extending northward beyond the Columbia River.

Tn 1881 and 1882, I. C. Russell made a general survey of the geology of
the northern end of the Great Basin. THis subsequent report? contained a re-
markably good reconnaissance map showing the major faults. He considered
the structure to be due to normal faulting. About twenty years later he made
a superficial examination® of Steens Mountain. He noted the basal tuffs, but
considered the lavas to consist entirely of basalt.

In 1903, a week’s study of the southern part of Steens Mountain enabled
W. M. Davis to make some general observations® on the structure and physio-
graphy of the mountain. In this report he suggested that the southern and
middle parts of Steens Mountain are defined by faults on the western side as
well as on the east, and therefore, that that portion of the mountain is a true
horst. Time did not permit Davis to visit the western scarp, but observations
by the writer have subsequently confirmed his impression.

About five years later, Gerald A. Waring spent two years in preparing a
very able reconnaissance report and map on the geology and water resources
of most of the volcanic region of southern central Oregon. This was published
in two papers® Waring did not attempt to do detailed work on the strati-
graphic succession, but merely subdivided the lavas into the Earlier Effusives
and the Main Lava Flows. R. J. Russell has since called attention to the fact
that the acidic lava forming one of the “Farlier Effusives” is apparently a later

intrusive.®

1 James Blake, “On the Pueblo Range of Mountains,” Calif. Acad. Sci. Proc., vol. 'V,
pp. 210-214, 1873.

2T, C. Russell, “A Geological Reconnaissance in Southern Oregon,” U.S. Geol. Survey,
Ann. Rept. 4, pp. 431-464, 1884.

81, C. Russell, “Preliminary Report on the Artesian Basins in Southwestern Idaho and
Southeastern Oregon,” U.S. Geol. Survey, Water-Supply Paper 78, pp. 16-23, 1903; “Notes
on the Geology of Southwestern Idaho and Southeastern Oregon,” U.S. Geol. Survey Bull.
217, pp. 33-34, 64-69, 1903.

4+ W, M. Davis, “The Mountain Ranges of the Great Basin,” Bull. Mus. Comp. Zool.
(Harvard University), vol. XLII, pp. 164-172, 1903-1905; reprinted in Geographical Essays.

5 Gerald A. Waring, “Geology and Water Resources of a Portion of South Central
Oregon.” U.S. Geol. Survey, Water-Supply Paper 220, 1908 ; “Geology and Water Resources
of the Harney Basin Region, Oregon,” U.S. Geol. Survey, Water-Supply Paper 231, 1909.

¢ R. J. Russell, “Basin Range Structure and Stratigraphy of the Warner Range, North-
eastern California,” Univ. Calif. Publ.,, Bull. Dept. Geol. Sci., vol. XVII, p. 427, 1928.
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LOCAL STRATIGRAPHY IN ADJACENT REGIONS

In 1910, Merriam published an article on the “Tertiary Mammal Beds at
Virgin Valley and Thousand Creek in Northwestern Nevada.”” Owing to their
proximity to the southern extension of the Steens Mountain volcanic series
exposed on Pueblo Mountain, both the age and the relationship of these beds
are of considerable importance.

South of Pueblo Mountain, and immediately west of the tilted spur formed
by the southern .extension of the volcanic series as it plunges southward, lies
the Thousand Creek Basin. 'This basin, which is but superficially eroded, con-
tains stratified tuffs of unknown thickness. These deposits directly overlie the
Pueblo Mountain series which the writer correlates with the upper flows ex-
posed on Steens Mountain. From their vertebrate fauna, these beds were con-
sidered by Merriam to be of Lower Pliocene age, but subseqient studies by
Dr. Chester Stock® indicate them to be “definitely Pliocene and fairly late in
that period.” These light colored tuffs are locally capped by a thin flow known
as the Railroad Ridge Basalt. This lava was thought to have originally filled
a river bed.

Immediately adjacent to the back of the Pueblo Mountain block no satis-
factory exposures are apparent. Merriam observed that the sediments as thev
near Pueblo Mountain develop a slight dip to the southwest,® but, although the
contact was not exposed, he considered the tufts to bear a strongly non-con-
formable relationship® to the underlying lavas. This interpretation would place
the period of faulting and its accompanying deformation relatively early in the
Pliocene. This age would be contradictory to the prevailing evidence found
elsewhere in the northern portion of the Great Basin, for Touderback’s work?®!
clearly indicated a late Pliocene or a post-Pliocene time for the beginning of
faulting. Viewed at a distance from the south, the tuffs appear to the writer
to curve upwards to the east, conformably overlying the flows. These indica-
tions, however, are based only on indefinite criteria dependent on the physio-
graphic expression, soil color, and vegetation.

The Thousand Creek Basin is bounded on the south by a steep fault scarp
exposing a thickness of rhyolite of at least 400 feet. To the south a series of
tuffaceous sediments about 1,500 feet in thickness lies on the irregular surface
of this acidic lava, which is referred to as the Canyon Rhyolite. These sedi-
ments are overlain by a thin cap of basalt called the Mesa Basalt in reference
to its physiographic form. This basalt was thought by Merriam possibly to cor-
relate with the similar Railroad Ridge Basalt in the down-faulted basin to the
north. Immediately beneath the Mesa Basalt the exposures are either very steep
or covered with talus and unsuitable for the collecting of fossils.
mrriam, “Tertiary Mammal Beds at Virgin Valley and Thousand Creek in
Northwestern Nevada,” Untv. Calif. Publ., Bull. Dept. Geol. Sci., vol. VI, pp. 21-53, 199-304,
1910-1911.

8 Personal communication.
20p. cit., p. 45.
10 0p. cit,, p. 29.

11 George D. Louderback, “Period of Scarp Production in the Great Basin,” Univ. Calif.
Publ., Bull. Dept. Geol. Sci., vol. XV, no. 1, pp. 1-44, 1924,
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The fauna of the lower beds was considered by Merriam to belong to the
Upper Miocene, while the upper part was considered possibly to correlate with
the very similar beds in the Thousand Creek region. Subsequent work by Stock,!?
however, indicates the beds in Virgin Valley to be of Middle Miocene age and,
therefore, unrelated to those exposed in the basin immediately to the north.
Traced northward the great volcanic series of Pueblo Mountain, which is but
10 miles away, also overlies sediments of supposed Middle Miocene age. To
prevent the Virgin Valley Beds from being flooded with these relatively fluid
northern lavas it is necessary to postulate a barrier, which may have been
formed by the great mass of Canyon Rhyolite.

Recently, Richard J. Russell published an excellent report'® on the geology
of the Warner Range of California, which forms the western scarp of the
southern continuation of the Warner Valley lying about 70 miles west of the
southern spur of Pueblo Mountain. Russell was primarily interested in the
structure and physiography of the region, but for the purpose of mapping, he
divided the volcanic series into stratigraphic units. Although most of this series
is probably of a relatively local distribution, a broader correlation was suggested
for two of the upper members.

Near the top of the volcanic series in the Warner Range, basaltic flows form
a sheet 30 to 600 feet in thickness. This lava, which Russell named the Warner
Basalt, was indicated by its stratigraphic relationship to be IL,ower Pliocene.
Russell considered that this basaltic series thickened to the north to form the
great exposures in the northern part of Warner Valley and at Abert Rim. He
also correlated it not only with the Mesa Basalt and the Railroad Ridge Basalt,
but considers “that it is very likely that this same sheet is, at least, in part, his
(Merriam’s) Pueblo Mountain series.”**

In northeastern California, a variable thickness of rhyolitic lava caps the
Warner Basalt and forms the uppermost member in the local stratigraphic
sequence. In a similar manner the extrusion of the acidic lava in this broad
volcanic field was thought by Russell to have been confined chiefly to a pro-
longed rhyolitic period subsequent to the basalt.’> In order that the sequence
in Virgin Valley and Thousand Creek basin might coincide with the type local-
ity he considered that Merriam failed to appreciate the full significance of fault-
ing and, in consequence, misinterpreted the geologic history. Although his evi-
dence is not very coherent, Russell apparently considered that the great expos-
ures of rhyolite adjacent to Virgin Valley and Thousand Creek are due to
post-Mesa Basalt extrusion, followed by the down faulting of these capping
volcanics.

The present writer, however, is in full accord with Merriam in considering
the Canyon Rhyolite to be below the sediments. The actual contact was locally

12 Personal communication.

13 Richard J. Russell, “Basin Range Structure and Stratigraphy of the Warner Range,
Northeastern California,” Univ. Calif. Publ.,, Bull. Dept. Geol. Sci.,, vol. XVII, no. 11, pp.
387-496, 1928.

14 0p. cit., pp. 416-417.
15 R. J. Russell, op. cit., pp. 427-429.
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excavated by the writer, and fragments of the glassy rhyvolite were found to
be included in the stratified tuffs. In addition, the acidic flow capping the
Pueblo Mountain series is definitely older than the Thousand Creek Beds. The
basaltic series which it caps has no apparent analogy to either the Mesa or the
Railroad Ridge Basalt.

Although the base of the Canyon Rhyclite is not exposed, it shows a thick-
ness of at least 300 feet within a horizontal distance of a few hundred vards
from the flat persistent cap of Mesa Basalt. If the rhyolite was subsequent to
the Mesa Basalt, a considerable thickness must have extended over this level
cap. It seems impossible to the writer to have erosion completely strip this re-
sistant acidic lava and still leave the undissected surface that characterizes the
thin basaltic cap. Russell, however, gives evidence of local acidic volcanic
activity subsequent to the Mesa Basalt. Scattered pebbles of obsidian resting
on the surface of this lava offer additional testimony. These may have been
deposited in tuffs, which have since been eroded.

Russell’s correlation of the Warner Basalt with the Steens Mountain series
will be considered in later pages.

ORIGIN OF THE STRUCTURE

In 1927, after a briefl reconnaissance, W. D. Smith published a paper*® on
the stratigraphy and structure of Steens and Pueblo Mountains, chiefly for the
purpose of advancing a compressional interpretation of the origin of the for-
mer. Smith points out that a similar theory*™ had been previously propounded
to explain the structure of apparently analogous features in central Africa.

This hypothesis demands that the tilted fault blocks in the region owe their
elevation to steep reverse faults either with or without horizontal movement.
This; displacement was thought to be due to shearing at approximately 45° to
the direction of compression. A graben such as that forming Alvord Desert
was considered to be due to mutually opposing thrust faults raising their blocks
above an intervening flat floor which was thought to represent the undeformed
prefaulting surface.

Without considering the many inaccuracies on which this theory is based,
the writer will review! briefly, or quote, the eight main arguments advanced by
Fuller and Waters'® to indicate the lack of compressional faulting in the regional
structure. A definite establishment of this basic principle is essential for the
correct interpretation of many features in the volcanic history of the region,
as well as in its physiographic expressiomn.

18 Warren D. Smith, “Contribution to the Geology of Southeastern Oregon,” (Steens
and Pueblo Mountains). Jour. Geol., vol. XXXV, pp. 421-441, 1927.

17 E. J. Wayland, “Some Account of the Geology of the Lake Albert Rift Valley,” Geog..
Jour., vol. LVIII, p. 353, 1921.

18 Op. cit, pp. 223-238.
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Normar FavrriNe

No thrust fault has been discovered in southern Oregon, although a number
of normal fault planes are well exposed. On Steens Mountain most of these
are in zones near the scarp and roughly parallel to it. They result locally in the
development of step faults. The step fault blocks cannot be confused with land-

- slides, for they lack the characteristic reverse rotation, and where the faults are

exposed the planes show no tendency to flatten even when they can be traced
downwards for a thousand feet. Although definite fault surfaces are locally
well exposed, the step faulting in this region usually is apparent only from
physiographic evidence. I.ocally the thin blocks may be traced along the scarps
for a mile or more. Several miles west of the main fault zone on Steens Moun-
tain there are also some minor normal faults which dip into the scarp.

GENETIC IMPORTANCE oF Stip FAULTS

“The writers are of the opinion that the numerous step faults defining narrow step
blocks which extend for a considerable distance along the fault scarps of southern Oregon
are a direct proof of normal faulting and are inexplicable by the compressional hypothesis.
Some advocates of the compressional hypothesis have explained these features as super-
ficial phenomena consequent on the overhang produced by the emergence of a thrust along
a valley side. A diagrammatic representation of this idea given by E. J. Wayland in his
account of the Albertine Riftl? is reproduced by Smith2® in his paper on Steens Mountain,
and has even been reproduced and the explanation quoted with approval in a standard text-
book of structural geology.2! Therefore, it may be worth while to digress for a moment
in order to point out some very obvious fallacies which it contains. The diagram in question
is reproduced as fig. 3. In the sketch of the scarp due to thrusting, the overhanging portion
of the emerged block is assumed to have fallen as two narrow step blocks so that a result is
achieved very similar to the escarpment produced by normal faulting. These step blocks

Fig. 3. “Wayland’s diagram showing the similarity of thrust and
normal fault scarps. The step faults on the thrust scarps are regarded as
superficial landslides.” R. E. Fuller and A, C. Waters, op. cit,, fig. 13, p. 226.

19 0p. cit, p. 353.
20 0p. cit,, p. 434, fig. 8.
1 Bailey Willis, “Geologic Structures,” p. 81, fig. 57.
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are, then, according to Wayland’s hypothesis, nothing more than landslides. No explanation
is offered as to the failure of these blocks to show the characteristic reverse rotation®? of
ordinary landslides. Wayland states that movement on a thrust of this type could only be
initiated by ‘enormous pressure’ and that ‘tremendous reliefs’ are necessitated in satisfaction
of this pressure2® A natural consequence of this pressure would be the extreme shearing,
crushing, and granulation of the rocks adjacent to the thrust surface. When this crushed
mass emerged overhanging the valley, one would expect it to give way and fall in an indis-
criminate jumble of debris. No large blocks arranged in an orderly step-like fashion such
as Wayland has drawn would be expected, and their occurrence could only be regarded as
fortuitous. That blocks of this type could extend unbroken for long distances along the face
of the escarpment is inconceivable.

“Tt is characteristic, however, that the narrow blocks bounded by step faults commonly
extend for distances of a mile or occasionally several miles without marked disruption.**
Obviously the faults which bound them extend down parallel, or approximately parallel, to
the main fault along which the maximum displacement of the range occurred and are not
surficial features that stop at the valley floor.

“However, let us grant for the moment that step faults might be formed as asstmned
by Wayland, and inquire into the possibility that the lower blocks would still preserve their
step-like relationship to those higher upon the escarpment. The diagrammatic sections in
fig. 4 convey the writers’ impressions of the necessary result. Upon a relatively small emer-
gence of the thrust block, the first step (1) would form, further thrusting would overturn
this block, and its lower part would be overridden by the advancing mass. The second step

Fig. 4. "Supposed stages in the evolution of a thrust fault scarp,
provided step blocks actually do form. On slight emergence the tip of the
thrust block would slip off, forming step block 1. Further movement
would overturn and override this block. If a second step block 2 is
formed it will no longer have a steplike relationship to the first block.”
Compare fig. 5. R. E. Fuller and A. C. Waters, op. cit, fig. 14, p. 227.

22T, C. Russell, “Geology of the Cascade Mountains in Northern Washington, ” U.S

Geol. Survey, Ann. Rept. 20, pt. 11, p. 194, 1900. “Topographic Features Due to Landslides,”

Pop. Sci. Monthly, vol. LIII, pp. 480-490, 1898. Bailey Willis, op. cit., p. 44. C. K. Leith,
“Structural Geology,” pp. 202-204, New York, 1923.

28 0p cif., p. 357.

2¢ |, Dixey, ‘“The Nyasaland Section of the Great Rift Valley,” Geog. Tour., vol. LXVIIIL,
pp. 120, 124-125, 1926, J. W. Gregory, “The African Rift Valleys,” ibid., vol. LVI, p. 23,
1920. Douglas W. Johnson, “Block Mountains in New Mexico,” Jour. Geol., vol. XXXI, pp.
136-137, 1903. 'Waldemar Lindgren, “The Tertiary Gravels of the Sierra Nevada,” U.S. Geol.
Surwvey, Prof. Paper 73, p. 42, 1911.  G. D. Louderback, “The Basin Range Structure of the
Humboldt Region,” Geol. Soc. America Bull, vol XV, pp. 324, 334, 341-342, 1904. “NMorpho-
logic Features of the Basin Range Displacements in the Great Basin,” Univ. Calif. Publ.,
Bull. Dept. Geol. Sci., vol. XVI, no. 1, pp. 1-31, 1926. John Parkinson, “The Great African
Troughs in the Neighborhood of the Soda Lakes,” Geog. Jour., vol. XLIV, pp. 33-49, 1914.
Tohn A. Reid, “The Geomorphogeny of the Sierra Nevada Northeast of Lake Tahoe,” Univ.

Calif. Publ., Bull. Dept. Geol. Sci., vol. VI, pp. 115, 117, 135-136, 1911. H. L. Sikes, “The

Structure of the Eastern Flank of the Rift Valley near Nairobi,” Geog. Jour., vol. LXVIII,
pp. 386, 389-390, 401, 1926.
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block (2), therefore, would not have a step-like relationship to the first, and this train o:
events would be continued as long as thrusting took place. The only way in which the
relationship pictured by Wayland could occur would be to have the block thrust up unbroken
to a position actually overhanging the valley (fig. 5), then to have step block (2) form,
and this later split asunder and the outermost part dropped to form step block (1). The diffi-
culties that such a hypothesis must encounter to explain a number of parallel step blocks
ext';nding unbroken for a considerable distance along a high fault scarp are too obvious to
merit discussion.

. Fig. 5. “Stages in the evolution of a thrust fault scarp accord-
ing to Wayland’s diagram (fig. 4). The entire block must first be
shoved up to a position overhanging the valley, then step block 2 must
slide down and later break and the outer portion of it slip down to form
step blpck 1. Such a mechanism appears to be very improbable.” Com-
pare with fig. 4. (Talus omitted from diagram.) R. E. Fuller and A. C.
Waters, op. cit., fig. 15, p. 228,

“A necessary corollary to Wayland’s method for the formation of step faults is that
these faults are confined entirely to the main rift scarp and are not found on the back
of the rift blocks or on the floor of the valley below. This is entirely out of accord with
the evidence from southern Oregon, where subsidiary faults parallel to the main fault
esc:;rpment can be found, not only on the back of the blocks, but also on the floors of the
grabens.”

“The general conclusion is reached, therefore, that the narrow well-defined step blocks
of considerable longitudinal extent, which are a common feature of normal fault scarps,
are not to be confused with the irregular landslides and heterogeneous masses of debris that
accumulate at the base of the scarps produced by steeply dipping thrusts.”

VorcaNic VENTS ASSOCIATED WITH THE SCARPS

“The prevalence of volcanic vents along the graben escarpments of southern Oregon
with a predominant orientation parallel to a potential fault which later cut them,
suggests that they occupied a line of tensional weakness even before the actual faulting had
begun. Compression would close the fault fractures tightly and make them very unfavorable
loci for vulcanism. In fact, some authors have stated as a general principle the theorem
that magmas characteristically shun the thrust planes and tend to work inward toward the
central portion of the deformed belt.2’ Where magmas have been intruded into areas under-
going severe compression they usually form concordant bodies parallel to the schistosity or
bedding, and not the roughly discordant types that are characteristic of volcanic feeders.
Although some authors have considered the presence of volcanic vents to favor the coni-
pressional hypothesis, the occurrence of these features along definite thrust planes has been
very rarely recorded. Their common association with normal faults, however, is now well
established, and numerous examples are forthcoming from widely separated parts of the

28 Rollin T. Chamberlin and T. A. Link, “The Theory of Laterally Spreading Batholiths,”
Jour, Geol., vol. XXXV, p. 347, 1927.
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world.2® If we grant that the so-called “normal faults” are recally thrusts we are at a loss
to explain their common association with volcanic feeders, since in ordinary thrusts these are
usually absent. On the other hand, if the normal faults are tensional this association is

entirely logical.”

Circurar Faurr Basiv

“If roughly elliptical to circular depressions, exemplified by Summer Lake, Silver Lake,
and the Upper Alvord playa, are due to compressional faulting, then the forces must have
acted centripetally like the closing of a camera shutter. Seemingly a dome would have
been the more logical structure under these conditions. It is particularly difficult to under-
stand how, in the case of the Upper Alvord playa, the deformation could have been restricted
to a very small central area only about three miles in diameter, and yet was sufficiently severe
to result in the walls of this tiny basin being thrust up as much as 1000 feet above the playa
surface. The actual mechanism of the formation of features of this type is somewhat
obscure, but regional tension allowing the release necessary for movement of such small units

appears to be absolutely essential.”

ABSENCE OF ForpiNG axp OTHER COMPRESSIONAL FFFECTS

The rocks associated with steeply dipping thrust faults are practically al-
ways greatly buckled and folded, yet the blocks formed by the volcanic series
in southern Oregon are astonishingly simple in structure. The most severe de-
formation should be found on the overthrust block adjacent to the thrust plane,
vet the hundreds of thin sections from the lava samples collected on the face
;)f the scarps show no evidence of granulation or crushing. Even vertical open
bands of lithophysae in a rhyolite vent on the Steehs escarpment have retained
their most delicate structure intact, and the bedding of the highly incompetent
waterlaid tuffs at the base of the mountain is still undisturbed (fig. 27).

Evexn DISTRIBUTION OF THE DEFORMATION

“Certain more general features of the southern Oregon fault-block country have no
obvious explanation if we assume that these structures are due to compression. From west to
east across the faulted portion of the state is a distance of more than 200 miles, and we have
no indication that the fault structure ccases short of the areas that Mansfield has mapped in
southeastern Tdaho—a total distance of over 500 miles. In southern Oregon there are seven
well defined north-south fault depressions of about equal magnitude. It would require a rather
unusual distribution of stress, if we assume compression, in order to produce such uniform
structures as these. Compressional stress generally tends to localize the failure in narrow
zones, but in this district the failure is practically uniform over the entire area.”

26 A. R. Andrew and T. E. G. Bailey, “The Geology of Nyasaland,” Quar. Jour. Geol.
Soc., vol. LXVI, p. 235, 1910. G. L. Collie, “Plateau of British Fast Africa,” Geol. Soc.
Awmerica Bull, vol. XXIII, p. 313, 1912. J. W. Gregory, “The African Rift Valleys,” pp.
16, 20, 23, 28, 29, 33, 36. D. W. Johnson, “Block Faulting in the Klamath Lakes Region,”
Tour. Geol., vol. XXVTI, p. 229, 1918. G. D. Louderback, op. cit, p. 312. G. R. Mansfield,
U.S. Geol. Survey, Prof. Paper 153, pp. 128, 135, 379, 390. John Parkinson, op. cit., p. 36. H.
L. Sikes, 0p. cit., p. 388. E. O. Theile, “Further Notes on the Physiography of Portuguese
East Africa, between the Zambezi River and the Sabi River,” Geog. Jour. vol. XLVI, p.
279, 1915.
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EFFECTS OF COMPRESSIONAL DerormarioNn 1n THE CoLuMBeIiA RIVER PLATEAU

“Comparison with adjoining districts shows that there is no reason why the basalts of
southern Oregon should not fold if subjected to compression. To the north the compres-
sion of the Columbia River basalt appears invariably to have resulted in folds2? rather than
faults. . . . These anticlines are a very different kind of structural feature from that com-
monly observed in southern Oregon. Rising as long narrow ridges of from 1000 to 3000
feet in height and from two to twelve miles in width, they are striking contrast to the anti-
clines of southern Oregon (if we assume that the grabens represent the sunken keystones of
anticlinal arches). These anticlines would be from 25 to 50 miles in width and would proh-
ably average around 4000 fect in height.”

ABSENCE OoF MARKED LLATERAL, MOVEMENT

In later pages an additional argument of importance was advanced in con-
sideration of Smith’s suggestion that the northeasterly trend of the northern part
of Steens Mountain and of the eastern scarp of Warner Valley is due to shear-
ing in both the horizontal and the vertical section at 45° to the direction of

compression.

“ .. . If these mountains are considered to have risen on shears oriented 45° to the
direction of pressure in both sections, there must have been considerable horizontal dis-
placement along the fault planes. According to this interpretation, Steens Mountain moved
northward in relation to the Alvord graben while the Bluejoint Rim moved southward rela-
tive to the adjacent Warner graben.”

“This horizontal movement entails numerous difficulties. A long fault splinter, such
as the Wildhorse Spur, which marks the position where one fault dies out and another con-
tinues the escarpment, somewhat offset from the first, would be sheared off by this horizontal
movement ; yet such features are common in southern Oregon. Horizontal movement of the
Bluejoint Rim scarp appears to be impossible, for the scarp shows a pronounced series of
zigzags and other irregularities which would lock the fault plane against lateral movement.
Another obvious difficulty is found in explaining the horizontal movement for those faults
which have uniform arc-like curves such as Winter Rim and the eastern scarp of Catlow
Valley. If the strike of the plane of failure is normal to the direction of thrust, there would
be no lateral movement. If, however, the strike were inclined, horizontal movement would
occur which would necessitate subsidiary compressional effects in a salient of the thrust
block and tensional effects in a re-entrant. No indication of these effects was observed in the
blocks bounded by curving and zigzag faults.”

27 George Otis Smith, “Anticlinal Ridges in Central Washington,” Jour. Geol.,, vol. XI,
pp. 167-177, 1903. “Geology and Physiography of Central Washington,” U.S. Geol. Survey,
Prof. Paper 19, pp. 1-40, 1903. Bailey Willis, “Physiography and Deformation of the Wenat-
chee-Chelan District, Cascade Range,” ibid., pp. 41-102. Gerald A. Waring, “Geology and
Water Resources in South-Central Washington,” U.S. Geol. Survey, Water-Supply Paper
316, pp. 22-25, 1913, Frank C. Calkins, “Geology and Water Resources of a Portion of Fast
Central Washington,” U.S. Geol. Survey, Water-Supply Paper 118, pp. 40-41, 1905. J Harlen
Bretz, “The Spokane Flood beyond the Channeled Scablands,” Jour. Geol., vol. XXXIII, pp.
236, 242, 243, 249, 1925. ]J. P. Buwalda, by verbal communication testifies to the folding of
the basalt in the John Day region of North Central Oregon (see also Geol. Soc. America
Bull., vol. XXXIX, p. 270, 1928.




GEOMORPHOLOGY iOF STEENS MOUNTAIN

Although the absence of the upper members of the local stratigraphic se-
quence suggests that Steens Mountain has undergone considerable erosion, the
topography is still almost a direct expression of the structure. In general, it
consists of a great structural mass dipping gently westward from a high eastern
fatlt scarp, which is continuous for over 50 miles. The southern and central
portion of this scarp lies approximately on a north-south line, but to the north
it swings eastward about 30°. The mountain can be divided roughly into three
parts, of which the most striking feature is an extremely simple high central
block. On both the north and south, this is bounded by lower, more complex
units which will be referred to as Northern and Southern Steens.

NORTHERN STEENS

Northern Steens is bounded on the east by a continuous scarp over 25
miles in length, with a predominant trend N. 30° E. (fig. 16). At its southern
end it rises to a height of nearly 3,000 feet, but to the north it decreases to
less than 1,000 feet. This decrease in elevation is accomplished largely by
transverse faults trending roughly east-west. At its northern end the scarp is
truncated by an east-west fault depression.

The southern half of Northern Steens is a relatively homogeneous tilted
block dipping gently away from the eastern scarp for a distance of about 15
miles. The northern half, however, is far more complex. This region was
well described by I. C. Russell® in his reconnaissance of 1882 in the following
passage:

“A narrow belt of country to the eastward of the northern part of Stein Mountains is
extremely rugged and difficult to traverse, owing to the abruptness of the upturned edges
of the long, narrow blocks into which it has broken. The fault lines that have determined

this topography are branches of the great fault along the eastern hase of the main range,
and trend approximately north and south.”

This tilted fault block structure has, as usual, been accompanied by the sedi-
mentation of the depressed areas. Farther to the west this part of the moun-
tain merges into a region of irregularly tilted small fault blocks.

HIGH STEENS

The central portion, known as High Steens, is structurally the simplest of
the three units, although, due to erosion, its topography is locally more com-
plex. For approximately 15 miles its eastern scarp towers about 5,500 feet
above the desert (fig. 6), and reaches an elevation of at least 2,000 feet greater
than that of Northern or Southern Steens.

The crest is formed by the eastern margin of a homoclinal block (fig. 7),
which dips westward at about 3° for a distance of over 20 miles, until it

11, C. Russell, “A Geological Reconnaissance in Southern Oregon,” U.S. Gecl. Survey,
Ann. Rept. 4, p. 439, 1882-1883.
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Fig. 0. Aecroplane view of High Steens from the northeast. Mann Lake Ranch lies
in the foreground. The scarp of Southern Steens and part of Pueblo Mountain may be
scen on the extreme left.

N

Fig. 7. Aeroplane view of High Steens from the northwest showing the gently tilted
surface of the block. The scarp in the middle foreground is formed by one of the east-west
faults that bounds the lower block of Northern Steens. Kieger Canyon is visible on the left,
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reaches the richly alluviated lower valley of the Donner und Blitzen River.
Although the block is truncated on the north by several definite fault scarps,
this transition to Northern Steens is accompanied by a slight northerly dip.
The scarp bounding High Steens (fig. 8) on the southern side is far more pro-
nounced, although it gradually decreases in throw towards the west as the eleva-
tion of the northern block diminishes.

Fig. 8 Aeroplane view of the scarp bounding the High Stcens block on the south taken
at a distance of several miles west of the summit. The more level block in the foreground
is that portion of Southern Steens known as Smith Flat.

SOUTHERN STEENS AND ITS RELATION TO PUEBLO MOUNTAIN

Southern Steens is a true horst, bounded on the western side by another
well-defined fault (fig. 9) which continues southward to the northern end of
Pueblo Mountain (fig. 10). At the northern end, this scarp has an orientation
about N. 30° W, but traced southward, it swings toward the west in a fairly
even curve, which increases more sharply near the southern extremity until it
reaches approximately N. 70° E. Where the scarp first appears above the
alluvium north of Catlow Valley it is very low, but as its even arc to the south
cuts higher on the gently tilted fault block it increases in magnitude to well over
1,000 feet.

Southern Steens is divided by a fault trending roughly N. 60° W. into a
northern and southern part. ‘The northern division, which is about 10 miles
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Fig. 9. Aeroplane view showing the curving western scarp of Steens rising over 1000
feet above Catlow Valley. The scarp on the right divides Southern Steens. The higher
block is Smith Flat.

across, is a very level and homogeneous block known as Smith Flat. At its
castern scarp this block dips westward at 2° or 3°, but within a few miles to
the west, the slope gradually decreases. Towards the western fault there is a
reverse dip of about 1°, forming a very shallow, poorly defined sag on the north-
south axis. On the north, Smith Flat is bounded by the southern scarp of
High Steens. Owing to the slightly greater dip of the latter, the fault grad-
ually increases in throw as it is traced eastward (fig. 8).

The downthrow of the fault dividing Southern Steens is to the south. Sev-
eral miles south of this scarp the southern division is cut by many subsidiary
faults, which are accompanied by the tilting of the small blocks, raising their
summits considerably higher than the even slope of Smith’s Flat. These blocks
progressively decrease in elevation to the west. At the main eastern scarp a
rugged crest is formed by a trachyte flow which dips S. 60° W. at about 12°.
This inclination closely corresponds to that of the lavas forming the Pueblo
Mountain series, which gradually increase in dip to approximately 20° as thev
continue southward. ‘

iy
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Fig. 10. Aeroplane view from the north of the curving western scarp at the northern
end of the Pueblo Mountain block. This scarp is the southern continuation of the one
defining Southern Steens. Lone Mountain is visible in the middle distance. R. E. Fuller
and A. C. Waters, op. cit., fig. 6, p. 218,

Viewed from the north, the stratigraphic sequence and structure of the two
mountains appear continuous (fig. 11). Between the southern portion of
Steens and the northern continuation of Pueblo Mountain there is, however, a
down faulted area known as Broad Valley, forming the only break in the
Pueblo-Steens Range, which is nearly 100 miles in length. This depression is
due to the presence of a number of minor tilted blocks which le at a low
elevation and have a predominant strike of approxiiately N. 65° W., and a dip
to the southwest of about 10° to 15°.

To the south of Southern Steens at the eastern end of Broad V alley, an
extensive re-entrant in the main scarp is bounded on the west by a high escarp-
ment which exposes the previously mentioned tilted series of lavas. Continuing
southward with a gradual increase in elevation, this tilted block forms the west-
ern ridge of Pueblo Mountain. The northern part of this ridge is undoubtedly
defined on the east by a fault, but the throw must decrease with the elevation
of the eastern ridge. To the west the dip of these tilted lavas decreases rapidly
until the block is approximately flat adjacent to the western scarp.
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Fig. 11. Aeroplane view from the north of the tilted blocks forming the southernmost
limit of Southern Steens. Broad Valley lies in the middle distance to the north of the exten-
sive re-entrant. Still farther south on the extreme left the older metamorphics form the
dome-like eastern crest of Pueblo Mountain, while the southern continuation of the great
volcanic series is exposed on the right. R. E. Fuller and A. C. Waters, op. cit, fig. 7, p. 219.

The re-entrant which this ridge bounds is filled at least at its northern end
with soft sediments whose conglomeratic facies contain the predominant types
of lava characteristic of Steens and Pueblo Mountains. With north-south fault-
ing or a continuation of it, the block on which these sediments rest has been
tilted to the west at an angle of about 5°, raising the eastern end 400 feet or
more. These soft, easily eroded deposits still retain a distinct scarp which con-
nects the main eastern fault of Steens with that bounding the metamorphics
forming the eastern ridge of Pueblo Mountain. This evidence of recent faulting
supports the conclusions which W. M. Davis attained from studies farther to the
north.?  Similar testimony is also clearly defined at several other localities in this
region (fg. 12).

2 W. M. Davis, “Mountain Ranges of the Great Basin,” Mus. Comp. Zool. Bull. (Harvard
University), vol. XLII, p. 1, 1903-1905.
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Fig. 12. View of the scarp southwest of Upper Alvord Basin show-
ing in the foreground the displacement caused by a recent fault. The
partially dissected miniature scarp, which is about six feet in height, can
be traced for at least a mile.

THE EASTERN SCARP OF STEENS MOUNTAIN
STRUCTURE

At the eastern scarp of Southern Steens, the displacement has occurred in
two main faults that converge towards the north. The southern continuation of
the eastern one, which trends roughly north-south, defines Pueblo Mountain on
the east. The resulting scarp varies greatly in height, depending largely on the
differential resistance of the rocks exposed. The western fault trending in general
N. 20° L. forms a more persistent topographic feature exposing a relatively uni-
form series of flows. Below this scarp an irregular broad shoulder, which has
been extensively faulted, shows minor exposures of various volcanic rocks compli-
cated locally by vent characteristics. No conclusive evidence was obtained on the
stratigraphic relation of these lavas to the main series. It is possible that they
represent a graben filling which was extruded during an early stage of the faulting.

The major faults defining this shoulder converge to form a single steep scarp
which continues approximately due northward and merges into the western wall
of Wildhorse Canyon. Here just as it reaches High Steens the southern fault
dies, Northward, its place is taken by another scarp offset about four miles to the
east (fig. 13). This northern scarp rises from the playa as a thin tilted block,
known as Wildhorse Spur. These two scarps were probably once joined by one
that survives ‘on the south side of an isolated plateau north of the spur. This
plateau forms a slightly depressed erosion remnant of Smith Flat.
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West of it, Wildhorse Canyon continues northward for a total distance of
about 10 miles. The position of the valley directly in line with the southern
scarp must be due to a structural weakness caused by a minor continuation of
the fault. Its presence parallel to the eastern scarp renders the southern crest
of High Steens extremely serrate.

Fig. 13. Aeroplane view of the summii of High Steens from the south. On the left
the scarp of Southern Steens continues up Wildhorse Canyon, while the main northern
scarp is offset about four miles to the east. The isolated plateau in the foreground is a
remnant of the northeastern corner of Smith Flat, which has been slightly depressed by
the Wildhorse Canyon fault.

Owing to erosion and to minor deformation the eastern scarp of the spur
is not very well defined, but it trends approximately N. 20° W. The northern
continuation of this fault bounds the southern extremity of the High Steens
block for about a mile, after which a slight re-entrant marks a change in the
predominant direction of the scarp to approximately north-south. Between Pike
Creck and Toughey Creek, which lie directly to the south of this point, there are
a number of well-defined step faults (fig. 14) showing slickensided surfaces.
These individually show a maximum displacement of several hundred feet. Only
the most westerly one of these faults can be traced northward owing to the
above mentioned re-entrant. Bearing approximately the same orientation as the
eastern margin of the spur, this fault cuts higher on the scarp to the north of
Pike Creek. Tts throw, however, gradually decreases and it disappears within
about half a mile.

Fuller; Steens Mountain, Oregon

Fig. 14. In Toughey Creck a view of the main scarp shows one of the
numerous step faanlts, which occur in this locality.

Similar step faults are relatively common throughout the region. The
Blocks liberated by this faulting as a rule vary in width from a few feet to
several hundred vards. The displacenient observed in the individual faults usu-
ally has been only a few hundred feet. In the lower scarps, where erosion has
Leen less severe, these subsidiary faults form marked physiographic breaks, which
in some nstances may be traced for several miles (fig. 16). In the fault zone
exposed near the southern end of High Steens, however, the actual step fault
blocks are either so narrow or so eroded that they have no obvious effect on
the topography. These step faults cannot be confused with landslides, for the
blocks lack the characteristic reverse rotation. The fault planes, where exposed,
show no tendency to flatten. One in fact retains a uniform inclination for a
vertical distance of almost 1,000 feet.

This locality was the only one where the actual surface of the faults form-
ing the scarps was observed.? These fault planes dip eastward at an inclination
varving from about 50° to 65°. They appear to average about 60°. In a few
instances inclined slickensided grooves indicate a slight lateral movement.
In adjacent planes, however, the direction of the strike slip showed no regular-
ity. Most of the polished surfaces testify to its absence.

To the north of this point for over 10 miles, the scarp continues approxi-
mately on a north-south line. North of Alvord Creek, however, there are a
number of low salients in the interfluvial areas. These form irregular benches
at about 1,000 feet above the desert (fig. 6). Usually the exposures are not
sufficient to permit the interpretation of their relationship to the main scarp.
In the valley of Cottonwood Creek, however, a vertical fault, exposed at the

2 R. E. Fuller and A. C. Waters, op. cit., fig. 11, p. 223.
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western margin of the bench, indicates that the eastern side has been ele-
vated. The extent of displacement was not determined but it must be several
hundred feet. In Willow Creek, the next valley to the north, a similar fault
shows a minor displacement. These faults are roughly parallel to the main scarp.

In proof of the tensional origin of the structure a few minor faults, ex-
posed at about two miles west of the scarp, are of considerable importance.
Although these are approximately parallel to the major fault, some of them dip
westward. In the valley of Alvord Creek, the displacement of a dike proves
the western block to be downthrown about 200 feet.* T'o the north, in the
valley of Mosquito Creek, two of the smaller faults converge downward, per-
mitting the depression of a wedge-shaped block. The presence of interbedded
grey tuffs near the base of the series renders this deformation apparent. This
same bed of tuff adjacent to a basaltic vent on the northern margin of the
lower cirque shows miniature normal faults dipping westward (fig. 15). The
intersection of vertical faults with these normal ones has, in this instance, also
permitted the depression of minute wedge-shaped blocks. The displacement is
only a matter of inches, but it furnishes additional testimony of tensional forces.

Fig. 15. View of the miniature faults exposed in the bedded tuffaceous
sediments on the northern side of the lower cirque in Mosquito Creek. The
inclined normal faults dip westward towards the main mass of the mountain.
Some of the vertical fractures show a slight displacement, which permits the
depression of miniature wedges.

Although individual exposures on High Steens are very precipitous, the
scarp as a whole shows a slope close to 20°. On the other hand, the basaltic
series at Bluejoint Rim, in the northern portion of Warner Valley, has pre-
served locally a slope of almost 70°, if one disregards the insignificant accumula-

+R. E. Fuller and A. C. Waters, op. cit, fig. 12, p. 224
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tion of talus at the base. There is no proof, however, that this surface repre-
sents the uneroded footwall of the fault. The extreme inclination probably is
due in part, both to the vertical jointing of the rock, and to the erosion caused
by the former presence of Bluejoint Iake. Possibly the sapping may have been
increased by the presence of underlying tuffaceous beds now unexposed.

Fig. 16. Aeroplane view from the south of the circular fault hasin known as Upper
Alvord. The playa is about two miles in diameter. In the distance, to the left of the center,
the scarp of Northern Steens shows the offset with the formation of the step fault (fig. 20).
To the east, the minor blocks parallel to the main fault are clearly defined.

Elsewhere in the Great Basin the scarps show a relatively uniform slope,
usually of about 30°, although the actual faults, as on Steens Mountain, have
a\'erag,;ed close to 60°° In southeastern Oregon, however, the slope of the
scarps varies greatly. This is probably due in part to the intensity of subse-
quent erosion at different elevations, but chiefly to the differential resistance of
the various volcanic rocks, which are exposed.

Although the scarps in the northern part of the Great Basin have a pre-
dominant north-south trend, many of them show marked local irregularities.
Some show broad curves, which even define circular fault basins (fig. 16), while
T s W. M. Davis, “The Basin Range Problem,” Nat. Acad. Sci. Proc, p. 389, 1925. J.
Gilluly, “Basin Ran!ge Faulting along the Oquirrh Range, Utah,” Geol. Soc. America Bull,
vol. XXXIX, p. 1113, 1928. A. C. Lawson, “Recent Fault Scarps at Genoa, Nevada,” Seismo-

logical Soc. America Bull, vol. 11, pp. 193-200, 1912. 1. J. Pack, “New Discoveries relating
to the Wasatch Fault,” American Jour. Sci., vol. XI, pp. 398-410, 1929.
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others show sharp changes that produce a marked zigzag course. These changes
in direction generally are accompanied by subsidiary faults. In spite of these
minor faults, the scarps as a rule are continuous. A good example of this type
may be observed at the northern end of High Steens (fig. 17), where the scarp

Fig. 17. Acroplane view of the northern end of High Steens from the east. The curva-
ture in the scarp, attained by the branching faults, occurs at the junction with the lower
block known as Northern Steens.

curves sharply eastward to about N. 30° E. This curve is attained by the for-
mation of branching faults. The main fault may be observed to continue north-
ward with diminishing displacement, while the eastern branch develops the
main scarp, until another branch trending slightly farther to the east takes its
place. 'These faults also permit the downthrow of the northern block. The
major displacement, however, appears to have taken place in a fault that
branches to the west from the main scarp at the southern end of the curve.
This normal fault with a displacement of many hundred feet lies about N.
25° W.

To the north of this curve, the eastern scarp of Northern Steens continues
for nearly 30 miles, gradually diminishing in elevation from approximately 3,000
feet to a few hundred. The most marked irregularity occurs about 15 miles
to the north of High Steens at Stone House Creek. Here the scaip is offset
over a quarter of a mile to the east. The eastern scarp emerges from the
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valley alluvium as a tilted block plunging southward at about 7°¢ (fig. 18).
Traced northward it flattens within the distance of a mile to form a well-defined
step fault block (fig. 16) several hundred vards in width, with a surface about
300 feet below the local crest of the mountain. Gradually increasing in eleva-
tion, this thin subsidiary block continues for several miles until truncated by a
transvefse scarp. Northward the surface of this step fault block widens from

"less than a quarter of a mile to probably close to a mile, due to the fact that the

orientation of the high scarp is approxinﬁately N. 20° E., while that of the east-
ern scarp is about N. 30° E.

Fig. 18. View of the scarp of Northern Steens about ten miles north
of the Mann Lake Ranch. The southern end of the inclined step fault
block is clearly defined. This hlock becomes horizontal after attaining an
elevation of about 1060 feet.

This step fault block dips westward at about 3°, which corresponds to the
inclination of the main mountain mass. At the southern end of this block,
there is a longitudinal depression on its surface adjacent to the northern con-
tinuation of the main scarp. This depression is less than 100 feet in depth,
and is bounded on the east by a sharp escarpment which shightly suggests an-
other fault. It is more probable, however, that the basin is due to erosion origi-
nating in a manner similar to Wildhorse Canvon. The depression has been
blocked to the south by a landslide so that it now forms a small lake basin
filled with sediments (fig. 19).

To the north the eastern scarp of Northern Steens rvetains a remarkably
straight orientation, at about N. 30° E., and an approximately even elevation
of the crest. At intervals, however, it is cut by branching faults trending north-
ward. The pronounced modification of Northern Steens by these fauits has
previously Leen mentioned.
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- Fig. 19 Lool\iing southward on the top of the above mentioned step
tault block. The formation of the playa lake is attributed to the damming
of an erosional valley by a landslide.

On the scarp of Northern Steens, the effect of drag is still locally visible.
This effect is apparent from the rapid change in the inclination of the beds on
approaching the scarp. I‘rom a slight dip away from the fault plane they curve
until almost parallel to the present slope. As a rule this indication of drag
survives only on the lower scarps where erosion has heen less severe. It is also
clearly defined on the western margin of Southern Steens and east of Alvord
Desert. At the base of the scarp of High Steens there are some isolated ex-
posures showing highly inclined structure which is also attributed to drag.

Opposite to the southern end of Northern Steens a number of isolated fault
blocks rise above the playa flats (fig. 20). The dip of these blocks is very
varied. To the east of them, lies the circular fault basin referred to as Upper
Alvord, although actually its floor is slightly lower than the playa to the south.
To the north, however, the structure is dominantly parallel to that of Northern
Steens, and two blocks dipping ‘to the northwest define elongate alluviated valleys
(fig. 16). These blocks which are also cut by transverse faults, lie in the center
of a graben bounded on the east by a high scarp paralleling that of Northern
Steens.

ErostoN
DRAINAGE

At the southern end of High Steens a rugged crest separates the previously
mentioned Wildhorse Canyon from the headwaters of the streams of the east-
ern scarp. In a similar manner, towards the northern end of the mountain
Kieger Canyon parallels the scarp for several miles until it gradually swings
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westward as a tributary to Donner und Blitzen River. The cirques at the head
of these two valleys, which are on the same north-south line, lie within six
miles of each other. This alignment probably has been caused by a minor struc-
tural displacement parallel to the scarp, although the actual fault plane was
not observed by the writer.

L/

Fig. 20. Isolated fault blocks at the northern end of Alvord Desert viewed from the
south. A small recent fault cuts their eastern scarp. Note the encroachment of vegetation
at the margin of the playa.

Most of the creeks on the eastern scarp have been developed by consequent
drainage. Structural control due to branching faults was observed only in the
north fork of Mann Creek and in the adjoining valley to the north. The dif-
ferential resistance of the rock has resulted merely in small irregularities. The
minor forks of most of the streams are insequent, but the large forks of two
valleys appear to have originated as independent consequent streams.

Frosional depressions near the base of the scarp suggest that both forks of
the south fork of Alvord Creek originally flowed directly westward. The gather-
ing ground is too small to attribute the re-adjustment to normal capture. They
each were probably diverted to the deeper valley on the north by their own valley
filling. There is similar evidence in the valley of Willow Creek. The south fork
of the latter appears to have originally formed the headwaters of ILittle Willow
Creek.
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Fig. 21'. L.ooking northward down the U shaped glacial valley of Kieger Canyon from
the top of its cirque directly west of the head of Mosquito Creek.”

Many of the names (see sketch map, fig. 23) used for different creeks on
the eastern scarp are well established by local usage, but, in some cases, the
name is more indefinite and varies with different inhabitants. Most of the
larger creeks have a smaller adjacent valley to which the diminutive is applied.
Owing to the fact that two small parallel valleys between Dry Creek and Mann
Creek are apparently unnamed, the author, following this precedent, has called
them Little Dry and Little Mann. The valley designated as Toughey Creek is
also locally known as Little Indian.

GLACIATION

I. C. Russell® and Waring® considered the broad U-shaped valley of Kieger
Canyon (fig. .21) to he due to stream action subsequently modified by glacial
erosion. Smith® later observed the well-marked evidence of glaciation in Wild-
horse Canyon. 1In addition, however, the presence of broad shallow cirques,
roches moutonnées, glacial lakes and moraines on the top of the mountain indi-
cate that it suffered considerable erosion from an extensive snow field, reaching
five or six miles from the crest.

¢ 1. C. Russell, “Hanging Valleys,” Geol. Soc. America Bull,, vol. XVI, pp. 83-87, 1905.

" Gerald A. Waring, “Geology and Water Resources of the Harney Basin Region,” U.S.

Geol. Survey, Water-Supply Paper 231, p. 28, 1909,
8Op. cit., p. 424.
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All the larger valleys on the eastern scarp of High Steens also show marked
indications of glacial erosion in their upper parts. At about two miles from the
foot of the scarp, they usually end in a broad cirque some 2,500 feet ahove the
desert (fig. 24). Here two or three small tributaries as a rule descend precipi-
tously fromt well-defined glacial valleys about 1,500 feet above. These shallower
valleys, extending locally almost a mile farther to the west, end in smali higher
cirques in which favorably situated snow banks usually survive the summer’s
heat.

It is probable that this glaciation was superimposed on a previously well
developed drainage system. Russell’ commented on the absence of marked
morainal material in Kieger Canvon. In like manner there is little suggestion
of glacial debris in the vallevs of the eastern scarp, but it is possible that it may
have been removed by subsequent rigorous erosion. As they approach the scarp
the valleys lose their glacial characteristics.

DIFFERENTIAL EROSION

There are many irregularities in the erosion of the eastern scarp. Somie
of these are controlled by minor faults. A few of the features low on the
scarp have been modified by landslides. 'The major factor, however, is the
differential erosion of the various volcanic rocks. I'he distribution of these
rocks, their many intrusive phases, and their variations both in jointing and in
resistance to erosion are all factors which have contributed to the rugged topo-
graphy of the eastern scarp.

- The approximate concordance of elevation of some of the shoulders (fig.
6) on the scarp suggests a periodic uplift, permitting a great erosional break.
Although they are locally bounded by faults, these shoulders all appear to be
the direct physiographic expression of a change in rock type.

WIND EROSION

At the southern end of High Steens, the scarp presents a broad shoulder
over a mile in. width. Here, irregular prominences project abruptly from a
gently rolling terraine. 'The surface rock is formed by a thick flow of dacite,
which welled from a local vent. Steeply inclined flow structure and differential
alteration account for the topographic irregularities. ’T'he predominant resist-
ance of this lava explains the preservation of the relatively level surface, but
not the extensive removal of the hasaltic series, which is about 3,000 feet in
thickness.

The surface of the dacite shows indications of extreme wind erosion. In
the highest portion of the shoulder, the rock has been completely stripped of
soil even in relatively level areas. The rock, thus exposed, shows marked
abrasion. Locally it exhibits shallow pot holes containing angular blocks that
have been faceted by the wind (fig. 22). The best defined angle is predomi-
nantly pointed slightly south of west. The abrasive agent would have been

ol C. Russell, “Hanging Valleys,” Geol. Soc. America Bull., vol. XVI, p. &4, 1905.
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Fig. 22. A pot hole on the surface of the dacite between Toughey Creek and Indian
Creek viewed from the north. The angular boulders pointing southward testify to wind
crosion from that direction. The orientation of the boulder at the base of the hammer was
disturbed.

formed by the disintegration of the dacite, for a minutely hackly jointing causes
the latter to break into a fine gravel.

The distortion of the juniper trees on this shoulder testifies to a high west-
erly wind, which results in the dust storms frequently encountered in the region.
This particular locality is especially exposed for it is situated at the southern
end of High Steens and only slightly to the north of a well-defined gap in the
eastern wall of Wildhorse Canvon.

With these points in mind the writer attributes the formation of the shoul-
der to wind erosion. Unlike typical basalt, the series, which has been removed,
is characterized by a peculiar porous texture which renders it extremely suscep-
tible to mechanical disintegration. Its own coarse particles would have formed
a fairly effective abrasive agent,

T, ANDSILIDES

Landslides have occurred at several localities on the lower part of the
eastern scarp. They appear invariably to have heen associated with incompetent
tuffaceous beds. The characteristic reverse rotation causes the development of
a humocky topography, which locally has permitted the formation of small
ponds. The slides are best defined on the shoulder north of Alvord Creek, to
the south in the broad valley formed by its southern fork, and on the northern
side of the valleys of both Pike and Little Alvord Creeks.
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THE VOLCANIC SEQUENCE

The great eastern scarp of High Steens presents the most extensive ex-
posuies in south central Oregon. Locally outcrops are almost continuous for
a height of over 5,000 feet, while across Alvord Desert, on the lower opposing
wall of the graben the higher members of the series survive. Except for minor
tuffaceous deposits and a few intrusions, the mountain is composed of Hows of
varying magnitude. The volcanic activity responsible for this lava was pre-
dominantly parallel to the potential line of weakness later followed by the great
fault. Many of the vents are exposed in the deep valleys that cut the scarp.

Most of the members of this sequence are formed by the thick accumula-
tion of the near vent phase. Owing to high viscosity at the time of extrusion,
some of the flows are very local in their distribution. On the other hand, the
flows of more fluid types are widely distributed and, if of a characteristic vari-
etv, have considerable stratigraphic value. The tuffaceous sediments of this
region show such marked lithologic similarity that their correlation must be
based largely on a rather meager fossil content.

In piecing together the regional geology of this broad volcanic field, 1t 1s
necessary to correlate the series exposed in isolated scarps, which are usually
20 or 30 miles apart. Aside from the topography, only the ubiguitous presence
of a thick series of basaltic lavas, which were extruded in a highly fluid condi-
tion, suggests a definite correlation. Otherwise the rapid changes in the strati-
oraphic sequence even on a single scarp clearly indicate the impossibility of
basing regional correlation on the distribution of viscous lava cr on minor
variations in the volcanic sequence.

SUMMARY

Near the hase of the Steens Mountain scarp, between Cottonwood Creek
and Little Alvord Creek, there are scattered exposures of well-stratified tuffs,
which are at least 800 feet in thickness. A small flora indicates these beds
to be of Middle Miocene age, thus approximately corresponding to the Mascall
Formation, which overlies the great series of Columbia River Basalt in the
John Day region. For the present, these tuffs are called the Alvord Creek
Beds in reference to the location of their major outcrops. Unfortunately, owing
to the difficulty in correlating isolated exposures, the complete structure was
not conclusively interpreted.

To the north of Alvord Creek, however, the subsequent flows are concord-
ant with these beds, while to the south, the overlying series is nonconformable.
Here, the sediments have been intruded by a thick basaltic sill and subsequently
uparched by an acidic intrusion, which probably was in the form of a laccolith.
The uppermost beds of this uparched structure have been truncated by an
elongate acidic vent which parallels the scarp for about a quarter of a mile.
The absence of deformation indicates its intrusion to have been subsequent to

(43)
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that of the laccolith. Extrusive material from this vent, however, is not ex-
posed and cannot have been very great.

The southern extent of this laccolith could not be accurately determined,
but it may well be responsible for the southern dip of the tuffaceous beds ex-
posed on the northern wall of the valley of Little Alvord Creek. The dip slope
of these beds formed the retaining wall for a massive flow of rhyolite about
400 feet in thickness. In this same vallev, the vent for this flow is exposed
cutting the inclined well-stratified tuffs. Poor exposures render it difficult to
trace this rhyolite flow to the south so as to permit an accurate correlation with
a complex series of acidic lavas exposed in the adjacent valley.

This valley, which is known as Pike Creek, shows an alternation of strati-
fied tuffs and acidic flows. At the base are exposed about 200 feet of tuffs
beneath an equal thickness of platy rhyolite, which locally appears to overlie
its vent. On this flow was deposited nmore tuffaceous material to a depth of
almost 300 feet. A well-defined vent crosscuts these beds and wells into an an-
other thick flow of platy rhyolite, which is at the same stratigraphic level as
the previously mentioned rhyolite at Little Alvord Creek. The two flows, how-
ever, appear to be distinct. This lava was followed by another bed of stratified
tuffs, about 40 feet in thickness.

Above this are two thick dacitic flows of very similar composition. The
upper one is the larger and shows distinct vent characteristics over an extensive
region between Pike Creek and Indian Creek. Here the exposures have a
thickness of over 500 feet in spite of the erosion of the surface features.
Northward the upper dacite thins gradually to almost half that depth, and at
its northern extremity appears to abut against the previously mentioned elongate
vent exposed above the laccolithic structure.

To the north, in the valleys of both Cottonwood Creek and Willow Creek,
other masses of acidic Java outcrop at the base of the scarp. The former local-
ity shows only a fault contact with the later series. Although due to their
isolation, it is impossible to determine the relationship of these lavas to the acidic
series exposed to the south, they at least have a similar stratigraphic position,
in as much as they were both followed by the eruption of andesite.

Between Alvord Creek and Cottonwood Creek, a flow of basic andesite is
interbedded in the Alvord Creek Beds at about 100 feet below their top. These
same beds are also overlain by another thick andesitic flow of similar composi-
tion. 'This upper flow of basic andesite was capped first by a well-stratified bed
of coarse tuffs of intermediate composition, and then by a huge flow of slightly
more acidic andesite, which locally shows a visible content of hornblende. Im-
mediately to the north of Alvord Creek, this flow has a thickness of approxi-
mately 900 feet, while farther to the north in the valley of Cottonwood Creek it
has thinned to about half of that thickness. In the valley of Mann Creek, a
similar lava forms the lowermost exposures and shows a thickness of 300 to 400
feet. Presumably it is part of the same flow, although it was not observed in
the intervening valleys. Possibly it was derived from a series of contemporaneous
vents, but the only discordant relation observed 1s exposed on the southern side of
the valley of Alvord Creek. The presence of another locus of extrusion, how-

1931] Fuller; Steens Mountain, Oregon 45

ever, 18 also distinct on the northern wall of the valley of Little Alvord Creek.
Here the andesite welled above its vent to a sufficient depth to permit a thin
extension to cap the upper dacite of the Pike Creek series.

Prior to any obvious erosional interval, the irregular surface of this great
flow was capped by the extrusion of thin aphanitic flows of similar chemical com-
position. This upper series, which shows a maximum thickness of over 1,500
feet, attained a relatively level upper surface, although 1t locally decreases rapidly
towards the west. The flows are remarkable in the fact that they consist pre-
dominantly of vesicular breccias, which are locally cut by auto-injections irom
their own thin platy flows. The basal breccia of each flow, as a rule, merges with

-the surface of the previous one, so that their contacts are usually imperceptible

unless defined by an accumulation of stratified tuffs. This series has been greatly
complicated by a discontinuous series of vents, which are scattered through a
zone roughly parallel to the scarp. Between Mosquito Creek and the valley of
Iittle Mann Creek, two of these vents gave rise to explosive activity, which
formed cinder cones about 400 feet in height near the top of the series. These
cones were subsequently almost completely submerged by additional flows, which
are similar to the lower ones except for being slightly more vitreous.

Before any marked erosion had taken place the andesite was covered to a
depth of at least 3,000 feet by a series of basaltic flows. These flows have
marked physical and petrographic characteristics which are largely dependent
on their extreme fluidity at the time of extrusion. The identical series can be
traced southward to Pueblo Mountain and westward to Warner Valley and
Abert Rim.

R. J. Russell' refers to the capping basalt in the Warner Mountain regicn
of California as the Warner Basalt and correlates it both with the uppermost
basalt exposed to the north near Plush, and also with the great thickness of
lava at both Bluejoint and Abert Rims. He did not realize, however, that in
the Warner Lake region the capping basalt, which is merely several hundred
feet in thickness, rests disconformably on stratified tuffs overlying a far greater
series, which is apparently formed by the western continuation of the Steens
Mountain flows. In consequence, the writer will follow Russell’s nomenclature
in referring to the capping flows as the Warner Dasalt, while using the name
Steens Mountain Basalt for the lower series which forms the great thickness
both in Warner Valley and at Abert Rim.

On the lower scarps in the region, which have been subjected to less vigor-
ous erosion, quite a complex later chapter of the volcanic history is still appar-
ent. The series exposed is extremely variable in its sequence. In general it
consists of miscellaneous alternation of acidic, intermediate and basic flows with
light colored tuffs which may or may not show stratification. The uppermost
member both to the east of Alvord Desert and at the northern end of Warner
Valley is slightly nonconformable. In the case of the former, however, the
series is capped by basalt, while in Warner Valley an acidic flow locally closes
the volcanic history. Otherwise the upper sequence appears approximately con-
formable with irregularities due merely to the viscosity of the lava. This varied
series has a thickness of over 500 feet.

1 R. J. Russell, op. cit., pp. 416, 427, 439.
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ALVORD CREEK BEDS
GENERAT, CITARACTERISTICS

Light colored tuffaceous sediments outcrop locally at a number of places
(fig. 24) in the lower thousand feet of Steens Mountain between Cottonwood
and Toughey Creeks. In this distance, of over five miles, there are only a few
good exposures and these for the most part are widely separated. The bedding
as a rule is well defined and roughly horizontal, invariably testifying to the
absence of compressional forces. The isolated exposures, however, could not
be correlated, but owing to their close association they are classed as the Alvord
Creek Beds.

Fig. 24, Aecroplane view of High Steens west of Alvord Ranch, which is in the fore-
ground on the left. On the right the valley of Alvord Creek exhibits a broad cirque with
the characteristic glaciated tributaries visible as snow fields just below the crest. The light
colored exposures at the base of the mountain are formed by the Alvord Creek beds. These
beds on the northern side of the valley may be seen to dip southward. The dark outcrops
at the top of the south fork locality are caused by basaltic and andesitic intrusions.

In general, the sediments consist of stratified acidic tuffs, which are pre-
dominantly white in color. Owing to the subsequent volcanic activity, these
sediments have suffered considerable alteration, which has affected poth their
color and consolidation. Greenish and brownish varieties are relatively com-
mon. The greenish coloration is definitely due to localized alteration, while the
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brownish shades, at least in one exposure, appear to have an exotic origin. In
consequence, in the field, the color does not form a satisfactory criterion for
correlation. In two localities, a content of fossil leaves indicates a similar age,
but not necessarily the same horizon. Some exposures show small conglom-
eratic facies composed largely of subangular pebbles of acidic lavas, while others
show beds of a very fine shale. These phases are too local in their distribu-
tion to permit the correlation of isolated exposures even if the same strati-
graphic horizon were exposed. Aside from the local indication of water classi-
fication, the coarseness of the material probably depended chiefly on the prox-
imity of the locality to a volcanic vent. In consequence the size of fragments
may have varied rapidly in distribution. It is possible that a correlation might
be attained by detailed petrographic methods.

Norti or Arvorp CrEEK

The greatest exposure (fig. 25) occurs on the main scarp a few hundred
vards north of the valley of Alvord Creek. Here well-stratified beds dip south-
ward at about 7°. The lowest beds arve of brownish tuffs that are exposed
continuously for a height of approximately 500 feet. For the most part
they are too badly altered to permit the survival of any relict structure. In
some fragments, however, the alignment of a few minute feldspathic laths
indicates an original trachytic texture and suggests a lava of intermediate com-

Fig. 25. The main exposures of the Alvord Creek beds north of Alvord Creek. A
flow of basic andesite about 100 feet in thickness is interbedded in the upper part of the
series. The fossil beds are a little over 100 feet below its base. The resistant horizons are
due to local opalization.
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position. At about 200 feet above the base of the exposure, the tuff is rela-
tively coarse and exhibits dark pumiceous fragments, which are usually
not over 1.5 cm. in diameter. Stratification is locally apparent, but as a rule
it is rather indistinct. An impregnation with zeolitic material is common. The
lower part of this exposure shows a number of displacements. Although the
lithologic homogeneity renders it difficult to be sure of the extent of movement,
the distance in any instance did not appear to be more than a few feet. This
lower brownish facies grades upwards into buff colored stratified tuffs about
50 feet in thickness. These in turn are overlain by about 200 feet of whitish
tuffaceous sediments, which contain horizons of opalized shale rich in fossil
leaves.

Capping these beds is a flow of rather basic andesite close to 100 feet in
thickness. This lava is overlain by less than 100 feet of white tuffs, which are
poorly exposed beneath a second far greater andesitic flow of similar composi-
tion. This upper flow can be traced northward as a horizontal stratigraphic
unit for over a mile to Cottonwood Creek. There it may be seen to be still
underlain by well-stratified white tuffs about 100 feet in thickness. As in the
section to the south, these sediments cap a lower andesitic flow, which is here
cut by a vertical fault roughly parallel to the scarp. 'The eastern block, con-
sisting of an acidic agglomerate several hundred feet in thickness, has been
upthrown, thus hiding the base of the lower andesite.

Judging from these exposures and from the similarity between these two
adjacent sections, the andesite that caps the upper tuffs is at least locally con-
formable. To the south, however, north of Alvord Creek, the tuffaceous sedi-
ments dip southward at about 7°. In this locality, the relationship of the cap-
ping andesite cannot be accurately determined, but it appears to lack this de-
formation.

Soutn Fork or ALvorp CREEK

About a half a mile further to the south, on the northern side of the south
fork of Alvord Creek (fig. 26), there are good exposures of stratified tuffs,
which at least superficially resemble the section studied to the north. These
tuffs are cut by small elliptical andesitic necks of dark glassy andesite, and by
basaltic dikes, one of which is 75 feet in width. 'The induration from this
dike has resulted in the formation of a cliff at the top of the exposure.

The beds, which are roughly horizontal, show a thickness of about 450 feet
without exposing either the top or the hase of the section. Again the lower-
most exposures are of a brownish color (fig. 27), but this phase is eroded to
a depth of only about 50 feet. Higher in the section the tuffs are very light
colored. In this zone, about 30 feet below the base of the previously mentioned
cliff, a partially opalized horizon of shale was found to be rich in fossil leaves.
The uppermost phase of the section is rather agglomeratic. The top is close
to 200 feet below the massive andesite, which overlies the two previously men-
tioned andesitic flows to the north of Alvord Creek.
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Fig. 26. Looking northward at the Alvord Creek beds north of the south fork of
Alvord Creck. The cliff on the right is formed of tuffaceous sediments indurated by a 75
foot basaltic dike, which is visible in the center of the view. The fossil locality is about
50 feet below the base of this cliff near its southern end.

Norrm or LirTLE ALvorDp CREEK

It 1s also impossible to determine the stratigraphic relationship of the pre-
viously mentioned tuffs to those exposed on the scarp southward as far as Little
Alvord Creek. In this locality, similar tuffs have been intruded by a basic
sill approximately 200 feet in thickness and subsequently uparched by an in-
trusive mass of rhyolite, which outcrops at the base of the scarp for several
hundred yards. Although its base is not exposed, this rhyolite is presumably in
the form of a laccolith.

Judging from the inclination both of the contact and of the overlying beds,
the exposure is formed by the eastern margin of the intrusive. On the northern
limb near the contact, the beds have a strike of N. 30° W. and dip approxi-
mately 11° N.E. Adjacent to the southern contact the structure shows a south-
erly dip of about equal magnitude, but the exposures do not permit an accurate
reading. The possible height of this dome is hidden by an elongate acidic vent,
which cuts the arch parallel to the scarp at about 1,000 feet above the desert.

For about half a mile to the south, to the valley of Little Alvord Creek,
the scarp exhibits a few small outcrops of tuffs, which are either approximately
horizontal or dip slightly to the south. Adjacent to the scarp, however, on the
northern wall of this valley, the tuffaceous series has a strike of N. 80°
E. and dips approximately 15° S. About a quarter of a mile farther to the
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west, the strike is approximately N. 45° W. and the beds have a slightly greater
dip to the southwest. Although no conclusive evidence is available, it is possible
that this deformation is due to a southern continuation of the laccolith.

‘Fig, 27. Thq lowermost beds to the north of the south fork of Alvord Creek. The
undisturbed stratification furnishes strong testimony against compressional faulting.

These inclined beds at Little Alvord Creek form the retaining wall for a
thick rhyolite flow. extruded from a vent which cuts them. Although tuffaceous
material associated with this vent is indistinguishable from some facies of the
series, the fine stratification of the latter locally demands.aqueous deposition and
precludes the possibility of a genetic relationship. Judging from the horizontal
exposure formed by the chilled basal phase of this flow, it was extruded to the
south on a relatively level surface. The absence of lower outcrops, however,
makes it impossible to determine whether this surface was formed by non-con-
formable deposits resting on the tuffaceous series or by the direct continuation
of these beds flattening out away from the margin of the laccolith.

In the valley of Pike Creek, nearly 2 miles to the south, there are expose
beneath the stratigraphic continuation of this flow over 400 feet of stratified
tuffs and agglomerates with a lower 200 foot flow of rhyolite interbedded in
them. The base of these beds is not exposed. Although they may well corre-
late with the uppermost Alvord Creek Beds, the relationship at the best is only
hypothetical. '

%
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Tfossi, ConNTENT

North of Alvord Creek the fossil leaves were found in partially opalized
thin bedded shales. This horizon, which is about four feet in thickness, occurs
approximately 100 feet below the interbedded flow of basic andesite. Owing to
its hackly fracture, the highly opalized rock, which is confined to a layer ahout
six inches thick, is not very productive. Fortunately the weathered phase of the
upper and lower margins, which were possibly less silicified, split readily.

The other locality was found near the southern margin of the main exposure
north of the south fork of Alvord Creek. Tt is about 50 feet below a wall
formed by the induration of the great basaltic dike, which cuts about N. 10°
E. Here the fossils were again confined to an opalized thin bedded shale.
The specimens were more satisfactory owing to the fact that the horizon is
exposed in a shallow prospect hole.

After a preliminary examination, Dr. Ralph W. Chaney considered these
fossils to demand a direct correlation of the beds with the Mascall Formation,?

~which is exposed in the John Day Valley above the Columbia River Basalt. In

submitting the following list of the fossils (table 1) he stated,® “There are a
number of specimens represented by incomplete material or at present unknown
to me which will increase the list somewhat. But it seems unlikely that the
resemblance to the Mascall will be greatly affected by such additions. In a list
of this length the percentage figures have no great importance, but I have put
them i for what they are worth. Rosa hilliae is a typical Florissant species,
and is commonly considered to be a Miocene species, although I have found it
to be inr the Upper Oligocene as well.”

TABLE I
South Fork North of Mascall
Alvord Creek Alvord Creek Formation
Abies magnifica, var, shastensis................... + + +
Acer bandirei.......... ... ... + -+ +
Acer Oregoniantm. . .......... oo + + -+
AlNUS SPev v v — + -+
Celastruss dignatus. ........................... ..+ -+ +
Cercocarpus antiquus. . ...........ooviueeeeoon. .. + -+ -+
Cyperacites SP.....ooviit e oo + + +
Prunus merriami......... .0 o + — -+
Rosa hilliae. ... — + —
Rhus sp............. + + —
Sequoia langsdorfii + — +
Total species......... ....... ... ... . .... 9 9
Per cent common to both floras........... 78 —
Per cent common to Mascall............... 89 78

Preliminary comparison by Dr. Ralph W. Chaney of the flora from the Alvord Creek
Beds with that from the Mascall Formation.

2J. C. Merriam, “A Contribution to the Geology of The John Day Valley,” Univ. Calif.
Publ., Bull. Dept. Geol. Sci.,, vol. 2, no. 9, 1901, R.W. Chaney, “The Mascall Flora; its Dis-
tribution and Climatic Relation,” Carnegie Inst. Washington Publ., no. 349, 1925,

3 R. W. Chaney, personal communication.
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About five miles east of the southern end of Alvord Desert there are some
well-stratified tuffaceous deposits rich in fossil leaves and diatomite. These beds,
which are known as the Trout Creek Formation,* have been considered to be of
FEocene age and to occur at the base of the volcanic series”” Vertebrate remains,
however, recently collected by Stock “indicated quite clearly that the beds were
not earlier than the Middle Miocene.”® Although this evidence permits the Trout
Creek Formation to be tenatively correlated with the Alvord Creek Beds, its
stratigraphic relation to the adjacent flows suggests a far later origin. No definite
statement can be made, however, for the flows observed in association with it
have no resemblance to any members of the Steens Mountain series exposed on the
opposite side of the desert.

EARLY INTRUSIONS IN THE ALVORD CREEK BEDS

Basartic Situ

About a mile to the north of the mouth of Little Alvord Creek, a large
basaltic sill is exposed where the Alvord Creek Beds are uparched by the rhyo-
litic laccolith.  Viewed from the desert, its brownish outcrops cause the domed
structure to be apparent. The basic intrusive, which is over 200 feet in thick-
ness, is separated from the rhyolite by only about 100 feet of tuffaceous sedi-
ments. Above the laccolith, this basalt has suffered such marked alteration that
from a megascopic examination it is almost indistinguishable from a basic tuff.
In fact, to the north where the alteration is less extreme and the upper portion
of the intrusion is relatively fresh, it requires very careful observation to deter-
mine even the approximate contact with the underlying tuffs. This greenish
brown contact zone has been partially silicified and impregnated with calcite.

The upper contact of this igneous mass is best exposed.in the extremely
altered zone above the acidic intrusion. Here the determination of its position
and relationship also requires minute examination, for the stratified beds for
the next 25 feet above are of approximately the same light brownish color. The
upper part of the basalt is distinguishable from its high content of minute vesi-
cles averaging about 1 mm. in diameter. These are filled with a dark powdery
substance which appears to be formed of decomposed chlorophaeite. The actual
contact is demarked by a thin layer of soft black material which is considered
to be devitrified tachylite. This contact fluctuates slightly without causing any
appreciable disturbance in the overlying beds.

A thin section of the less altered rock, from one of the most northerly
exposures about 50 feet above the base, shows the sill to be formed of a felds-
pathic basalt. About 50 per cent of the rock is composed of roughly aligned
labradorite laths which show a seriate development ranging from .1 mm. to 2 mn.

+W. D. Smith, op. cit.,, p. 206.

5 Gerald A. Waring, “Geology and Water Resources of the Harney Basi Region,”
U.S. Geol. Sur., Water Supply Paper 231, p. 20, 1900, drner Basin Reglon,

6 Chester Stock, personal communication.
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m length. The rock also contains a few grains of augite, which are usually about
5 mm. in diameter. The ground 1s formed of a brownish white semi-opague
substance, which shows locally a faint suggestion of spherulitic structure, due
possibly to an incipient development of variolites in a glass. Throughout this
ground there are irregular patches of vellowish brown chlorophaeite, which
locally exhibits minute fibres of indeterminable birefringence. The formation
of this basic magmatic residual depends largely on the retention of volatiles and
is, therefore, quite commonly developed m basic intrusives. In this instance, it
is not derived from the decomposition of the pyroxene, for the latter 1s unal-
tered. This colloidal residual, which in the past has been confused with palago-
nite,” characteristically occurs both as thin impregnations and as rounded orv
amoebaform segregations.®

Ruvorrric Laccoritum

The acidic mntrusion, which is responsible for the local deformation of the
Alvord Creek Beds and the alteration of the previously mentioned sill, is exposed
at about a mile north of Little Alvord Creek. At the base of the scarp for
several hundred yards there are scattéred outcrops of light grey rhyolite, which
exhibits marked cavernous weathering because of the erosion of locally kaolinized
areas.

In the more resistant rock, phenocrysts of quartz and dull white feldspar
are easily distinguished in a felsitic ground that is usually kaolinized to a whitish
grey. The quartz, which composes about 20 per cent of the rock, attains a
maximum diameter of about 4 mm., although the grains average less than half
that size. In thin section, many of the individuals show a good crystal outline,
which is locally modified by numerous sinuous embayments. The feldspar pheno-
crysts that constitute probably an equal percentage, are as an average decidedly
larger. They were invariably found to be highly altered, but judging from
their remnants they appear to consist wholly of orthoclase. The rock also con-
tains a number of angular inclusions of a kaolinized iron stained material that
is indeterminable, but probably represents fragments of the intruded tuffs.

At the northern margin of the intrusive, the adjacent tuffs have been highly
brecciated and altered to a dense pale greenish rock. At about 200 feet
above the basal exposures, the contact of the intrusion with the white tuffs may
still be observed curving upwards into the hill, as if forming a small segment
of a dome. The actual contact is very sharp, but the adjacent rhyolite contains

" L.L. Fermor, “On the Composition and Nomenclature of Chlorophacite and Palagonite,
and on the Chlorophaeite Series,” Rec. Geol. Surv. India, vol. LX, pp. 411-430, 1930. Martin
A. Peacock, “The Distinction between Chlorophaeite and Palagonite,” Geol. Mag., vol.
LXVII, pp. 170-178, 1930.

8 Robert Campbell and James W. Lunn, “Chlorophacite in the Dolerites (tholeiites) of
Dalmahoy and Kaimes Hills, Edinburgh,” Min. Mag., vol. XX, pp. 435-440, 1925. “The
Tholeiites and Dolerites of the Dalmahoy Syncline,” Trans. Roy. Soc. Edinburgh, vol. LV,
pp. 496-500, 1927. M. A. Pcacock and R. E. Fuller, “Chlorophacite, Sideromelane and
Palagonite from the Columbia River Plateau,” Am. Mineralogist, vol. 13, pp. 361-369, 1928.
D. N. Wadia, “Palagonite-bearing Dolerite from Nagpur: Suggestion regarding the Nature
and Origin of Palagonite,” Rec. Geol. Surv. India, vol. LVII, pp. 338-343, 1925.
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small fragments of the indurated tuffs. Most of these fragments are angular
and do not suggest resorption. The massive tuffs near the intrusion are highly
shattered and locally injected by small apophyses a few inches wide and extend-
ing for merely a few feet.

About 50 feet higher on the slope, the rhyolite is again exposed, possibly in
some measure on account of a small fault, but more probably it is caused chiefly
by the slope of the contact being greater than that of the scarp. At these upper-
most exposures, the intrusive is greatly kaolinized and, in part, streaked with
bands formed of decomposed white spherulites. Near the contact, massive white
quartz occurs in a few irregular veins, which are 2 or 3 inches in thickness.

Just below this uppermost exposure of the intrusive, a well slickensided sur-
face in the tuffs marks a vertical fault trending roughly N. 70° E. From an
examination of this surface, the side towards the center of the laccolith was
found to form the downthrow. The displacement was undetermined, but appar-
ently small.  Possibly only by chance its direction almost corresponds with that
of some highly silicified lines of brecciation that cut the overlying series. These
lines are approximately N. 60° T, Owing to differential erosion, these zones
of silicification, on cutting the badly decomposed basalt, outcrop as resistant
dikelike masses, one to two feet thick. The orientation of these lines of frac-
ture furnishes an additional suggestion that the major axis of the laccolith con-
tinues to the southwest, thereby causing the deformation observed in the valley
of Little Alvord Creek.

Froncate Acmic VENT

Above the sill, at the center of the laccolith, stratified tuffs exhibit a thickness
of about 250 feet. Their exposure ceases with the outcrop of a light grey rhyolite
which superficially suggests a flow, for it can be traced horizontally to the north
for possibly 100 yards before it is covered by a landslide. To the south, how-
ever, the rhyolite grades into a perlitic phase which has intruded the tuffs and
locally has upturned the uppermost beds.

About 50 feet above this intrusive contact more perlite is exposed, appar-
ently as the northern margin of a well-defined vent that forms an elongate ex-
posure continuing southward for over a quarter of a mile. At its northern end
this volcanic neck is marked by a series of exposures trending approximately
cast and west. Traced downwards they swing southward as if defining 2
curving margin.

To the south of the perlitic margin and immediately parallel to it there is
a wall-like exposure about 50 feet wide, which weathers out as a series of thin
partitions about one to four inches in width. These partitions are covered with
rounded excrescences, which are the surface expression of a solid mosaic of
conflicting spherulites, ranging approximately from 1 to 10 cm. in diameter. As a
whole, the surface usually attains an irregular reniform structure. Some of the
rounded nodes exhibit a crater-like depression in the center, due apparently to
the collapse of a hollow spherulite. The easily eroded material between these
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thin partitions usually is of a soft pale greenish substance, which, where less
altered, is found to be formed by the decomposition of perlitic glass. )
To the south of this marginal phase there are continuous exposures of a
lava that appears identical to the grey rhyolite except for a brick red COlO_Y and
highly inclined flow structure. This phase ends abruptly at a ’disFance ‘ot O\'f\tr
a qudrter of a mile to the south in a steep cliff about 300 feet high (fig. 28g.
Approximately a hundred yards farther, across a soil covered slope, there is

Fig. 28. The lower thousand feet of the main scarp about a half mile north of Irittlé
Alvord Creek. The rhyolite vent forms the large horizontal exposure in the center of the
picture. To the leit of it is the upper flow of biotite-dacite. Thc_priumpal outcrops directly
beneath the northern part of the vent are attributed to landslides. In the center at the south-
ern margin, inclined tuffaceous beds are visible.
another precipitous exposure at slightly higher elevation. This is formed by the
southernmost limit of the great flow of biotite-dacite that caps the series to the
south. Although the surface of this flow is comparatively level, the base, show-
ing a fairly fresh perlitic phase, increases rapidly in elevation as if it were
abutting on the marginal accumulation of an earlier vent. In consequence, it
is considered by the writer to be of later origin.

The elongate exposure to the north appears to consist of the elliptical neck
of a vent with no obvious extrusive material. The western margin is not
exposed, but the outcrops and flowage suggest a trend slightly west of north.
The lava shows 131‘onounced near-surface characteristics, and, therefore, cannot
have suffered extensive erosion, although its glassy features have been removed.
At the time of activity it probably was surrounded by tuffs.
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On the shoulder of the scarp below the steep cliff formed by the southern
end of this vent there are scattered exposures of a similar lava of the same
near-surface type. Immediately above this exposure, there is a re-entrant in
the upper escarpment. The position of the lower outcrops 1s, therefore, attributed
to landslide, although the primary irregularity in the steeply inclined lines of
fowage renders it difficult to be sure of the reverse rotation of the block.

This volcanic vent and its satellitic intrusion to the north show no indica-
tion of deformation and are considered to be of later origin than the laccolith.
In spite of their close association, these elongate volcanic necks show no petro-
graphic evidence of a genetic relationship to the underlying intrusion. On the
other hand, both the rock forming the rhyolite vent and the upper flow of biotite-
dacite, with which it is almost in contact on the south, appear to be somewhat
similar petrographically, although they are both very variable in their phases.
Judging from chemical analyses, however, at least the satellitic intrusion to the
north is definitely rhyolitic and distinct from the biotite-dacite. The rhyolite is
higher both in silica and potash and decidedly lower in its content of soda, lime,
iron, and magnesia (table II).

Petrographically the rhyolite and the dacite both contain oligoclase and ortho-
clase. In each, the feldspar shows a glomeroporphyritic tendency and usually ex-
hibits many glassy inclusions. In the rhyolite, the phenocrysts as a rule appear to
be far more complex, for a number of the larger crystals, which range from 2
to 3 mm. i diameter, contain aggregates of smaller grains. Biotite, although
it usually constitutes less than one per cent, is common to both of them, but the
flakes in the rhyolite are seldom visible megascopically. They are generally
less than 1 mum. in length, while those in the dacite are several times that size.
In addition, the felsitic groundmass in the rhyolite is less altered and locally
shows well-developed spherulites. In both types the contents of feldspathic
phenocrysts varies from about 10 to 20 per cent of the rock.

TABLE II
Parr 1
1 11

SIHCA. oo 73.00 67.05
Alumina. ... 14.23 14.91
Ferrous Oxide. ... ... 1.28 1.48
Ferric Oxide. ... .o 28 .92
Magnesia.. ... 24 .65
Lime. . oo 1.25 244
Soda. o 2.96 4,15
Potash. ... 4.86 3.04
Water above 1059 C........ . ... . 1.00 4.35
Water at 105° C....o oo 60 50
Carbon Dioxide. ... ... none " none
Titanium DIoxide. .....o.oo o 18 34
Phosphorus Pentoxide.......... ... ... . trace 12
Sulphur...... SR none trace
Manganese Dioxide................... e none trace

99.88 99.95

I Northern extension of rhyolite vent above laceolith north of Little Alvord Creek.
Analysts W, H. and F. Herdsman.

II. Basal perlite of the upper biotite-dacite flow on the south side of Pike Creek. Ana-
lysts W. H. and F. Herdsman.

1931] Fuller; Sz‘@en% Mountain, Oregon 57

Parr 2
I 11

QUATEZ. o 33.24 24.%4
Orthoclase . . ottt 2891 I’Z,l?
ATDIEC. 25.15 o
ANOTthite. .o ?% 1 V61
Cortumdtm. . .. ./ 5 3-0_
Hypersthene. .. ... . 2.3 ~38
Magmetite. . oo 46 1. c
TImenite. . 46 61
A DATIEC . L oo e / .3{_@
N AT . 1.60 4.85

99.99 99.99

Norms calculated from the analyses in Part I:
1. Toscanose, C. 1. P. W. symbol, 1. "4.72.(2) 3.
II. Toscancse, C. I. P. W. symbol, 1.4.2”. 3",

PIKE CREEK VOLCANIC SERIES

As previously mentioned the dip slope of the southern limb of the laccolithic
dome in part forms the northern wall of the valley of Little Alvord Creek. To
the south of the creek for about three miles there is a great series of acidic
flows and stratified tuffs, in all more than 1500 feet in thickness (fig. 29).

Fig. 29. Aeroplane view of the southern end of High Steens from the east. The }vol—
canic series of Pike Creek, which lies in the center, is prominently exposed. On the right
the andesitic vent on the northern side of Little Alvord Creek is visible. Farther _northward
at the margin of the picture, the rhyolite vent above the laccolith may be seen just to the
north of the most northerly exposure of the upper flow of biotite-dacite. At the hase the
playa formed by Alvord Desert is partially flooded.

§;
L
%:
%
%




3 University of Washington Publications in Geology [Vol. ITL
Aside from the gentle westward dip of the fault block this series is flat lying.
The flows composing its upper 1000 feet abut against the inclined strata form-
ing the southern margin of the dome. The lowermost beds of this southern
series, exposed in Pike Creek, about two miles to the south, consist of an acidic
Aow interbedded in stratified tuffs. Fach of the three members thus formed 1s
about 200 feet in thickness, although the base of the lower tuffs is not exposed.
Locally these lower beds are conformable to the upper series, but if they could
be traced northward they might be found either to be, like the upper members,
nonconformable to the southern limb of the Jaccolith or to be the direct strafi-
graphic continuation of its domed beds, with which a local viscous flow is inter-
bedded.

Since the stratigraphic relationship of these acidic tuffs and lavas is best
exposed in the valley of Pike Creek, that name is given to the series (fig. 30). To
follow the chronology of events as well as the origin of its different members,
it is necessary, however, to digress geographically both to the north to Little
Alvord Creek and southward to Indian Creek.

In the valleys of both Pike Creek and Toughey Creel, the geology is greatly
complicated by the previously mentioned step faults which roughly parallel the
scarp as it extends towards Wildhorse Spur. These step faults are rarely more
than 100 yvards from the main scarp.

Lowgr TUFFs

To the west of this zone, on the northern side of the deep valley of Pike
Creek, the lowermost outcrops are formed by about 200 feet of stratified tuffs,
the base of which is not exposed. These beds are chiefly of a pronounced greenish
hue, due presumably to the alteration of the normal white acidic tuffs by the con-
tact effect of the adjacent acidic vents.

Locally these beds are cut by five basaltic sills varying in thickness from a
few inches to about 15 feet. 'The smallest of these, at its western extremity,
diminishes to a thickness of only half an inch. The two larger ones, which are
approximately of equal size, have both resulted in the induration of the adjacent
sediments to a dark grey. This contact effect dies out within about five feet.. The
largest of the three smaller sills is less than four feet in thickness. The indura-
tion caused by these minor intrusions is almost negligible.

LowER LAMINATED REYOLITE

Directly above these tuffs in the valley of Pike Creek and extending west-
ward for several hundred yards, there is some extremely laminated felsitic rhyo-
lite (table ITI) of a reddish brown color. This acidic lava is about 200 feet in
thickness. Overlying the tuffs, the laminations are largely horizontal and the
mass is definitely a flow, but farther to the west it develops marked vent charac-
teristics. 'These characteristics consist of highly inclined features such as lines
of flowage, and bands of spherulites and lithophysae. At the surface, additional
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evidence is furnished by the presence of perlitic spines, surrounded by white
tuffaceous material, which presumably is of contemporaneous origin. Unfor-

tunately a crosscutting relationship of this rhyolite with the underlying highly
altered tuffs is not exposed. Its only other exposure occurs immediately to the
south in the valley of Toughey Creek, where it forms the base of the section.

Fig. 30. The volcanic series disclosed in an exposure about
1500 feet in height on the southern side of Pike Creek valley.
At the base the lower platy rhyolitc may be seen. Above it the
dark exposures are formed by the middle tuffs. These are over-
lain by the upper platy rhyolite, which is shown by the light
colored exposures in the center of the series. Above this are the
upper tuffs and the lower biotite-dacite, which is not clearly de-
fined. The upper flow of biotite-dacite forms the pinnacles at
the summit.
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TABLE 111

I ITI
75.62 74.50
11.52 12.45
1.18 83
.82 85
.26 .28
.62 1.82
1.80 3.88
6.50 4.27
.90 .66
33 .30
trace 1none
.24 trace
trace trace .07
none trace .04
none none trace

99.80 99.90 99.03
‘ I Lower flow of platy rhyolite in the valley of Pike Creek. Analysts W. H. and F.
Herdsman.

II. Spherulite in the upper flow of pl ite i . T
W platy rhyolite in the valley of Touch reck.
Analysts W. H. and F. Herdsman. ’ ousher Creck

III. Rhyolite flow in the valley of Little Alvord Creek. Analyst W. H. Herdsman,

RS R

Hypersthenc
Imenite

] 100.01
Norms calenlated from the analyses in Part 1:

. Omeose, C. 1. P. W, symbol, 1.74.1.72.
II. Magdeburgose, C. 1. P. W. symbol, 1.3(4).1.2.
ITI. Toscanose, C. I. P. W. symbol, 1.74.2.3.

In the valley of Pike Creek, the most striking feature of this lava is the
extreme regularity of the parallel laminations. Although some of the banding is
remarkably straight, much of it is slightly wavy (fig. 31) or even contorted. OIH
the latter instance the extreme viscosity locally resulted in brecciation. When
fresh, the rock shows an alternation of fine streaks of dark grey reddish brow
felsite.  With kaolinization, the bandine is more (;Ipszll‘i\l;]egoinjuleedﬁlb'h ]?10“'1?

g , alteration 1s
focalized in certain streaks. With weathering following the lines of flowage, this
rhyolite splits into paperlike laminations of a pale pinkish shade. Crystalline
quartz is locally visible as minute segregations between the felsitic bands as well

" Fuller; Steens ﬂfoszain, Oregon

Fig. 31. Typical exposure of the lower flow of platy rhyolite in the Pike Creek scries.

as in a network of transverse veinlets, which are chiefly apparent on the weathered
plates.

In. thin section the rock is cryptocrystalline, but the different laminations
vary in coarseness. The quartz occurs in the center of thin, rather opaque streaks,
which are of finer texture and of a darker shade of reddish brown. Many of
these segregations of quartz are lenticular in shape. One of the largest observed,
which is about .3 mm. in width, contains individual quartz grains over 1 mm. in
length. Others consist of idiomorphic crystals separated largely by opaque iron
stained material, but with their crystal faces projecting into the felsitic matrix.
The major axes of these crystals parallel the lines of flowage.

The formation of the quartz apparently preceded the complete solidification
of the lava. The network of veinlets also appears to be endogenetic, for the
overlying stratified beds lack the silicification exhibited by the perlite and its
associated tuffaceous material. Both here and higher in the series, the silicifica-
tion of perlite has been rendered apparent by differential erosion. In extreme cases
a whitish, honeycombed structure is formed, on account of the resistance of a
network of siliceous veinlets, which roughly follow the mesh formed by the
curving cracks.  The glass, which has been at least partially devitrified by the
solutions, is easily altered and subsequently eroded.
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MriobLg TUFFs axp THEIR STRATIGRAPIIIC FQUIVALENT TO THE SOUTH

Capping this lower rhyolite are well-bedded tuffaceous sediments close to
300 feet in thickness. These beds, which dip predominantly to the northwest
at about 15°, are exposed on the south side of Pike Creek at about a half mile
from its mouth and also to the south in Toughey Creek. They were not observed
in Indian Creek. Instead, in this locality a badly altered acidic lava outcrops at
approximately the same stratigraphic horizon.

The beds consist chiefly of whitish material that appears to be wholly of
tuffaceous origin, but they also contain a number of horizons, usually two to
three feet in thickness, which are formed principally of angular to subangular
fragments of acidic lava. Although the fragments are predominantly less than
an inch in diameter, they were found locally to be even a foot across. The
angular fragments consist ‘chiefly of platy lava resembling the rhyolitic fow
immediately below. ‘

Although these beds show no marked alteration at their base, which is in
contact with a reddish, soil-like layer capping the underlying perlite, they have
been highly silicified at a number of horizons. Perhaps because of their initial
porosity, this action usually has bheen confined principally to the horizons con-
taining the coarse fragmental material. Immediately beneath the capping flow
of rhyolite, however, the silicification is more general and so extreme that the
rock resembles a glassy acidic lava, but it grades into more normal tuff when
traced downward about five feet. This alteration is invariably accompanied
by the greenish coloration of the rock.

The localization of the alteration at scattered horizons, which probably
were originally porous, suggests that the beds have been subjected to the hori-
zontal access of altering solutions. These would have advanced along well-define:d
stratification and would have been concentrated in the more porous beds, especially
when in contact with a relatively impervious layer. These solutions are easily
explained by the presence of the vent for the overlving flow only a few hundred
vards to the west.

In the valley of Indian Creek, local exposures apparently corresponding
with this horizon are formed by a lava which is too badly altered to permit
petrographic determination. In a felsitic ground with a marked spherulitic tend-
ency, it shows a high content of thick feldspathic crystals about 5 mm. in length.
This rock is cut by vertical lines of brecciation, which are highly silicified and
locally impregnated with a low concentration of cinnabar. These zones of
brecciation were not observed higher in the section. At what appears to be
the approximate base of the flow, they are truncated by a thick diabasic sill which
forms the lowest member of the local section. This basic rock is extremely fresh
and shows no possible relation to the ore. The latter is therefore thought to
have been deposited by the exhalations which accompanied earlier volcanic activ-
ity and to have heen subsequently truncated by the sill.

1931] Fuller; Steens ]\/Iguntam, Oregon

Urrer LAMINATED RHYOLITE

The middle tuffs are capped by another flow of laminated rhyolite. Although
the banding of this lava lacks the extreme regularity that characterizes the lower
flow, it causes the rock to split into pinkish plates which strongly resemble those

;of the lower rhyolite even to the presence of minute siliceous veinlets. The
felsitic flow structure is usually apparent from an alternation of greyish or red-

dish colors varying from a dark to a light shade. The lighter bands are usually
completely kaolinized, while the dark constituent is found in thin section to be
composed of cryptocrystalline quartz. This quartz as a rule occurs either in very
irregular anastomosing bands that are roughly parallel, or in small segregations
that may show slight alignment. Some specimens contain a few feldspathic
phenocrysts that consist of orthoclase and highly sodic plagioclase.

In the main section, on the south side of Pike Creek, the thickness of this
flow is approximately 250 feet, including both the upper and lower perlitic mar-
gins. The upper perlite, which shows near surface features, is over 30 feet in
thickness. Its contact with the underlying platy phase is not exposed, but towards
its base it develops horizontal bands of spherulites which suggest a transition.
The lower perlitic selvage is about 15 feet in thickness.

Traced less than 200 yards to the west, this rhyolite loses its horizontal
banding and merges into an irregular mass of lava which crosscuts the under-
lying tuff. Here unfortunately the actual contact is not exposed. Owing to
the g1‘adie11t of the stream, the width of the vent cannot be determined, but to
the west the characteristic vertical jointing is well defined for at least 100 yards.
In this lava, 100 feet or more above the stream, there are many irregular breccias
formed of light colored aphanitic rock, which was presumably derived from the
tuffaceous sediments at the time of extrusion. These fragments, which have
locally suffered a brownish discoloration, prove in thin section to be so com-
pletely silicified and kaolinized that their origin cannot be determined.

This rhyolite thickens greatly to the south, and on the northern side of
Toughey Creek, at a distance of only about a quarter of a mile, it is close to 500
feet in thickness, even disregarding the step faults, which cause a repetition of
the flow at the face of the scarp.” The increased thickness is due largely to the
position of these exposures directly over the southern continuation of the vent
or immediately adjacent to it. Although subject to considerable irregularity, the
platy jointing of this lava in Toughey Creek is in general steeply inclined. On
erosion it forms steep cliffs (fig. 32) and pinnacles that rise from a fine platy
talus.

On the northern wall of the valley, west of the step faults exposed on the
scarp, the middle tuffaceous beds outcrop beneath the rhyolite. To the west,
however, the rhyclite curves downward in an even arc, crosscutting this strata.

9 Although there are innumerable minor faults on the scarp, the major displacement
previously mentioned by the author is incorrect, owing to the fact that the presence of two

rather similar platy flows was not realized. R. E. Fuller and A. C. Waters, op. cit., fig. 10,
p. 222.

A R




64 University of Washington Publications in Geology [Vol. ITT

.

Fig. 32. Vertical jointing in the upper platy rhyolite on the
northern wall of Toughey Creck. The cliff on the left is about
100 feet in height.

Defining this basal contact, a dark mass of vitrophyre about 30 feet in thickness
outcrops for almost 100 yards (fig. 33). Again the gradient of the stream pre-
vents the determination of the width of the vent, but its occurrence to the north
in the valley of Pike Creek suggests that both valleys intersect an elongate vol-
canic neck which has an approximate north and south axis,

Both the vitrophyre and the overlying felsite, near its lower contact, develop
spherulites which are concentrated in zones approximately parallel to the flowage.
At the margin of the vent, directly above the steeply inclined phase of the vitro-
phyre, some spherulites surrounded by altered glass attain a diameter of about 3
feet. These show a slightly reniform surface of pale greenish shade, while the
inner part, which is free from alteration, is reddish brown. The center of some of
the masses consists of a single spherulite. The outer zone, however, in thin
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Fig. 33. View of Toughey Creek showing the middle tuffaceous beds in the foreground.
On the right wall of the valley the dark sheet of vitrophyre defines the curving contact of
the upper platy rhyolite, which forms the precipitous exposures both above and to the west.
The cliff on the right in the distance is formed by the upper flow of biotite-dacite.

section shows a succession of conflicting segments of spherulites which radiate
roughly from the center of the mass. Except for a microscopic band of quartz
delineating these segments, the component minerals of the spherulites were not
determined. Their birefringence, however, is low, and the fbrous constituent
shows a positive elongation. The extinction is roughly parallel, although mottled.
The rock is rather opaque, partly because of the presence of minute crystallites.

The classification of this lava as a rthyolite depends chiefly on a chemical
analysis of one of these large spherulites. With a high potash content, its com-
position coincided very closely with that of the lower platy flow (table III).
At least a large part of the plagioclase in the norm may be attributed to the
presence of embayed phenocrysts of sodic oligoclase.

This lava may be traced to the south into the valley of Indian Creek. In
the southern part of the valley, as it swings northward, the platy rhyolite appears
to be divided into two flows by an irregular horizontal perlitic zone, but farther
to the north, the glassy lava cuts through both phases, possibly because of some
type of auto-intrusion. In the same locality, however, vertical flowage and highly
inclined spherulitic zones suggest a locus of extrusion, which may possibly be
caused by another intersection of the fissure-like vent exposed to the north. Al
the varied facies appeared to be definitely syngenetic, but the exposures did not
permit a conclusive interpretation of the relationship.
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Lrrrie ALvorp CREEXK REYOLITE

The exposures on the main scarp are not sufficient to permit the upper platy
rhyolite flow to be traced northward from Pike Creek. Where last exposed it
appears to be thinning rapidly towards the north. In Little Alvord Creek,
however, another mile and a half to the north, a very thick flow of rhyolite occurs
at the same horizon. The vent from which this lava was extruded is also exposed.
It lies at least approximately in line with the two just described to the south, but
the lava does not closely resemble the upper platy rhvolite in either its physical
or its chemical characteristics (table III). ,

This lava, like the upper platy rhyolite, contains a few small phenocrysts of
oligoclase and orthoclase, and also exhibits some felsitic flow structure, but not
sufficient to cause it to split into plates. It lacks the irregular segregations of
cryptocrystalline quartz that characterize the Pike Creek flow. Chemically, how-
ever, the distinction appears to be more definite. Although the silica content is
almost equally high in both flows, there is marked difference in the oxides. In
the Lattle Alvord Creek rhyolite, the potash is far lower, while the content of soda
and lime is decidedly higher.

On the south side of Little Alvord Creek, at about a quarter of a mile from
the scarp, there is a steep cliff about 400 feet high formed by this flow of rhyo-
lite (fig. 34). In marked contrast, the north side of the valley is formed by the
partially dissected dip slope of the tuffaceous sediments composing the southern
limb of the laccolith.  This slope, as previously mentioned, formed the retaining
wall for the rhyolitic flow, but farther to the west it is cut by the vent from
which the lava was extruded. The base of the flow is not exposed. Since it
shows a basal margin of perlite that is approximately level, it presumably was
extruded on a relatively flat surface, which should occur close to the level of
the stream.

This basal perlite is exposed for only about 100 yards and ceases with the
development of vent characteristics, which consist in the presence of vertical
lines of flowage in the rhyolite and in the intrusive relationship of the perlite on
the north side of the valley. These exposures of the latter extend up the north-
ern slope for several hundred feet and appear to define part of the rounded
northern end of the rhyolitic vent.

To the east of this margin lie the inclined, well-stratified tuffs, which dip to
the southwest at over 15°. 'The inclination of these beds towards the vent
suggests a genetic relationship, but the marked classification of the clastics
demands an aqueous stratification. The slope may be explained by the defor-
mation induced by the rhyolitic laccolith.

To the west, the perlite develops steeply inclined bands of spherulites.
Some of these radiating masses attain a diameter of 18 inches. As usual, they
mark the transition to the felsitic phase, which shows pronounced vertical How-
age. 'This phase locally exhibits partitions covered with small nodes formed by
conflicting spherulites.

Fuller;  Steens Mmmtain, Oregon

Fig. 34. A view of the southern wall of the valley of Little
Alvord Creek showing the 400 foot flow of rhyolite overlain by
the two flows of biotite-dacite.

Near the center of the vent, a breccia, formed of perlitic fragments in a
light colored tuff, rises about 200 feet above the surface of the flow. This tuff
is thought to be formed both by the local explosive activity and by the com-
minution of the perlite, which injects it extensively. These injections rise steeply
and then tend to curve into horizontal sheets which are usually but four or five
feet in thickness, although some range up to 15 feet or more (fig. 35). As a
rule these injections, which are considered to be near surface features of the
rhyolitic vent, cannot be traced for more than 30 or 40 feet. They appear to
end rather bluntly.

About 100 yards to the west at a lower elevation there is an exposure near
the stream of massive black perlite showing irregular zones of coloration to
brownish and reddish shades. This vitreous lava presumably formed the sur-
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face of the flow. As in the case of varicolored obsidians previously described by
the writer*® the variations in color are due to the oxidation of the glass adjacent
to the lines of fracture in a flow breccia. The fragments were thus partially
altered to a brownish or reddish shade. The hot gasses following these brecciated
zones subsequently caused the refusion of the glass. With additional flowage the
clean-cut outline of the breccia was locally destroyed.

Fig. 35 Perlitic injections curving to a horizontal position
in the tuffaceous breccias above the rhyolite vent on the northern
side of Little Alvord Creek. An 18 inch hammer is beneath the
center of the lower injection. The basal exposurc of the andesi-
tic vent is visible at the top.

W R. E. Fuller, “The Mode of Origin of the Color of Certain Varicolored Obsidians,”
Jour. Geol.,, vol. XXXV, p. 570, 1927.
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Urrer TuUrrs

The next stratigraphic unit of this volcanic series outcrops only in the
exposure of the main sequence on the south side of the valley of Pike Creck
(fig. 30). Here well-stratified tuffs about 40 feet in thickness are exposed over-

" lying the irregular perlitic phase that caps the upper platy rhyolite. This bed is

quite green towards the top, but shows some brownish shades in the lower part.
Near the top there are two conglomeratic beds less than three feet in thickness.
The fragments are of acidic lava and vary in shape from round to angular.
Possibly owing to their original porosity these beds have suffered extreme silici-
fication similar to that observed lower in the series. The alteration is probably
due to the proximity of an adjacent vent, which will be described later.

It is impossible to establish the horizontal extent of these sediments. Owing
to the thickening of the underlying platy rhyolite to the south, they do not occur
in Toughey Creek. The strata, however, may continue to the north, but unfor-
tunately there is no exposure in which this may be determined.

Brorrre-Dacirs

Above these sediments are two great flows of biotite-dacite, which are very
similar both petrographically and chemically (table IV). They show feldspar
and biotite in a dense ground that varies from light grey to brownish or reddish
shades. As a rule the ground shows no flowage. The percentage of feldspar is
somewhat variable, but it appears to be distinctly more plentiful in the upper
tlow, where it forms as much as 30 per cent of the rock. In the lower flow it
probably does not attain half that figure,

The size of the crystals is about the same in both flows, although the indi-
viduals in each are very variable. The larger masses are usuall glomeroporphy-
ritic feldspathic intergrowths 4 to 6 mm. in diameter. These as a rule contain
glassy inclusions. Most of the feldspar, however, occurs in small angular frag-
ments or in irregular grains, whose rounded outline indicates partial resorption.
These smaller individuals average less than 1 mm. in length. Some of the feldspar
is a sodic plagioclase, but many of the fragments show no twinning or zoning and
appear to be orthoclase.

Flakes of biotite are relatively common and range up to 2 mm. in width.
Locally, in the vicinity of Pike Creek, the biotite in the lower flow is distinctly
aligned in an aphanitic ground that exhibits irregular flowage by an alternation
of pinkish and whitish bands. In this phase, the feldspar is completely altered
to a cryptocrystalline aggregate that consists partly of quartz.
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TABLE IV

Parr 1

none none

25 .34

Phosphorus Pentoxide trace 12
Sulphur none trace
none trace

99.91 19995

1. Basal perlite of the lower flow of biotite-dacite on the south side of Pike Creek valley.
Analysts W. H. and F. Herdsman.

II. Basal perlite of the upper flow of biotite-dacite on the south side of Pike Creek valley.
Analysts W. H. and F. Herdsman.

Hypersthene

Magnetite

Ilmenite ] . 61
Apatite R .34
Water . 4.85

Norms calculated from the analyses in Part 1: 9
I. Toscanose, C. 1. P. W. symbol, 1./4.2.3.
II. Toscanose, C. I. P. W. symbol, 1.4.27.3".

Both flows appear to have been erupted from the same vent after the inter-
vention of an insignificant time interval. The lower flow is exposed in the valleys
of Pike Creek and Little Alvord Creek with a relatively uniform thickness of
about 200 feet. The upper flow shows a similar thickness in Little Alvord Creek
valley, but increases gradually to the south reaching a maximum between Pike
Creek and Indian Creek, where presumably at the center of its vent, it forms
exposures over 500 feet in height. In this region, the two flows appear to have
merged into one.
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In the main Pike Creek section (fig. 30), the lower biotite-dacite shows, above
the upper tuffs, a basal perlitic phase about 50 feet in thickness. Adjacent to
the sediments, the glass is altered to a pale greenish shade resembling the color
of the altered beds with which it is in contact. This lower perlite shows some

. highly inclined bands of spherulites. Above it, the massive lava shows almost
vertical flow structure, which is very marked in the coarse perlitic spines

at the upper surface. The lower flow of dacite is here close to 300 feet in thick-
ness, although it decreases greatly within 100 yards to the west. These facts
suggest that it is the locus of extrusion, but a crosscutting relationship is not
visible. This locality is at the margin of the vent, from which the great overlying
mass of the upper dacite was Jargely extruded, and its peculiar characteristics
may be due to an earlier phase of the same volcanic center.

On the divide between Pike Creek and Little Alvord, the biotite-dacite out-
crops persistently and is clearly defined by perlitic facies as two separate flows.
In the valley of Little Alvord Creek, at about a mile from the scarp, these ex-
posures end. A few hundred yards to the west, similar rock forms a large outcrop
that intersects both horizons and suggests that they merge. The flowage in this ex-
posure is irregular, but predominantly highly inclined: Two interpretations of its
relationship appear possible ; the exposure might be formed by a vent from which
both flows were extruded, or the lower flow being highly viscous might have
ended abruptly with a steep margin, over which the upper flow would have
advanced and would thus have acquired irregularly inclined jointing. The margin
of the thick flow of Little Alvord Creek Rhyolite may also have contributed to
this rapid increase in gradient. Although the latter explanation is favored, the
exposures are not of sufficient depth to offer conclusive proof.

Between Pike and Indian Creeks, the upper biotite-dacite has been stripped
of its overlying rocks, and forms the surface of an irregular broad shoulder
which is at least a mile in width. Here the rock is considerably altered and
exhibits a minute hackly jointing, which causes it to erode in this interfluvial
region like a coarsely granular rock.  The shape of the wind eroded exposures,
however, is largely controlled by highly inclined flow structure which gives rise
to steep pinnacles and cliffs (fig. 36). DBetween the irregular prominences a gently
rolling terrain supports a scattered growth of junipers (fig. 37). On the west, the
precipitous exposures formed by the overlying basaltic flows rise abruptly over
2000 feet above this relatively level shoulder.

The flow structure is very persistent in the eastern part of this broad area,
but it is best exposed at the western end of Toughey Creek where it can be
traced vertically for about 500 feet. In spite of the depth of erosion, the base
of the mass is not exposed. Northward, however, at the margin of the Pike
Creek valley, and southward at Indian Creek the lines of flowage are inclined
as if emerging from a large vent centered near the head of Toughey Creek.
The lava is, therefore, considered to have been extruded from an extensive vent
lying beneath the broad divide between Pike and Toughey Creeks, and continuing
southward to the northern part of Indian Creek.
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Fig. 36. Vertical jointing in the vent for the
upper biotite-dacite north of Toughey Creek. The
exposure on the left is approximately 75 feet in

height.

Fig. 37. The broad divide between Toughey Creek and Pike Creek exXpos-

ing the upper biotite-dacite.
the background.

The basalt forms the precipitous exposures in

1931] Fuller; Steens Mountain, Oregon 73

RHYOLITIC ROCKS OF COTTONWOQOD CREEK AND WILLOW CREEK

Rhyolitic rocks, which appear to be unrelated to those previously described,
are exposed at the foot of the mountain in the valleys of Willow Creek and
Cottonwood Creek. In the latter, a rather homogeneous massive light grey rock

outcrops$ for several hundred yards with a maximum thickness of about 300 feet.

This rock is high in angular fragments, but it is so altered that the writer has
been unable to determine whether it is a lava filled with inclusions or a remark-
ably homogeneous agglomerate partially silicified. The fact that no surface
features were observed and that the mass, which is apparently continuous, shows
a high quartz content in its upper part and a high orthoclase content towards the
base of the exposure, suggests a tuffaceous origin. On the other hand in thin
section it appears to show slight traces of flowage and no indications of palimpsest
structure of volcanic ejectamenta. Its high content of quartz and orthoclase,
however, definitely prove a rhyolitic composition.

‘This rhyolitic rock is separated from the northern continuation of the upper-
most Alvord Creelc Beds and the interbedded andesite by a vertical fault which
parallels the scarp. No precise evidence on the direction of movement was
observed. The fault zone, however, is small and does not suggest great displace-
ment. In the upper exposures of the mountain there is no rhyolite, although
the series may locally have been capped by acidic flows now eroded. In conse-
quence, the downthrow of an hypothetical acidic cap would demand a displace-
ment of at least 4000 feet, which would hardly be expected on a narrow, almost
vertical fault zone. An interpretation of minor upthrow of the eastern block
coincides with the exposures in Willow Creek valley about 2 miles to the north.
There, rhyolite is definitely overlain by the later andesite and yet near the con-
tact it has been upraised by a minor almost vertical fault.

Near the mouth of the Willow Creek valley there are scattered exposures of
a light grey rhyolite, which for the most part is highly altered. These exposures,
which continue for about a quarter of a mile, show a thickness of approximately
500 feet. They appear to be formed by the accumulation of lava above a vent
which is close to the present fault line. Near the western margin of the exposure
a poorly defined vertical fault has permitted the uplift of the eastern' wall. The
displacement cannot be much more than 100 feet, for the upper surface of the
rhyolite sloping westward at about 20° is exposed beneath the overlying andesite.
This fault presumably is the northern continuation of the one previously men-
tioned in Cottonwood Creek. The displacement is the reverse of that occurring
in the customary step faults.

This rhyolite in Willow Creek shows a few scattered feldspathic phenocrysts,
up to 4 mm. in length, in a cryptocrystalline ground, which exhibits very irregular
flowage. The phenocrysts show no twinning and appear to be wholly of ortho-
clase. The flowage in part is defined by sinuous lenticular segregations of rela-
tively coarsely crystalline quartz. Coinciding with this evidence, a chemical
analysis (table V) proved the rock to be a rhyolite, but its composition did not
closely correspond with any of those previously described. Probably, however, it
1s genetically connected with the rhyolitic agglomerate in Cottonwood Creek.
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TABLE V

73.00
14.23
1.28
.28
.24
1.25
2.96
4.86
1.00 . A
.60 R 33
none none trace
Phosphorus Pentoxide . tr:a11088 tra%% tr:ﬁi

Sulphur
. none .04
Manganese Dioxide none trace t;gg:

99.88 99.95 99.90

I. Rhyolite from the valley of Willow Creek. Analysts W. H. and F. Herdsman.

II. Northern extension of rhyolite vent above 1 lith i
Analysts W H o Cxtension of ove laccolith north of Little Alvord Creek.

IIT.  Rhyolite from the valley of Little Alvord Creek. Analysts W. H. and F. Herdsman.

; oo oo o
Herés\n.la—ntgpheruhte in the upper platy rhyolite in Toughey Creek. Analysts W. H. and F.

11
33.24
28.91
25.15
6.12
Diopside. ... ... o 1.73
Wollastonite e
Hypersthene S e
Magnetite 23%

46
13,00 160

99.98 99.99

Norms calculated from the analyses in Part 1:
I. Omeose C. I. P. W. symbol, 1.(3)4.1.2”.
II. Toscanose, C. I. P. W. symbol, 1.74.72.(2)3.
III. Toscanose, C. I. P. W. symbol, 1.74.2.3,
IV. Magdeburgose, C. I. P. W. symbhol, 1.3(4).1.2.

STEENS MOUNTAIN ANDESITIC SERIES

Basic ANpESITE

To the north of Alvord Creek, as previously mentioned, a flow of basic ande-
site, about 100 feet in thickness, is interbedded near the top of the Alvord Creek
Beds. Above the uppermost tuffs, there is another flow of similar andesite
(table VI), which is well exposed in both forks of Cottonwood Creek (fig. 47) |
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This flow can be traced a short distance southward and then found again with
similar relationship about another mile to the south on the northern side of Alvord
Creek (fig. 46). IHere it is exposed for several hundred yards. In the valley
of Cottonwood Creek, the flow is over 200 feet thick, but to the south, it appears
to be less than half that figure, although the base is not exposed.

Chemically the two flows are almost identical. Petrographically the resem-
blance is equally strong. The rock, in both cases, is a dark grey aphanitic andesite
that resembles megascopically a chilled basalt. In thin section, they both show a
seriate development of andesine laths exhibiting marked flow alignment. In most
specimens, the feldspar forms about 60 per cent of the rock. The size of the
laths, in the lower flow especially, varies considerably. The largest observed is
about 3 mm. in length, although the average in both flows is close to .2 mm. One
specimen of the lower flow contains isolated grains of ophitic augite with indi-
viduals up to .8 mm. in length. The maximum dimension of this mafic as a rule
is transverse to the alignment of the laths, which it encloses. In another speci-
men of the same flow, there are minute intersertal grains of a mafic that is pre-
sumably augite. In addition, a brownish glass and an orange colored deuteric
residual form a common minor constituent. In the upper flow, the ground is a
dark, rather opaque substance that is considered to be formed of partially decom-
posed glass. Small grains of magnetite are distributed throughout the rock.

TABLE VI

11 I1I

56.90 62.28

17.55 17.17

6.05 2.04

27 2.56

3.82 1.64

7.05 5.45

3.36 3.62

1.75 2.44

Water above 105° C 1.56 1.40
Water at 105° C .30 90
Carbon Dioxide none none
Titanium Dioxide 9 .98 15
Phosphorus Pentoxide . 18 14
Sulphur none trace
Manganese Dioxide . .20 trace

99.97 99.79

I. Lower andesitic flow interbedded with tuffs north of Alvord Creek. Analysts W. H.
and F. Herdsman.

T1. Middle andesitic flow capping the Alvord Creek heds in Cottonwood Creek. Ana-
lysts W. H. and F. Herdsman.

III. Base of homogeneous phase of the Upper Andesite on the northern side of Alvord
Creek valley. Analysts W. H. and F. Herdsman.
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Parr 2
1 11 111

Quartz . 7.86
Orthoclase 10.56 10.01

33.01 28.30

25.85 27.80
Diopside 6.58 5
Hypersthene 12.04
Magnetite. ..o 3.02
Tlmenite

Water

Norms calculated from the analyses in Part 1:
. Andose, C. I. P. W. symbol, 11.75.3”.74.
1I. Andose, C. I. P. W. symbol, IT.(4)5.3"."4.
III. Amiatose, C. I. P. W. symbol, I(1I).4.3.3".

The upper of these two flows is capped by a thin bed of coarse andesitic
tuffs. These deposits, which locally show well-defined stratification, vary from
a thickness of about 20 feet in Cottonwood Creek to less than half that figure in
the exposures on the northern side of Alvord Creek valley. In this locality, thev
exhibit many peculiarities that are difficult to explain conclusively. They rest
on the vesicular flow breccia of the underlying andesite. At their base, they grade
mto similar tuffaceous material that is interstitial to these coarser blocks. Exami-
nation proves that these tuffs, at least in part, have been formed by the comminu-
tion of the margins of these extremely fragile vesicular andesitic blocks (fig. 38).
In numerous instances, this interstitial tuffaceous material shows marked stratifi-
«cation roughly parallel to the irregular surface of the adjacent block.

Fig. 38. Interstitial tuffaceous material in the breccia capping
upper flow of basic andesite north of Alvord Creek.
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In this same locality, several small lava domes project above the flow and
rise a few feet higher than the erosional surface of the tuffs (fig. 39). The beds,
although truncated, curve upwards at the steep contacts of the domes and suggest
that they have been intruded by the viscous lava, on which they rest. On cllo'sel‘
examination, however, the relation may be seen to be definitely due to deposition
on an irregular surface. The step contacts may be explained b).r the fact that the
viscosity of the lava, which intruded its flow breccia, resulted in a slope greater
than the angle of repose of the pyroclastics. The inclination may subsequently

Tig. 39. A local irregularity in the contact of the tuffaceous beds
overlying the upper flow of basic andesite. To the left, the surface of
the fiow also protrudes above the tuffs,

have been augmented by compacting, which would have increased in amount with
the thickness of the bed. The perfection of the bedding locally demands aqueous
agencies, but much of the stratification may be attributed to \(ariati(?njs in the
ejectamenta. The transition from the tuffaceous deposits to the mters'tltlal mate-~
sial in the flow breccia may be due to the initiation of deposition while the flow

was still advancing.

Ture GreaT Frow
GENERAI, FEATURES

In the valley of Cottonwood Creek and to the south on the northern wall of
Alvord Creek valley, a tremendous flow of andesite caps the stratified tuffs
which overlie the upper flow of basic andesite. In the Alvord Creek locality,
the flow shows a thickness of about 900 feet (fig. 40), but within a mile to the
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Fig.'40. Northern side of the Alvord Creek valley adjacent to the scarp. At the base
on the right the upper flow of basic andesite is exposed. Above it in the center of the view
the great andesitic flow rises about 900 fecet.

north, in the valley of Cottonwood Creek, it was found to have thinned to about
500 feet (fig. 41). Northward from that point it is not exposed, although strati-
graphically at least the upper part should outcrop in the valley of Willow Creek.
In the valley of Mann Creek, however, about seven miles farther north, a similar
lava shows a thickness of about 400 feet. Although here the base is not visible,
an adjacent cinder cone, at the base of the scarp at the mouth of Little Mann
Creek, suggests that the bottom of the flow is not far distant (fig. 58).

With increasing thickness, the flow shows coarser jointing and on the north-
ern wall of the valley of Alvord Creek it exhibits coarse rectangular columns
that are approximately ten feet in diameter (fig. 42). These great columns are
cut locally by irregular platy jointing, which towards the base is roughly hori-
zontal, while higher in the exposure it is usually somewhat inclined. In both
the valley of Cottonwood Creek and that of Mann Creek, the jointing is fairly
uniform, but in the upper part of the exposure north of Alvord Creek it becomes
lost to a great measure in irregular zones of alteration.

The upper surface of the flow is invariably characterized by a well-defined
shoulder, which usually supports a scattered growth of junipers. This topo-
graphic break is due to the erosion of a soft grayish clay-like material, which
appears to have been derived from the devitrification of a glass, probably owing
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Iig. 41. View of the northern fork of Cottonwood Creek, showing at its hase the upper
flow of basic andesite. Above it, the tuffaceous bed is visible beneath the northern extension
of the great flow. The poorly defined exposures in the upper center are formed by the subse-
quent thin andesitic flows. On the left, the hasaltic series forms the cliff at the top.

in part to the effect of volcanic emanations. Although the minor vesicularity of
unaltered vitreous remnants forms the only indication of the top of the great
flow, its extrusive origin is more conclusively indicated by the relation of the
overlying thin andesitic flows, which lap against its inclined surface. These flows
lack any indication of marked induration, and also fail to contain the hornblende
which characterizes the upper surface of the great flow. To the south of Alvord

Creek, the relation of the great extruded mass is not so clearly defined, partly

owing to the fact that it is, at least locally, overlying one of the vents from
which it welled.

On the southern wall of the valley of Alvord Creek, towards the scarp, the
jointing becomes more symmetrical and the lava exhibits magnificent hexagonal
columns that tower more than 300 feet above the talus slope (fig. 43). Although
the upper exposures are not so distinct, the columns appear to extend upwards for
at least twice that height. At the eastern margin of the exposure, they curve east-
ward and become progressively reduced in size from over five feet to approxi-
mately six inches in diameter. In like manner, immediately to the north, at an
elevation several hundred feet lower and considerably below the base of the
great flow, a waterfall in Alvord Creek has been formed by similar curving
columns which dip northward to an unexposed cooling surface (fig. 44). These
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Fig. 42. View of the northern wall of the valley of Alvord
Creek showing the maximum exposure of the great andesitic
flow, which here has a thickness of about 900 feet. The columns
average approximately 10 feet in diameter. The local absence of
columnar jointing in the upper part may be explained by deuteric
alteration.

two localities, showing curving columns, mark points adjacent to the rounded
margin of a vent, which is directly in line with one exposed to the south in the
valley of Little Alvord Creek. The wall rock presumably was formed by the
Alvord Creek Beds, which are exposed to the east.

Within about 200 yards to the east of the main exposure, a small elliptical
intrusion of dark aphanitic andesite cuts the tuffs. The outline is roughly about

100 by 150 feet across (fig. 45). Two similar, far smaller intrusions cut the

stratified tuffs a few hundred yards to the south. These three volcanic necks

lie almost precisely on a common north-south line, which parallels their major

axes. In like manner, both the great flow and the upper andesitic series, which
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Fig. 43. Columnar andesite forming the great neck on the
southern.wall.of Alvord Creek valley. The columns are at least
300 feet in height. At the basal margin they curve until normal
to a roughly vertical contact.

will be subsequently described, may have been extruded from a series of vents
distributed at intervals along one main line of tensional wealkness.

Farther to the south on the northern side of the valley of the south fork

of Alvord Creek, the inclination of the columns at the base of the great exposure

suggests that it again approaches the eastern margin of the vent, but erosion is
not sufficient to disclose a crosscutting relation. Here and immediatelv to th;z
north, the andesite appears to have welled quietly from a broad elongal;[e vent.
To the south, the surface of the flow locally decreases in elevation, forming a

depression which is filled with later andesitic flows. Poor exposures prevent
the great flow from being traced continuously southward, but scattered outcrops
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Fig. 44. The curving columns at the northern margin of the andesitic
vent in Alvord Creek.

Fig. 45. View of the southern wall of Alvord Creek valley, showing
the great andesite vent on the right and the largest of the series of smaller
intrusions on the left.
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indicate that it gradually develops explosive characteristics. Perhaps merely by
chance, these are best defined where the underlying vent cuts the previous emi-
nence formed by the uparched Alvord Creek Beds and the Pike Creek Volcanic
Series, which abuts against the southern dip slope of the tuffaceous sediments.

On the northern side of the valley of Little Alvord Creek, directly above the
vent for the rhyolite of that name, the southern continuation of the great flow
of andesite forms a large exposure about 250 vards across with a semicircular
lower margin which reaches to within 50 feet of the uppermost rhyolite tuff
(fig. 46). About 100 yards to the east, a small outcrop shows the andesite in
contact with the capping perlitic phase of the lower biotite-dacite flow of the
Pike Creek series. This contact appears to be crosscutting, although it is not
very conclusive. '

Fig. 46. The rounded exposure in the center is formed by the southern margin of the
great andesitic vent on the northern side of the valley of Little Alvord Creek. The upper
part of the rhyolitic vent outcrops on the lower left at about 800 feet below the basaltic
flows which form the cliff at the top.

The great exposure of andesite with its rounded lower margin extends up-
wards for over 700 feet. In its lower part, it shows coarse columnar jointing.
Upwards it grades into a vertical platy rock, which is associated with great
masses of reddish vesicular breccias (fig. 47). The uppermost facies, beneath
the basalt, is largely decomposed to a soft grayish rock which is identical to that
capping the great flow farther to the north and which is also presumably derived
from devitrified glass. In this zone there were also observed a few scattered
blocks of unaltered hornblende-free andesite, which may be of pyroclastic origin.
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Fig. 47. Reddish breccias in the center of the andesitic vent
north of Alvord Creek. On the right is a platy injection with
;r}elrtlcalljomtmg. A figure in the foreground on the left furnishes

e scale.

In the valley of Little Alvord Creek, some of the vesicular breccias, towards
the western portion of the rounded exposure exhibit locally a horizontal_’distribu-
tion. This fact, together with the horizontal platy ] ointinﬁg, which here is éspeci—
ally distinct near the base of the exposure, suggests that the andesite weiled out
as a flow far below the one which caps the series to the south. In the center of
the exposure, however, the broad zones of breccia, which parallel the highly
inclined platy structure, testify to an underlying locus of extrusion and suoz'es;t
a relatively late stage of explosive activity. It is possible that the discof&nn‘r
relation with the biotite-dacite may also be explained by a volcanic explosi;)n,
but no supporting evidence was observed. On the other hand, to the west in
the valley of Little Alvord Creek, both the Jateral extent of the andesite and its
horizontal structures suggest a flow, the relation of which would be more easily
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accounted for, at least in part, by the abrupt ending of one of the viscous dacitic
flows. '

Where Little Alvord Creek cuts this horizon at about a quarter of a
mile to the west of the large semicircular exposure, it discloses such irregular
platy’jointing as to suggest another locus of extrusion. This locality is about
a mile and a half due north of some small intrusions of dark glassy andesite in
the western part of the vallef of Pike Creek. It is possible that together they
mark the position of another series of vents on a north-south line of weakness.
If so they are contemporaneous in their activity with the main ones to the east.
Tt is more probable, however, that the irregularity in the jointing has been caused
by the same rapid increase in gradient that appears to have been responsible for
the steep flow structure in the dacite immediately to the east.

PETROLOGY OF TIE GREAT FLOW

In spite of its thickness, the great andesitic flow is predominantly
aphanitic. Locally, however, small phenocrysts of both feldspar and amphibole
are visible megascopically in a dark gray groundmass, which exhibits a fairly
smooth fractured surface. The phenocrystic facies was observed invariably in
the upper part of this massive lava. In the valley of Alvord Creek it also forms
the horizontal columns that indicate the margin of the crosscutting andesite. To
the south of Little Alvord Creek, a similar lava forms the flow capping the Pike
Creek series. Towards the center of the main exposures, the porphyritic texture
gradually disappears. The rock assumes a greenish or reddish shade and simul-
taneously develops a far rougher surface when fractured. The massive type invar-
jably grades upwards into a light gray, highly altered facies containing small
irregular cavities. Unfortunately, this light gray porous rock is so easily eroded
that the surface of the flow is invariably masked by soil. The local survival of
unaltered remnants indicates, however, that it has been derived from the devitri-
fication of a glass.

In thin sections of the porphyritic type, the andesine commonly shows a
marked seriate development with individual crystals ranging up to 2 or 3 mm. in
length, but with the average more nearly .1 or .15 mm. These laths usually show
irregular alignment. Locally the larger ones are chiefly fragmental. Although
the presence of glassy inclusions in the coarser crystals frequently renders their
zonal growth apparent, they are relatively homogeneous in composition. The
plagioclase as a rule forms about 60 per cent of the rock. The texture is char-
acteristically hyalopilitic. Tt can seldom be classed as pilotaxitic, for there 1s
usually a cryptocrystalline semi-opaque ground, which is probably derived from a
decomposed glass. Tt consists largely of indistinct feldspathic material filled with
opaque dust which is thought to be formed of magnetite and kaolin.

With greater depth, the texture in some specimens becomes slightly coarser
and the smaller laths average approximately .2 mm. in length. As a rule in this
phase, however, the feldspar shows no marked increase in size, but instead of
exhibiting a clean cut outline it is irregular and ill-defined. The fine groundmass
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thus formed may appear blotchy in thin section on account of localized alteration,
which does not otherwise affect the texture.

The needles of hornblende range up to 5 mm. in length and locally form
about five per cent of the rock. T'his mineral is variable in its optical properties.
Some appears definitely to be of a basaltic variety, with a dark brown pleochroism,
a very low extinction and a high index of refraction. In other specimens, the
pleochroism of crystals of similar magnitude varies to a decided green, while
the extinction® angle ranges as high as 14°. Since similar variations have been
artificially induced in hornblende, it is possible that physical conditions may have
locally affected the properties of the mineral. Commonly the dark brown crystals
are partially replaced by a marginal rim of magnetite or of brownish opaque iron
oxides. In many sections only pseudomorphs survive. The elongate concentra-
tions of magnetite, thus formed, may be observed in various stages of disintegra-
tion. Even the remnants are lacking in the central altered zone where the indi-
vidual erystals of plagioclase are most poorly defined.

Pale greenish augite appears invariably to be present as a minor constituent.
It was observed as irregular grains less than .5 mm. in diameter. A few thin
sections show scattered, well-shaped crystals of hypersthene with. a2 maximum
fength of about .8 mm. In contrast to the amphibole, these pyroxenes are un-
altered. Aside from the hornblende, no regularity was detected in the distribu-
tion of these mafics, which form the only accessory minerals observed. '

TABLE VII

1I v

62.26 60.03

16.65 18.37

3.58 227 4.05

1.73 3.54 1.64

2.34 3.00 2.84

5.30 - 5.40 5.25

3.22 3.70 3.45

2.52 2.32 2.72

1.60 1.00 .88

.30 .30 .58

none none none

. 15 14 .52 trace

Phosphorus Pentoxide . 13 16 .29
Sulphur o g trace none trace
Manganese Dioxide r 15 trace trace

9.2 100.04 100.10

Specimens I, II, and III are from the andesitic exposures on the northern side of Alvord
Creek valley. Analysts W. H. and F. Herdsman.

I. The base of the great flow.
II. Unaltered andesite from the top of the great flow.
ITII. Platy andesite associated with the breccias at the uppermost andesitic exposures.
"IV, Andesite from the summit of the divide hetween Little Mann Creek and Iittle Dr
Creck. Analyst W. H. Herdsman. L Y

11 Virgil E. Barnes, “Changes in Hornblende at about 800° C”. Am. Miner logist, vol.
15, o9 SE T Bar , Am. Mineralogist, vo
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16.74
13.34
31.44
20.85

Diopside
Hypersthene
Magnetite
Tlmenite
Apatite
Water

Norms calculated from the analyses in Part 1:
1. Amiatose, C. 1. P. W. symbol, I(I11).4.3.3".
II. Harzose, C. I. P. W. symbol, "11.4.3.3".
III. Harzose, C. I. P. W. symbol, "11.4.3.3".
IV. Harzose, C. I. P. W. symbol, "11.4"7.73.3".

In spite of the small variations, an analysis of a remarkably fresh specimen
from the uppermost hornblendic zone coincides almost exactly with that of a
hornblende-free rock from the base of the columns about 900 feet below (table
VII). A comparison of these analyses with those of the basic andesite, however,
indicates that the lava became progressively more salic (table VI).

UPPER ANDESITIC SERIES

GENERAIL, FEATURES

Following the extrusion of the great flow, there is no evidence of an ero-
sional interval prior to its submergence beneath a number of thin andesitic -
flows, which have been locally complicated by the close association with their
vents. At a few horizons, accumulations of ejectamenta testify to explosive
activity, which has given rise to several small, well-defined cinder cones. The
lower part of this upper series consists predominantly of flows which vary
rapidly in their physical characteristics, and vet are so uniform in their varia-
tions that they can be described as a unit. Some of the more distinctive local
peculiarities observed in the series will, however, be subsequently mentioned in
a brief description of the andesite in each valley.

Most of this upper series consists of a horizontal alternation of vesicular an-
desitic breccias and dark gray aphanitic platy lava, which as a rule follows a
slightly sinuous course (fig. 48). At a few localities, interbedded stratified tuffs
indicate occasional intervals in the extrusion of the series and testify to the fact
that it has been formed by the advance of successive flows. The individual
members, however, are poorly defined, for the basal breccia of one merges with
the irregular surface breccia of that which locally preceded it. The contact as
a rule is therefore imperceptible if it is not defined by the accumulation of

ejectamenta.
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Tig. 48. View of the andesitic flows exposed at the hase of the scarp
south of Little Dry Creek. The resistant horizons are formed principally
of extensive flow breccias.

As in the case of all blocky lavas, the margin of each flow presumably ended
in a relatively steep wall with a slope depending on the angle of repose of the
fragmental material. Since the successive sheets were apparently derived from
a series of adjacent vents and not from a central one, it is obvious that the steep
margin of one might have locally curtailed the advance of the succeeding flow.
This possible merging of successive marginal flow breccias may explain the
vertical zones of brecciation that are both underlain and overlain by the normal
horizontal alternation of breccia and platy lava (fig. 49). Somie more extensive
vertical zones of brecciation, however, mark loci of extrusion.

The breccias, almost invariably, form the bulk of the series. Their predomi-
nance is emphasized, however, by the fact that their consolidation renders them
sufficiently resistant to erosion to cause them to stand out prominently, while the
platy horizons, which are usually less than a third as thick, are deeply eroded
(fig. 50). The resistant members, consisting largely of roughly rounded vesicular
fragments that range from 2 to 10 inches in diameter, show as a rule a thickness
of from 10 to 40 feet. Many of the individual lines of platy Tava can not be traced
more than a few hundred yards before thev are found either to Jense out, or to
blend into the breccia, leaving no obvious break to separate the upper and lower
members.

Locally, however, far thicker horizontal masses of lava occur in the breccia.
Some of these are very irregular, both in outline and jointing. Others show
curving jointing roughly parallel to an elliptical outline, which may be 20 by 40
feet or more across. Some minor injections can be traced from these larger
masses. Some of these curve into a roughly horizontal sinuous course, usually
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Fig. 49. View of the northern wall of the valley of Dry Creek, showing the local merg-
ing of breccias presumably at the conflicting: steep margins of flows.

Fig. 50. View of the valley of Dry Creek, showing the typical alter-
nation of breccia and platy lava formed by the merging of successive flows.
The slight vertical structure of the breccia is caused by erosion. The area
shown has an estimated height of ahout 100 feet.
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showing a thickness of from one to three feet and a lateral extent of from 10
to 50 feet. Although their orientation probably depended on the direction of
flowage, no uniformity was observed in their inclination. In fact, in a number of
exposures, the injections were observed to spread laterally in both directions and
to develop a pronounced fan shape, which flares upwards (fig. 51). Many of
these small injections show well-defined platy structure, but as a rule the more
glassy ones exhibit an irregular spinelike jointing. These minor extensions of
the larger masses are considered to have been formed as auto-injections, caused
by tongues of the still fluid lava intruding and squeezing upwards or laterally
into vesicular breccias that either capped or defined the margin of an advanc-
ing flow.

4

Fig. 5_1. Fan-shaped injection intruding its own
flow breccia directly above the shoulder at the top of
the great flow north of Alvord Creek.

The contact of the upper part of these auto-intrusions appears invariably
to be clean cut, but traced downward their margins as a rule become gradually
vesicular and develop more irregular and coarser jointing. At these lower con-
tacts, the injections even exhibit a rough reddish surface identical to that of
the adjacent fragments. Locally either a surface of this type or fractured
vesicular lava appears to truncate the injections actually normal to the direction

1931] Fuller; Steens ﬂ/[oumaiﬁn, Oregon 91

of their flowage, as indicated both by the jointing and the elongation of the
vesicles.

The lava advancing beneath its breccia would obviously have been more
chilled and viscous at its margin. If hydrostatic pressure caused the local ad-
vance of auto-intrusions into its own breccia, the viscous marginal lava would
have been forced outward in the front of the injection, but it would have been
followed by lava that became more and more fluid as it was derived from the
central portion of the flow. The porosity of the breccia would have permitted
a relief of pressure and a consequent development of vesicles, which would have
hecome progressively more marked as the gradual downward increase in fluidity
permitted the volatiles to expand. The chilling induced by this expansion would
have caused the vesicular lava to solidify and the injection thus to be truncated.
With the further advance of the flow the injection might have been completely
brecciated. In the flow breccias, the linear distribution of fragments of platy
rock locally testifies to the former presence of injections. )

These flows resemble the aa variety of basalt more closely than they do the
slightly more acidic type of blocky lava observed by Washington at Fouque
Kameni'? In these Santorini flows, the upper breccias are formed of loose angu-
lar glassy blocks, which, as well as the underlying lava, are practically free trom
vesicularity. In marked contrast to this type, the breccias of the upper andesitic
flows on Steens Mountain are highly vesicular, although far more minutely so
than the tvpical basaltic ones. The primary surface of some of the vesicular
blocks is very rough and jagged and closely similar to that frequently developed
by basalt. Unlike typical aa basalt, however, the andesite is always aphanitic and
as a rule relatively glassy, rather than showing the characteristic coarse crys-
tallinity of the more basic lava. Although the breccias are not very compact,
they are for the most part firmly consolidated. In contrast to the aa type, this
agglutination appears to be due to later agencies and not to the adhesion of stili
viscous fragments of slag-like lava.

DISTRIBUTION

Although these flows appear to have been very viscous and as a rule to have
advanced predominantly as unconsolidated flow breccias, they accumulated with
sufficient uniformity to give the andesite a relatively level surface throughout its
entire extent from Little Alvord Creek northward to Mann Creek, where it is
truncated by a transverse fault. For this distance of about 11 miles the upper-
most member of the andesitic series is, as a rule, 2,000 to 2,500 feet above the
base of the scarp. Owing to the irregularity of the surface on which they were
extruded, however, the thickness of this upper series of andesitic flows is very
variable.

These upper flows are not present above the vent in the valley of Little
Alvord Creek. Here the later activity is merely suggested by isolated blacks of
hornblende-free andesite scattered throughout the capping zone of soft altered
glass with its obvious content of hornblende. It was not determined if the blocks
were derived from pyroclastics. It is possible, however, that some of the previ-

= Henry 5. Washington, “Santorini Eruption of 1925,” Bull, Geol. Soc. Am., vol 37,
p. 367, 1926, v
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ously mentioned explosive characteristics at this locality may indicate a transition
to the later phase of activity. A little farther to the north in the southern part
of the valley of the south fork of Alvord Creek, a number of poorly defined
flows of andesite fill the local depression in the surface of the great flow to a
depth of about 400 feet. Although their jointing is predominantly horizontal, it
locally is very irregular, and in a few horizons is associated with vesicular brec-
cias which here form a minor constituent.

Northward this upper series of flows decreases in thickness as the surface
of the great andesitic flow increases in height above the vent south of Alvord
Creek. In this region, vesicular andesitic breccias may be seen to be locally cut
by injections, but the outcrops are not of sufficient magnitude to permit an in-
terpretation. It is only in this vicinity, however, that the basal contact of the
overlying basalt was observed. 'The basaltic flows were invariably found to have
lapped against a slightly irregular surface that sloped gently westward. The
andesite is covered with a thin layer of tuff that shows only a slight tendency
to stratification. There is no indication of erosional agencies. Immediately be-
low this upper contact, blocks of glassy andesite outcrop. Some of these appear
to represent the surface of an exceptionally vitreous flow, while others may
have been distributed as coarse pvroclastics.

On the northern side of the valley of Alvord Creek, the upper series of
andesitic flows is excellently exposed above the great flow (fig. 52). At this

Fig. 52. View of the andesite exposed on the northern wall of Alvord Creek showing
the upper portion of the great flow overlain by the later series. The lava forming the massive
exposure in the upper center appears in part to overlie the minor vent or vents from which it
was derived. Here the upper andesitic series shows a minimum thickness of about 600 feet,
but it increases rapidly to the west.
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locality the upper andesite shows a minimum thickness of about 600 feet. A
succession of flows accompanied by extensive breccias form the lower half
(fig. 53). These rapidly increase in number to the west with the thinning of
the underlying extrusive mass. In the upper part of the exposure, there are
several thick irregular masses of platy lava that definitely crosscut and indurate
the breccia. These appear to have welled into a thick flow. Farther to the west

Tig. 53. View of the upper andesitic series capping the great flow north of Alvord Creek
(¢f. fig. 52). The resistant horizons in the foreground are formed predominantly of How
hreceias. Above them is a near-vent accumulation of lava. The exposures on the skyline show
a total height of about 500 feet.

along the divide between the Alvord Creek and the Cottonwood Creek drainage,
there are additional indications of small loci of extrusion. The surface of these
is characteristically formed of a dark dull glass which breaks into spinelike frag-
ments. ‘This vitreous lava is extensive throughout the upper part of the series.
Tt appears to indicate an increase in the viscosity of the magma, for the compo-
sition remains approximately uniform (table VII).

Both here and to the north there is evidence of a discontinuous series of
vents, which as a rule are a half mile or more to the west of the base
of the scarp. To the east, the upper andesite appears like a fairly normal series
of blocky flows, but when the exposures are followed westward, the local varia-
tions accompanying the near vent facies render them far more irregular. The
horizontal alternation, which usually defines the series, becomes locally no longer
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apparent. ‘The actual mechanism can seldom be conclusively interpreted, for as
a rule such criteria as the orientation of the platy jointing are too variable to
be relied upon.

Near the head of the south fork of Cottonwood Creek, there is additional
evidence of a vent, which was active at an horizon several hundred feet below
the uppermost members. To the east on the northern wall of the north fork,
a homogeneous breccia of dark vesicular glass forms a vertical zone that is over
500 feet in height. Immediately adjacent to this zone, the platy lava forming
the horizontal flows is far more extensive than usual. The inclination of their
jointing suggests that several consecutive flows have been derived from this vent,
which subsequently gave rise to explosive activity.

The other noteworthy feature observed in the valley of the north fork is the
occurrence of a large inclined block of acidic stratified tuffs at the bottom of
the canyon to the south of the vertical zone of brecciation, and only about 100
feet above the top of the great flow. This block, which shows dimensions of
about 70 by 30 feet, rests directly on andesitic breccias. ILocally it is indurated
at its contact with the lava. The content of quartz and biotite in these sediments
proves the block to be of exotic origin. An explanation of their presence appears
to demand that it has been carried upwards in a vent from the Alvord Creek
Beds, the uppermost horizon of which is 600 or 700 feet below.

Northward in the valley of Willow Creek, the andesitic flows are continu-
ously exposed. Although the breccias are very marked, they are locally less
predominant than usual. In the eastern portion of the valley, they appear to
form a normal series, but to the west, at the head of the lower cirques, there are
indications of a vent of indeterminable dimensions midway between the two forks.
Here dark vitreous injections protrude from the summit of the divide. The
vertical structures may be traced downward on either side for several hundred
feet. At this locality, the discordant relation of the basalt is more marked than
observed elsewhere and the contact has an inclination of at least 30°.

Mosquito Creek forms the next valley to the north. Tts walls are less pre-
cipitous and its exposures therefore less distinct, but isolated outcrops permit the
andesitic series to be traced continuously as a normal succession of flows. Im-
mediately to the north, the narrow gorges of four closely spaced vaileys show
magnificent exposures, which permit more detailed observation. Although each
of these valleys exhibit distinctive features, they disclose principally a repetition
of flows of the blocky type, which have been previously described. At several
horizons, these valleys show evidence of explosive activity, either as interbedded
tuffs or as well-defined cinder cones. ‘The center of activity appears to have
moved progressively westward. Higher in the valleys, the series is cut by
elongate intrusions from which at least some of the uppermost members have
been derived.

The most southerly of these four creeks is known as Dry Creek, although
it 1s usually well supplied with water. Near its mouth, several large flows are

exceptionally distinct in their relation. They are separated by typical flow brec- .

cias, which, however, form a relatively minor constituent. At two of the lower
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horizons an otherwise imperceptible contact of a basal and a surface breccia
is rendered apparent by an accumulation of tuffs. In one of these localities, on
the northern wall at about 300 feet above the lowermost exposures, a small bed
of well-stratified tuffs testifies to the water deposition of tuffaceous sediments
in a minor depression on the surface of a flow.

To the south, a dissected cinder cone, at least 400 feet in height, caps the
divide between Dry Creek and Mosquito Creek (fig. 54). On hoth its western
and northern sides, the pyroclastics are excellently exposed and show a distinct
slope of about 30°. To the south and east of these main tuffaceous deposits, the
center of the crater has been removed by erosion, but the position of the neck
is indicated both by vertical platy lava and by extensive agglomerates, which
are so highly indurated that their structure is apparent only on the weathered
surface.

Fig. 54. The western part of the southern cinder cone viewed from
the intrusion which cuts its western slope presumably near the crater.

The cone is also cut by several extensive intrusions, which have resulted in
similar induration. To the east at its base, one of the largest of these has altered
the flow breccias immediately beneath the cone. Adjacent to the major intrusion,
the series shows an alternation of horizontal platy lava and irregularly jointed
breccias, which are completely indurated. ILocally it is impossible to distinguish
the platy lava of the flows from lateral extensions of the intrusion. To the
south, the transition to the unaltered rock, however, renders the original relation
apparent (fig. 55). The uppermost exposure of the western limb of the cone is
also cut by an elongate intrusion, which trends a little west of north (fig. 56).
This dike-like intrusion has also resulted in extensive alteration. The northern
limb of this cone is cut by at least two additional minor andesitic dikes.
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TFig. 55. The margin of the zone of induration in the flow breccias heneath the north-
castern margin of the southern cinder zone. To the left, away from the intrusion, the ag-
glomerates grade into a poorly consolidated breccia.

56. View of the main elongate intrusion cutting the _southqrn
cinder cone. The jointing of the platy intrusive and the associated in-
durated agglomerates are both predominantly vertical.
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North of Dry Creek, another cinder cone is so close to the one just de-
scribed that their pyroclastics almost coincide at the bottom of the valley. This
northern one, which is at approximately the same horizon, may have originally
been more extensive, but now its remnants are widely scattered. Its southern
limb, which is formed of buff colored tuffs and angular glassy fragments, is ex-
posed on the northern wall of Dry Creek. To the south, near the summit of the
divide separating it from Little Dry Creek, a tuffaceous pinnacle has been suffi-
ciently indurated by an andesitic intrusion to survive erosion (fig. 57). This
pinnacle exhibits irregular masses of lava that are inclined northward and sug-
gest an accumulation of viscous splashes of lava on the inner slope of a crater.
To the east, remnants of the eastern limb survive, but to the north the pyroclastics
have been almost completely stripped from a continuous surface that appears to

Tig. 57. The northern fork of Dry Creek is on the right. To the left of it, the inclined
beds of the northern cinder cone are visible above the flow breccias. As a result of the in-
duration of an elongate andesitic dike, a remnant of the inner lip of the crater forms a red
pinnacle on the divide to the north.

be formed by a flow breccia that slopes northward gently. On the northern wall
of Little Dry Creek, the northern limb of a cinder cone shows a thickness of
over 100 feet. Presumably it is part of the same cone, but if such is the case,
the accumulation of ejectamenta must have been very assymetrical, and the cone
must have had a far longer and more gentle slope to the north. Tn the valley of
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Dry Creek, thin andesitic flows are exposed between these two cones, indicating
that they were subsequently just submerged. These flows appear identical to
the lower series, except that the lava forming them is slightly more vitreous.

A little to the north of this locality, there is also evidence of explosive activ-
ity in the lower part of the series. At the mouth of Little Mann Creek, part of
a small andesitic cone forms the lowermost exposures (fig. 58). The only other
break observed in the extensive flow breccias is near the top of the main series.
The thick flow, on the surface of which the northern cone accumulated, shows
at its base a persistent thin bed of tuffs, which varies from 2 to 5 feet in thick-

'

Tig. 58. View of the base of the scarp at Little Mann Creek showing the inclined tuffa-
ceous deposits that underlie the thin flows. To the right, just beyond the margin of the
picture, the heds dip in the opposite direction, presumably because of their deposition on the
inner slope of a crater.

ness (fig. 59). This ejectamenta apparently settled as a relatively uniform coat-
ing on an irregular surface. The sharper projections locally failed to be covered.
The bed at present follows a sinuous course, which in places may be due to later
slumping.

To the north in the valley of Mann Creek, at several hundred feet higher
than the top of the great flow, exposures of tuffs appear to indicate remnants of
another smaller cone. Iere an outcrop showing platy vertical jointing suggests
the position of the neck. Higher in this valley, elongate intrusions form pro-
nounced exposures with a general north-south trend. Like the intrusions cutting
the southern cinder cone they are associated with highly indurated agglomerates.
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Fig. 59. An exposure on the scarp north of Dry Creek showing a persistent hed of
strat*._ﬁcd tuffs, which demarks the contact of two flows in the upper part of the series. To
the right of the center, a typical auto-injection projects above the surface breccia of the fAow.

PETROLOGY OF THE UPPER ANDESITIC SERIES

The vesicular flow breccias, which form such a large bulk of the upper ande-
sitic series, have already been briefly described. As previously stated, most of
its blocks range from 2 to 10 inches in diameter. Many of these have been
roughly rounded by the breaking of their fragile margins during the advance of
the flow, but where the primary surface may be observed, it is found either to be
smoothly fractured or extremely jagged and so roughly pitted by the disruption
of its vesicles, while still viscous, that it appears almost granular. These vesicles
are seldom over 1 mm. in diameter, but they are usually greatly elongated and
distorted by flowage.

During the advance of a flow, the grinding of the fragile margins of the
; blocks has resulted in the interstitial accumulation of tuffaceous material. Evi-
dence of this disintegration may be observed at numerous localities. The dis-
rupted particles, together with the margins of the dark gray blocks, are locally
more or less altered to a dull red, or more rarely to a pale buff. Probably owing
to fluxion, the finest of this material locally exhibits irregular stratification, which
roughly parallels the margins of the enclosing blocks. Somewhat similar results
‘ are also attained by the deposition of ejectamenta on the surface of a flow breccia.
Beneath the thin interstratified beds of tuff, the fine particles fill the spaces be-
. tween the upper blocks.
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The rock forming the breccia as a rule is completely aphanitic. Minute
feldspathic laths, however, are visible megascopically in some of the platy lava,
which for the most part is of'a slightly lighter shade of gray. The planes of
flowage, along which it splits, occur usually at intervals of from 2 to 7 mmn.
Some of the more vitreous auto-injections are almost black, and break into irreg-
ular splinters of various sizes. The major axes of these are parallel to the How-
age. Locally this spinous jointing results in the formation of cigar-shaped frag-
ments.

The Jarger fragments in the ejectamenta show a dull vitreous surface, which
also is nearly black. As a rule, they are completely free from vesicles. Some of
the blocks have a conchoidal fracture. In others, planes of weakness, which
were probably formed by contraction during cooling, cause them to break roughly
parallel to the surface and thus to form rounded residuals. Many of the smaller
fragments, which compose the light buff or gray matrix, may be seen to have
been pumiceous. Although most of the blocks and lapilli exhibit fractured sur-
faces, the rounded chilled margins of some testify to their extrusion while still
plastic.

Petrographically these various facies are so uniform that they may be
treated as a unit. The most vitreous types show scattered minute feldspathic
microlites averaging about .05 mm. in length in a dark opaque ground. In other
very aphanitic types, an ill-defined feldspathic crystallization gives the rock in thin
section a slightly mottled appearance. The more crystalline specimens, however,
usually exhibit a seriate development of clean cut andesine laths, which show
no zoning. The largest of these crystals seldom exceeds 1 mm. in length, while in
the main mass of the ground they range from .05 to .2 mm. As a rule these show
an irregular alignment. In these more crystalline types, the ground may be forme.l
largely of a fairly light colored glass or it may be cryptocrystalline. It usualls
has a high content of black dust, which presumably consists of magnetite. In
some specimens the ground is clouded with the opaque white dust. Indeterminable
mafic grains less than .02 mm. in diameter locally form a marked constituent.
Aside from these, a few sections exhibit scattered small crystals of hypersthene
and of pale greenish augite. Neither of these minerals exceeds .5 mm. in length.

In no specimen was observed either the coarser andesine crystals or the horn-
blende phenocrysts, which locally form a marked constituent of the great flow.
Some types, however, are very similar to its altered facies both in their indistinct
feldspathic crystallization and in their mafic content. A chemical analysis of
one of the uppermost vitreous injections cutting the breccia north of Alvord
Creek emphasizes the resemblance. It proved the composition of the rock to be
practically identical to that of both the upper and the lower portion of the great
flow in that locality (table VII}. The extreme monotony in both the megascopic
and the petrographic characteristics of the rock, forming the upper andesitic
series, suggests that it is relatively uniform in composition.

Only slight variations in appearance are shown even by the indurated agglom-
erates, adjacent to the later andesitic intrusions in the northern valleys. Mega-
scopically their structure is hardly visible except on the weathered surface, but
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as a rule their irregular jointing contrasts strongly with that of the platy intru-
sions.  Most of the fragments are angular, but some are distinctly distorted.
Petrographically their fragmental origin is distinct. The finer particles and
usually at least the margins of the larger fragments have been rendered almost
opaque by kaolinitic alteration, which locally is very biotchy. The minute felds-
pathic laths, however, appear to be unaltered. The alignment of some of the
feldspar of the interstitial material suggests subsequent flowage. The refusion
of the breccia is potentially possible, since the heat of crystallization would not
have had to be overcome in the alteration of the glassy fragments.

STEENS MOUNTAIN BASALT

The Upper Andesite is capped by an extensive series of thin basaltic flows
(figs. 6 and 60) that extend to the summit of the mountain, about 3000 feet above.
This great thickness, however, is far from a maximum figure inasmuch as the
near-vent phases of the earlier volcanic rocks, on which the basalt rests, probably
formed a marked topographic feature at the time of this later extrusion.

Although the uppermost surface of the underlying andesite fluctuates as it
is traced from divide to divide, it retains in general a relatively uniform height.
To the south, the top of the Pike Creek volcanic series is almost at the same level.
Traced westward into the glacial cirgues, the elevation of the upper surface of
the andesite decreases gradually with an inclination, which is focally over 15°
(fig. 61). The thin basaltic flows lap against this inclined surface.

Fig. 60. View of the basaltic flows exposed above the cirque of the south fork of
Alvord Creck. On the left the cliff rises nearly 1000 feet.
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Fig. 61. The basaltic flows abutting against the surface of the andesite on the south-
ern 51de of the south fork of Willow Crcck

Only to the south of Alvord Creek was the actual basal contact of the basalt
observed. There, the surface of the andesite, sloping westward, is capped by a
slight thickness of poorly stratified andesitic tuffs, which show no marked indica-
tion of erosion. Elsewhere, distant views of the gently undulating contact, demark-
ing the base of the basalt as it abuts against the andesite, suggest that the domed
structure, formed by the accumulation of viscous lava, had been relatively unmodi-

fied at the time of the basaltic extrusion.

GENERAL DESCRIPTION

This series consists chiefly of thin flows of coarsely holocrystalline oltvine
basalt of a rather light gray color. The rock is distinctive in the field both from
a peculiar porous texture, which is quite characteristic, and from its local content
both of labradorite phenocrysts ranging from 1 to 4 cm. in length, and of olivine
grains, which are predominantly under 2 mm. in diameter. These flows have
been found to vary in thickness from less than one foot to over 70, but they
average approximately 10 feet. Although most of them retain their thickness, at
least locally, without any marked variations, some of the thinner ones end in
contortions.

1931] Fuller; Sieens Mountain, Oregon 103

The vesicular upper surface of each sheet is usually remarkably level, while
the base as a rule is defined by the development of pipelike vesicles, which are
presumably caused by the rising of air imprisoned beneath an advancing flow.
At a number of localities well-defined contacts have been found to disappear on
being traced laterally, although the physical characteristics such as vesicles, pheno-
crysts or jointing may still render the two sheets apparent (hg. 62). This merg-
ing of successive sheets is attributed to the advance of very fluid lava prior to
the complete solidification of the surface of a lower flow, which had hecome
approximately stationary.

Fig. 62. Near the base of the scarp of Northern Steens about a mile to the south of
the main fault spur. Thin flows of basalt may be seen partially mer ging.

In the valleys of both Little Alvord and Pike Creeks, the contacts of many
of the lower flows of the series are irregular and indistinct. As a rule they are
defined by a fairly well consolidated zone of finely br ecciated scoria, which more
rarely exhibits large tilted blocks of thin scoraceous layers. Into this roughly
horizontal zone, the base of the overlying flow forms irregular embayments. Pre-
sumably the weight of the advancing sheet brecciated the superficially solidified
surface of the underlying lava. Beneath this breccia, the basalt has locally de-
veloped a peculiar vertical spinous jointing, which the writer attributes to this
minor deformation during the process of solidification.
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In the lower cirque of Mosquito Creek, at the base of the series, there is a
bed of well-stratified grey tuffs about 10 feet in thickness. Higher in the section
there are at least two still smaller beds of buff colored tuffs that are very local
in their distribution. In the valley of Alvord Creek almost in the center of the
basaltic series, there is interbedded a thin mass formed of a black rather vitreous
rock which contains thick laths of andesine about 2 mm. in length. Chemical an-
alysis proves this rock to be an andesite of intermediate composition (table IX).
Owing both to poor and to inaccessible exposures it has not yet been determined if
this mass is a flow or a concordant intrusive. Aside from these small units, which
probably comprise no more than 30 feet of an entire section, the consecutive flows
on High Steens appear to be in perfect continuity, for flow breccias and basaltic
ejectamenta are practically negligible.

T.ocal variations, however, may be found in the series. To the north, vesicular
flow breccias are more prevalent. Southwest of Andrews on the broad shoulder
at the base of the scarp, there are exposures of extensive palagonitic tuffs con-
taining an irregular distribution of chilled masses of typical porphyritic basalt.
The evidence obtained did not permit an interpretation of the origin of this facies,
although the chilling suggests aqueous agencies. In adjacent regions, other varia-
tions are due to the fact that more acidic lavas of various types are interbedded in
the series.

Unlike the Columbia River Basalt, these flows do not show colummnar struc-
ture, although they are cut by roughly vertical joints, which form broad, gently
curving surfaces. These intersect irregularly and bound blocks, which, even in
thin flows, are frequently found to be four or five feet in diameter. In general,
in spite of the thinness of the flows, the j ointing from its coarseness superficially
resembles that of a plutonic rock more than that of a lava. Some of the major
joints have also smaller systems normal to their surface.

On steep cliffs and pinnacles, the jointing causes each flow to stand out dis-
tinctly, but on the slopes where the rock has been subjected to the abrasion of
sliding talus, the flows are bevelled to a fairly smooth surface and usually show
no topographic expression although continuously exposed (fig. 74). 'This uni-
form bevelling is due to the relative softness of the rock. The variations in erosion
may thus cause the character of an exposure to change so sharply as to suggest
erroneously the presence of a fault.

DISTRIBUTION

Owing to their exceptional fluidity these basaltic flows have developed very
distinctive textural peculiarities, although both their mineralogical and chemical
composition is for the most part normal. These characteristics, which will be
described later, distinguish the rock easily from flows of the Columbia River
Basalt. Unfortunately some of the textural peculiarities appear to have persisted
in the region over a considerable span of time, for similar flows in a number of
instances are widely separated stratigraphically. Asa whole, however, the occur-
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rence of a rather thick series, showing the more distinctive characteristics, per-
mits a fairly definite correlation, which is especially justified since a wide distri-
bution may be expected from the fluidity of the Java.

On the eastern scarp of Steens and Pueblo Mountains, these flows are exposed
almost continuously for a distance of about a hundred miles. Only on High
Steens is the base of the series well defined, although on Pueblo Mountain its

position is strongly suggested. At the southern end of this persistent scarp the

flows dip to the south beneath the alluvium of the Thousand Creek valley. Farther
to the south, the fault block mountains expose the older crystalline rocks with
apparently the total absence of the series. The possible relationship of these
flows to the Mesa Basalt of this region will be discussed later.

Northward a large section of the series is exposed continuously on the eastern
scarp of Northern Steens for a distance of about 30 miles. In this reglon many
of the flows are somewhat more aphanitic and more acidic than usual. Vesicular
fow breccias are more commonly encountered. Northwest of Alberson, in the
lower portion of the scarp, there is interbedded with the basalt a 300 foot flow of
dark aphanitic rock which closely resembles the glassy facies of the Upper Ande-
site. In thin section, sodic andesine may be observed in unzoned phenocrysts
which range up to 3 mm. in length. The glassy ground as a rule is clouded with
indeterminable microlites, but some specimens show numerous clean-cut felds-
pathic laths in a pale brownish glass. A chemical analysis of the fresh rock
showed the composition to be that of a fairly acidic latite (table X). Near the
base of the scarp the discordant relation of the latite and its breccias indicate that
this lava was derived from local sources during the outpouring of the basaltic
floods.

To the north, in Harney Basin, the fault scarps decrease in height so that
only the members capping the basalt are usually exposed. In a general recon-
naissance of the region farther to the north, the writer has failed to observe any
similar basalt. The series does not resemble any member of the extensive section
now being studied by Ralph I,. Lupher'® in the Ochoco Mountains to the north of
Burns between Canyon City and Crow Flat. In this vicinity, the southern slope
of the structure indicates that the uppermost members of the volcanic series
underwent minor deformation during at least the most recent uplift of this part
of the range, but the Steens Mountain Basalt and the lower members are consid-
ered by the writer to have been confined to a broad basin that lay to the south.

‘To the east of Alvord Desert the elevation of the fault blocks gradually
decreases and at the same time the mantling sequence of tuffs and lavas increases
(fig. 63), because of the less rigorous erosion at a lower elevation. The series has
no analogy to the basaltic flows exposed in the Owyhee Gorge about 70 miles to
the northeast. To the southeast of Steens Mountain, the western scarp of the
McDermitt Valley depression rises close to 1500 feet in height. A few basaltic
flows resembling the Steens Mountain type occur both at the base and near the
top of the series. Acidic lavas about 1000 feet in thickness lie in the intervening

12 This statement is based on a personal exam'nation of Dr. Tupher’s specimens.
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Fig. 63‘ Aeroplanc \'i_e\\' to the east from north of Upper Alvord basin. The light colored
exposures in the middle distance are formed by the tuffacecous deposits overlying the basaltic
series. In the foreground the step faults are remarkably well defined.

space. The upper basalt beneath a thin cap of glassy acidic lava consists of three
flows varying in thickness from 5 to 10 feet. These flows, which are rich in
phenocrysts of labradorite, are identical to characteristic types of the Steens
Mountain series. This relationship suggests that the extrusion of the acidic
lavas was contemporaneous with the outpouring of the great basaltic floods.

In Southern Steens, the uppermost flows on the eastern scarp can be traced
across the slightly dissected horst, known as Smith Flat, to the western scarp
where again the series shows a depth of over 1000 feet. Southward this curving
scarp exposes the basaltic flows continuously until it ends abruptly in a trans-
verse fault. South of this point both the geology and the topography are com-
plicated by irregular minor faults and by the occurrence of a large homogeneous
mass of dense altered porphyry forming Lone Mountain. This rock, which con-
tains small feldspathic phenocrysts, is somewhat similar to the upper biotite-
dacite of the Pike Creek Volcanic Series, and likewise erodes locally into pinnacles
that suggest vertical flowage and therefore the position of a vent. The relationship
of the porphyry to the southern continuation of the Steens Mountain Basalt was
not determined. Southeast of Lone Mountain the exposures consist of stratified
tuffs overlain by a thin layer of basalt, which presumably is a continuation of the
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Mesa Basalt described by Merriam.»* No conclusive evidence on the relationship
of this basalt to the northern series was here obtained. The possibility of corre-
lation will be considered later.

To the west near the Nevada border the surface rock is formed largely of
hasalt; but the exposures are not of sufficient magnitude to permit its correlation
with that of Steens Mountain. Even in Guano Valley the scarps are low and the
exposures unsatisfactory (fig. 64). Slightly to the north, however, in Warner

Fig. 64, Aecroplane view of the eastern scarp of Guano Valley from the north. The
volcanic cone of Beatty’s Butte is in the foreground.

Valley and still farther to the west at Abert Rim, there is exposed a series of thin
basaltic flows, which show a total thickness of about 1500 feet. Although differ-
ing in detail, the series at these localities is similar to that of Steens Mountain
in its general petrological characteristics as well as in its structural relationship.
Tt may, therefore, be correlated with practical certainty. Similar flows, although
not the most characteristic types, also form the small scarps bounding Pauline
Marsh, but the vicinity was not studied in sufficient detail to permit a definite
correlation. Farther to the west the exposure of older rocks appears to mark
the margin of the volcanic basin. More flows of olivine basalt, however, are
exposed in the scarp east of Klamath Lake. Although these are also somewhat

o J. C. Merriam, “Tertiary Mammal Beds of Virgin Valley and Thousand Creek in
Northwestern Nevada,” Univ. Calif. Publ., Bull. Dept. Geol. Sci., vol. VI, pp. 36-38, 1910.
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similar, they show predominantly a glomeroporphyritic texture that is quite dis-
tinctive. They may therefore be part of a separate series.

Fig. 65. Aeroplane view of Blucjoint Rim, which rises about 1800 feet as the eastern
scarp of Warner Valley. R. E. Fuller and A. C. Waters, op. cit., fig. 2, p. 212. Subsequently
reproduced in the third edition of L. V. Pirrson’s and Charles Schuchert's Text-Book of
Geology, part 1, fig. 269, p. 386. )

The distribution of the sequence exposed in Warner Valley demands more
detailed consideration in view of the previous correlation of this great series
with the Warner Basalt when the latter was described by R. J. Russell in his
paper on the Warner Range of California.’® This range forms the eastern wall of
Surprise Valley, which is a southern continuation of Warner Valley. In this
region Russell found a varied sequence of andesitic flows and tuffs to be locally
capped by a series of basaltic lows which show a maximum thickness of 600 feet.
‘This basalt is in part overlain by rhyolite.

About 40 miles north of the Nevada border, an elevated portion of the eastern
scarp of Warner Valley is known as Bluejoint Rim. Here, about 1500 feet of
basalt is exposed above the talus (fig. 65). These flows exhibit almost all of the
peculiarities that characterize the Steens Mountain series. To the south, this
eastern block diminishes gradually in elevation until at a transverse fault it is
sharply uplifted to form the relatively narrow horst known as Hart Mountain

18 R. J. Russell, “Basin Range Structure and Stratigraphy of the Warner Range, North-
eastern California,” Univ. Calif. Publ., Bull. Dept. Geol. Sci., vol. XVII, pp. 416-425, 1928.
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(fig. 66), which is bounded by a fairly low scarp on the east, and, on the west,
by one that rises over 3000 feet as the eastern boundary of Warner Valley.

Hart Mountain is composed of a complex series of lavas and volcanic in-
trusions. The lowest exposed member of the local stratigraphic sequence consists
of a few badly decomposed basaltic flows of a phenocrystic lava that is also

strongly suggestive of a Steens Mountain type. This lava is overlain by rather

Fig. 66. Aeroplane view of the southern end of the castern scarp of Hart Mountain.
The flat top of the nmarrow horst is visible on the right. In the middle distance, directly
to the left, the western scarp of Warner Valley may bhe seen.

viscous flows of acidic basalt extruded from local vents. Above this there is a
varied sequence of tuffs and andesitic flows. This series is cut by a number of
andesitic sheets that dip at low angles towards the center of the mountain. These
intrusions, which resemble petrographically the uppermost flows, vary in thick-
ness from a few feet to about 200. The summit of the andesite rises a few hun-
dred feet above the subsequent basaltic flows that abut against it.

Gradually increasing in depth towards the north these flows show a thick-
ness of at least 700 feet at the northern end of the western scarp of Hart Moun-
tain, Here the base is not well defined, but the lower exposures indicate that the
series overlies some rather acidic basaltic flows, which are accompanied by much
scoraceous lava. Judging from the evidence of viscosity, this lower basalt is of
local distribution, but the overlying series from its physical characteristics appears
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to be the direct continuation of that which is exposed at Bluejoint Rim. At the
northern end of Hart Mountain (fig. 67), these flows are locally overlain by a
thickness of approximately 125 feet of stratified, light colored tuffs that are capped
by a basaltic flow about 20 feet in thickness. This flow, which survives in a local
butte, is also similar to a less distinctive Steens Mountain type.

Fig. 67. Aeroplane view of the western scarp of Hart Mountain at the northern end
of the horst. At the top, the butte is capped by basaltic flows considered to be the northern
continuation of the Warner Basalt. The slope beneath it marks the position of the tufface-
ous sediments. The precipitous exposures below the shoulder are formed by the basaltic
flows of the Steens Mountain series. On the right these flows show a maximum thickness of
about 700 feet. .

To the south, the andesite forming the central portion of Hart Mountain is
also overlain by basaltic flows that in the southern portion of the mountain are
about 1300 feet in thickness (fig. 68). These flows appear identical to the Blue-
joint series except for the fact that phenocrysts of labradorite are less common.
This lava is locally overlain by a flow of andesite filled with inclusions that appear
to have a cognate origin. Lower on the scarp, exposures of this same andesite
suggest a crosscutting relationship.
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Fig. 68. Basaltic flows about 1300 feet in thickness capping the southern end of Hart
Mountain. These flows are considered to correlate with the Steens Mountain series. Warner
Lake is visible at the base of the scarp, which here is over 3000 feet in height.

The horst forming Hart Mountain is bounded on the south by a fault. Farther
to the south, the scarp defining the eastern wall of Warner Valley continues with a
height of about 1200 feet. This lower scarp is capped by two thin basaltic flows.
Their base is hidden by coarse talus that continues downward for about 200 feet.
Below this, there is exposed a dense dark grey rock filled with inclusions. T'his
rock appears identical to that capping the southern end of Hart Mountain. Here,
however, its jointing suggests that it may be an intrusive phase. Beneath this
exposure, there outcrops a single thin basaltic flow that rests slightly discon-
formably on stratified tuffs about 400 feet in thickness. Below these beds, thin
basaltic flows, extending to the talus, show a total thickness of over 200 feet.
This lava is very similar to that which is exposed in the section at the southern

end of Hart Mountain. Although the two localities are only about a mile apart,

the lack of exposures renders it impossible to explain the absence of the tuffs
beneath the andesite capping the series to the north.

On the western side of Warner Valley the relationship is simpler. In a
central portion of the valley, the western scarp is lacking, although basaltic flows
are exposed at the Coyote Hills, where they have been uparched by the intrusion

of acidic lava.'® To the south of Plush the scarp reappears above the alluvium,

16 R. J. Russell, op. cit., p. 427.
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and exposes a thickness of over 200 feet of basalt disconformably overlying
stratified tuffs that locally show a thickness of about 100 feet. These beds appear
similar to those both at the north of Hart Mountain and in the scarp to the south
of the mountain.

Traced southward, the western scarp gradually increases in elevation. West
of the northern end of Warner Lake it reaches a maximum of about 2300 feet
(fig. 69). The block, here, is capped by about 400 feet of basalt, which is the

Fig. 69. The 2300 foot scarp west of Warner Lake. About 300 feet of basalt, which
presumably represents the Warner Basalt, overlies tuffaceous sediments. These beds, which
are thought to be part of the Upper Cedarville, form a persistent tree-clad horizon of about
equal magnitude. The prominent exposures at the base are formed by a series of basaltic
flows about 1300 feet in thickness. These flows are correlated with those of Steens Mountain.

stratigraphic continuation of the exposures to the north. The base of this upper-
most basalt is covered by soil and talus which continues downward for about 300
feet. This slope ends in a persistent shoulder formed by the surface of an under-
lying series of basaltic flows. In this soil-clad zone, which can be traced for the
length of the scarp, were found fragments of consolidated light colored tuffs. To
the north in two localities tuffs outcrop at this same horizon. In consequence,
this shoulder is considered to be formed by the continuation of the tuffaceous
beds occurring to the north beneath the basaltic cap.

Below these tuffs, however, are precipitous exposures of thin basaltic

flows that appear to be identical to those forming the great cap at the southern
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end of Hart Mountain on the opposite side of the graben. These flows form a
continuous outerop over 1000 feet in height. Although they also are not so
porphyritic, they presumably form the southern continuation of those of Blue-
joint and A{bert Rims, and are, therefore, thought to be part of the Steens Moun-
tain series.’

The overlying tuffs both from their lithologic similarity and from their uni-
form stratigraphic relationship are considered to correlate with those to the south
of Hart Mountain as well as with those in the butte at the north end of the moun-
tain, while the basaltic flows capping these beds are thought in each of these
localities to belong to the same later series. ‘T'his interpretation indicates that both
the upper tuffs and the basalt, which caps them, decrease in thickness to the north.

Russell considered the capping basalt on the western side of Warner Vallev
to be the direct continuation of the Warner Basalt, but he did not realize th.e
presence of the underlying series. In fact, referring to this scarp, Russell states'”
“While the capping of Warner Basalt is relatively thin in that area, its debris so
thoroughly covers the Upper Cedarville beds that only careful search will reveal
their presence. It is likely that this condition caused Waring to indicate a great
thickness of basalt in the cliff west of Warner Lake while in actuality the flow
is relatively thin.” )

From this interpretation the capping tuffs are considered to be part of the
Upper Cedarville, while the overlying flows are correlated with the Warner
Basalt. The underlying series in consequence must be earlier than the Upper
Cedarville, although the intervening time probably is insignificant. Southward
the capping basalt appears to merge info the exposures in the Warner Range, but
the relationship of the lower series to that of the Warner Range was not
determined,

The difficulty in correlating isolated horizons of basalt is well shown on the
eastern scarp of Surprise Valley about 15 miles to the east of Cedarville (fig. 70).
Here basaltic flows about 60 feet in thickness overlie light colored tuffs which
are more than twice as thick. These in turn rest conformably on thin basaltic
flows about 125 feet in thickness. Beneath these is another bed of acidic tuffs
forming an horizon of about the same depth. These lower tuffs rest on more
basaltic flows whose base is not exposed. The uppermost basalt has no analogy
to the northern lavas and is presumably later. The other two horizons, from
their physical characteristics, might be correlated with the Warner Basalt and
the northern series respectively, but the evidence is not conclusive. The exposure,
however, at least shows the futility of classing all the basalt in the region as a
single stratigraphic unit.

1T Op. cit., pp. 439-440.
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Fig. 70. The eastern scarp of Surprise Valley to the east of Cedarville. On the left
the butte at the top is formed by about 150 feet of tuffaccous sediments, which are capped
by a few thin basaltic flows. Beneath these beds in the center of the picture about 125 feet

of ba§a1t overlies a slightly greater thickness of stratified tuffs, which rest on still lower
basaltic flows of unknown thickness.

AcE RELATIONSHIP

From fossil leaves, the Upper Cedarville Beds hLeneath the Warner Dasalt
were considered by Chaney's to correlate with the Mascall Formation overlying
the Columbia River Basalt in the John Day Valley. They were, therefore, thought
to be of Middle Miocene age. Vertebrate remains, however, found in the same
beds indicated a later age. From paleobotanical evidence the Upper Cedarville
beds should correlate with those of Alvord Creek at the base of Steens Mountain,
but stratigraphically the entire Steens Mountain volcanic series apparently lies
between them. Although the extrusion of these varied volcanic rocks probably was
relatively rapid, the evidence indicates that the Mascall flora was quite persistent
and possibly that it continued into the Pliocene.

To the east Russell definitely correlates'® the Warner Basalt with the Mesa
Basalt and tentatively not only with the flow exposed to the north at Railroad
Ridge, but also “at least in part” with the Pueblo Mountain series. The Mesa
Basalt caps the Virgin Valley Beds which contain in their lower horizons verte-

R, J. Russell, 0p. cit., p. 412,
19 0p. 'cit., pp. 416-417.
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brates of the Middle Miocene.?® These lower beds should therefore be older
than the Steens Mountain volcanic series. The upper strata, however, appear
to be nonfossiliferous, so that the precise age of the Mesa Basalt cannot be
determined. The Railroad Ridge Basalt caps the Thousand Creek Beds, which
Stock®* comsiders from a study of their vertebrate fauna to be fairly late in the
Pliocene. These beds, however, in the opinion of the writer overlie the Pueblo
Mountain series approximately conformably. This series, as previously men-
tioned, appears from almost continuous exposures to be the direct stratigraphic
continuation of the Steens Mountain lavas.

Since the basalt forming these three units at the southern end of Pueblo
Mountain is not sufficiently distinctive to permit a petrographic correlation, the
problem at present cannot be definitely settled, but it appears certain that the
Pueblo Mountain series and the Railroad Ridge Basalt are widely separated
stratigraphically. Locally, however, no definite evidence was obtained to prove
whether the Mesa Basalt correlated either with the Railroad Ridge lava, which it
resembles physiographically, or with the uppermost lava of the Pueblo Mountain
series. The basalt exposed near the southern end of Pueblo Mountain, as well
as being overlain by acidic lava and tuffaceous beds, has been intruded by a num-
ber of small sills of obsidian. Although, possibly due to this later activity, the
series is quite badly altered, the effect may be too local to be used as a distinctive
criterion. The facts suggest, however, that these flows have an earlier origin than
the Mesa Basalt. The latter, therefore, may correlate with the Warner Basalt
as Russell proposed.

In general the evidence indicates that the Steens Mountain Basalt is definitely
younger than the Columbia River flows and occurred either lale in the Miocene or
early in the Pliocene. In the Warner Valley region the overlying tuffaceous beds,
which are presumably a continuation of the Upper Cedarville, suggest that the
Mascall flora continued into the Pliocene, as the vertebrate evidence indicates.
The Warner Basalt, overlying these beds slightly disconformably, appears to
thicken southward rather than northward as Russell suggested. On the other
hand the apparent absence of the Steens Mountain series both in Virgin Valley
and on Warner Range indicates that it ceases abruptly to the south, but the actual
relationship to its barrier was not determined. In Virgin Valley, however, the
advance of these lavas may have been halted by the great thickness of the Canyon
Rhyolite, which lies on the northern side.

PETROGRAPHY

Although most of the basalt of southeastern Oregon is normal in its mineral
content, it exhibits a number of textural and structural characteristics, which
easily distinguish it from the more typical varieties encountered to the north on
the Columbia River Plateau. Some of the most distinctive regional characteris-
tics, however, are repeated at such widely separated horizons that they are not

20 Chester Stock, personal communication.
21 Jpbid,
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of any great stratigraphic value. Petrographic correlation is also complicated by
the fact that such striking features as the concentration of phenocrysts may vary
rapidly in a single flow.

The extreme fluidity of the lava has already been indicated by the remark-
able thinness of the flows, their level surfaces, and the merging of successive
sheets, This testimony is also supported by petrographic evidence, for most of
the textural peculiarities demand great mobility, which was presumably caused
by an unusually high volatile content.

Although the series is composed predominantly of fairly basic olivine basalt,
the perfectly fresh rock is of a far lighter shade of gray than one would expect.
Most of the flows, in spite of their thinness, are relatively coarsely holocrystalline.
As a rule, the texture is almost uniform throughout each sheet. In many flows,
the most noticeable megascopic constituents consist of coarse plates of clear glassy
labradorite and small grains of olivine, which, as a rule, has been rendered irides-
cent by a thin film of alteration. In most flows, however, the texture of the
groundmass forms the most unusual feature.

Under the hand lens, it 1s clearly apparent that open cavities exist locally
between the crystalline constituents. The most striking characteristic of these
minute irregular cavities is the presence of delicate laths of light gray labradorite,
which project into them and, in some specimens, form a network of conflicting
plates. These usually range from .5 to 1.5 mm. in length. T.ess commonly
olivine and augite come in contact with these spaces. The angular shape of the
cavities resembles the interstitial areas occupied by the glassy mesostasis in some
basalts.

The only established term that suggests this texture is “miarolitic,” but this
has been previously applied to plutonic rocks and as a rule in reference to the
presence of drusy cavities lined with a crystalline coating. In this basalt, however,
the cavities are not of the drusy type, and the orientation of the enclosing crystals
has no reference to the space they bound. Since this texture apparently has not
been previously described, the writer proposes the name “diktytaxitic” (Greek,
diktuon, net, -+ taxis, arrangement)?®? in reference to the net-like arrangement of
the feldspar laths.

“Diktytaxitic” texture is most clearly defined in coarsely crystalline rocks,
where the cavities are usually relatively uniform in their distribution. In this
type, however, the examination is necessarily confined to a hand lens (fig. 71),
for most of the specimens are too friable to preserve their features in thin section,
except when the cavities have been subsequently filled with zeolites such as chaba-
zite or thompsonite, which have been derived from the endomorphic alteration of
the feldspar. In the more aphanitic varieties, which are usually darker in color,
the open spaces are more scattered in their distribution. The consolidation of this
type is usually sufficient to permit the grinding of satisfactory thin sections
(hig. 72).

22 The writer gratefully acknowledges the advice of Dr. Charles E. Weaver and Professor
G. E. Goodspeed in the selection of this name.
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e, 71, Photograph (magnified 7X) of a hand specimen of a basaltic flow, which was
obseI;VDed near the l?asé) of( the series in the valley of Mann Creek. _The flow, which has a
maximum thickness of about 70 feet, exhibits the coarsest crystallization observed. It shows
typical “diktytaxitic” texture with labradorite laths forming an open net work of plates. The
olivine occurs as clear light colored grains, while the ophitic augite is dark. The deeper

cavities appear black.

The distribution of the labradorite and the size of the laths appears as a
rule to be relatively uniform throughout the groundmass of an individual speci-
men. In part, however, the plagioclase is intergrown with ophitic augite. This
mineral occurs generally in isolated patches composed of one or more crystals,
and is usually enclosed by a zone containing intersertal grains of olivine and
magnetite. In fact in some specimens the intersertal grains have been complete‘ly
converted to iron oxide, which renders the ophimottling very apparent in thin
cection. These mafics are seldom enclosed in the augite.

Ophimottling is probably the most persistent feature in the texture of these
basalts. It is also encountered in this region in many rocks that show no ten-
dency of being “diktytaxitic.” Some of the more aphanitic flows, however, show
small intersertal grains of augite as the principal mafic, while olivine may be
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either absent or a very minor constituent. A few rocks show the feldspar laths
imbedded locally in an almost opaque ground, which suggests decomposed glass.
As a rule this substance shows parallel streaks principally defined by magnetite.
This type is formed from the alteration of a mafic mineral that exhibits a single
well defined cleavage, and an extinction that suggests augite.

Fig. 72. Microphotograph of a thin section of a
basaltic flow exposed at the northern end of Hart
Mountain at the top of the lower series. “Diktytaxitic”
texture is rendered more apparent by the use of the
mica plate and crossed nicols. The cavities are white.
The visible mafic consists principally of partially altered
grains of olivine. (36X).

As a rule, however, the augite is free from alteration, while the olivine is
found in various stages of decomposition. In some instances the latter appears
to have been discolored to a reddish brown without being completely decomposed.
The staining usually is marginal, although in a few specimens the centers of the
crystals are discolored while the margins are perfectly fresh. More often the
olivine is found to be altered to a dark orange-brown non-pleochroic platy mineral
which exhibits parallel extinction with the same orientation as the olivine. This
product is classed as iddingsite.

In some specimens, the alteration is confined to these clean-cut pseudomorphs
of olivine. In others, the decomposition of this mineral has contributed to the
formation of both green and orange colored deuteric residuals, which locally ex-
hibit fibrous structure possibly due to the crystallization of chlorite. These sub-
stances, which are at least similar to chlorophaeite, locally fill the “diktytaxitic”
cavities and even intrude the cracks in the feldspar. The rock thus impregnated
1s of a very dark color and forms a marked contrast with the unaltered facies. In
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a number of flows a “sheaf-and-core structure”?? is defined by a localization of
this type of alteration in the center of the major joint blloc.ks. A Odiscussion of the
origin of this remarkable feature will be treated in detail in a l.ater.paper. ‘
The phenocrysts of olivine are usually less than 2 mm. in d1amet‘er, 1?L1t in
some flows their mass was sufficient to permit gravitational accumulaﬁon. in .the
very fluid lava. The phenocrysts of plagioclase are far more variable in size.
Théy occur principally as plates, which locally attain a diamet.er of over 4 cm.
In many flows they are relatively uniform in their concentration and show no
tendency to alignment. In this tvpe a radial grouping of the coarse cry.stals is
quite characteristic (fig. 73). In some flows, however, they are very variable in

Fig. 73. A basaltic low near the base of the series to the.south of 'AlvordﬂCr_eeI;:,
showing the typical radiating clusters of rather small plates of basic labradorite. A 34 inch
disk furnishes the scale.

their concentration and occur either as swirls or in roughly horizontal zones.
Some of these variations are attributed to the merging of successive sheets' of
slightly different composition, while others are considered to be due T,o gra_\'lta—
tional action. 'These petrogenetic features as well as the consideration o:z the
origin of the horizontal segregations, which are quite common in the Steens Moun-
tain Basalt, are also left to a suhsequent publication.

23 “Tertiary and Post-Tertiary Geology of Mull,” Memoirs of Geol. Surv. Scotland, pp.
261-264, 1924.
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The plagioclase, which in most flows forms about 60 per cent of the mineral
content, shows little or no tendency towards zonal growth. ‘The composition
appears to range between an intermediate and a calcic labradorite with a pre-
ponderance of the latter. Most of the crystals of the groundmass, as well as
the phenocrysts, show a distinct crystal outline. In a number of specimens, how-
ever, feldspar also occurs locally as interstitial grains. These poorly defined
gramns invariably show an indistinct wavy extinction and an index of refraction
which is but slightly less than the crystals which they enclose.

Many of the ill-defined sheets near the base of the series are amygdaloidal,
with thompsonite and chabazite filling amoebaform vesicles. As their Composi-
tion suggests, these zeolites are derived from the decomposition of the plagioclase.
This alteration is considered to be endomorphic and to have been caused by the
retention of the volatiles beneath the overlying sheets which had advanced prior
to solidification. Tocally, however, calcite and both chalcedonic and crystalline
quartz are found either as amygdules or as a partial filling of irregular cavities
between the flows. Scolecite was observed in association with the calcite. This
deposition, at least in part, has probably been caused by later hydrothermal activity.
In addition hyalite is quite commonly encountered as a coating on the major joint
cracks.

Chemical analyses of this basalt (table VII) indicate that it is fairly con-
stant in composition, although at least some of the upper flows are slightly more
acidic. Flows of a similar type, however, occur sporadically throughout the
series. The specimens analyzed fall predominantly in the subrang” of Hessose,
which demands a moderately high content of lime. Although typical basalts, they
show a far higher content of alumina and titanium oxide than usual, Since
these constituents should not be expected to add to the fluidity of the flows, their
physical characteristics are all the more remarkable. In the calculation of the
norms, the high content of ilmenite and magnetite, and in some cases hematite,
depletes the ferrous iron and thereby results in the development of residual quartz,
in what are in reality fairly basic basalts.

The alumina is explained by the unusually high feldspar content, which causes
the rock to approach an effusive equivalent of anorthosite. It is not determined,
however, in what mineral the titanium occurs. The augite as a rule is colorless
or slightly brownish in thin section and does not suggest a titaniferous variety.
A partial analysis of some of the olivine, which is not included, shows only a
trace of titanium dioxide. It is therefore considered to he present as ilmenite, as
the norm suggests, although the characteristic alteration to leucoxene was not
observed.
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TABLE VIII
Parr 1
I 11 111
.......................... 47.20 47.60 48.46 51.30
Nitmine S 18.08 18.27 18.00 16.06
Ferrous Oxide........ T 329 3.93 8.509 ({197r
Ferric Oxidet. . oo /.7{ 1.91 2.;0 ""‘é
MagnesIa. v 4.15 6.54 4.:9 3.5
LARIC . oo 9.95 8.70 0.75 7.4
SOits oo 282 311 2.99 315
Potash. .. oo 93 1.03 92 1.§Z
Water above 105° C.... ... .. . i 1.§O %(3) 28 flO
Water at 105° C..... . ... }’3‘3 3 5 N
Titanium Dioxide. . ... i 2.60 2 \C;:j
Carbon Dioxide. ... oo none 3101712 110;]5‘ n1 l?E)
Phosphorus Pentoxide. ... ... ..o .26 L_m/ .::6 ‘65
Sulphur. . oo trace trace .2J7 e
Manganese Dioxide. ... . .o oo trace .39 22 ace
99.94 100.08 99,95 99.92

1. Basaltic flow near the base of the cirque in Mosquite Creek at about 2,500 feet below
the summit. Analyst W. H. Herdsman.

II. Basaltic flow on the southern side of the cirque of the south fork of Alvord Creek
at about 1,000 feet below the summit., Analyst W, H. Herdsman. . )

T1I. Basaltic flow about 200 feet helow the summit of the highest scarp bounding Upper
Alvord Basin on the north. Analyst W. H. Herdsman.

IV. Basaltic flow capping the scarp north of Upper Alvord. Analyst W. H. Herdsman.

Parr 2
1 II I v
ATEZ. o 348 e 24 5.16
Obthogiase. 1L 5.36 612 556 0.43
ATDIEE .o et 23.58 26.20 25.15 26.72
Anorthite. ..o 33.02 32.80 32.80 25.02
DHODSIAC .« e 10.58 6.80 9.83 3.93
ST EC . st e 570 - [ .
Hypersthene. ... jg&; 15.10 16.84
OlVING . oo . 1 +82 S . 5“8
Magnetite. .. oot 302 2.78 3.25 27
< U 5.76 L e
Mo, Zie i3 {7 Gog
ADPATIC. ottt 67 67 1.34 M.gi
Sulphur. . s e 88 1.13
T e e e 2858 1.03 . L
100,14 90.03 100.01 99.86

Norms calculated from inc anaiysee in Part T:
I. Hessose, C. I. P. W. Symbol, 11".75."4.4,
IT. Hessose, C. I. P. W. Symbol, II(III).5"."4.4.
IIT. Hessose, C. I. P. W, Symbol, 11".5.74.4.
IV. Hessose, C. I. P. W. Symbol, I1"."5.(3)4."4.
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BasarTic INTRUSIONS

Basaltic dikes are frequently encountered on the eastern scarp of High
Steens. A number of these may be observed to traverse the underlying tuffs and
lavas, but some of the most prominent ones are exposed cutting the basaltic
series in the lower cirques. Both the size and the orientation of these dikes
vary greatly. Most of them, however, are vertical and the larger ones are con-
fined to an approximate north and south axis (fig. 6).

Many of these dikes show large phenocrysts of labradorite and presumably
form the feeders for the overlying basaltic series, which they closely resemble,
Commonly, however, they lack the open texture, and resemble the altered phases
of the flows, for the retention of volatiles has resulted in the impregnation of the
rock with deuteric residuals. In some instances the alteration is very irregular
and in other cases confined to well-defined vertical bands. In some dikes, chloro-
phaeite occurs as minute globules, which are usually concentrated in the vertical
bands. The marked contrast in the resistance of the two facies may give the
appearance of a multiple dike. 'The localization of the alteration appears to be
due to the irregular distribution of the volatiles at the time of consolidation. The
alignment may be explained by marginal chilling, but the evidence is not con-
clusive.

A number of the larger dikes are formed by successive intrusions and hence
are true multiple dikes. The largest of these multiple dikes is well exposed
near the base of several of the lower cirques and on the intervening divides. Tt
may be traced for many miles as a wall which is usually about 50 feet in width
and locally rises close to 100 feet in height (fig. 74). Although the exposures
are not continuous, Waring** considered the prolongation of this large dike to
form a prominent exposure near the southern end of the eastern scarp bounding

Smith Flat.

In spite of the numerous basaltic dikes exposed on the eastern scarp of High
Steens, an actual locus of extrusion was observed only at the base of the Mos-
quito Creek cirque on its northern side (fig. 75). Unfortunately, the locality,
especially to the east, is covered either with talus or with morainal material,
which renders it impossible to determine if the vent were formed by a true fissure
eruption. The exposure shows a coarse basaltic breccia enclosed in a reddish
vesicular lava, some of which is of a brilliant shade. At its western margin, this
lava crosscuts the previously mentioned bed of grey stratified tuffs, which is
interbedded near the base of the series. Upwards, to the west, the basalt merges
into thin flows, some of which are less than a foot in thickness (fig. 76). Jointing
and differential weathering causes these flat sheets to be very apparent, but on
examination the actual contacts are locally difficult to determine. These sheets
are considered to have been formed by successive gushes of lava that was so
fluid that it was able to attain a relatively level surface and to become approxi-
mately stationary before the next sheet submerged the partially solidified surface.

24G. A. Waring, “Geology and Water Resources of the Harney Basin Region, Oregon,”
U.S. Geol. Survey, Water-Supply Paper 231, p. 22, 1908,
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Fig. 74. On the left may be scen the broad multiple basaltic dike cutting the ])gsaltlc
series in the cirque of the south fork of Alvord Creek. The saddle marks the position of
the 200 foot normal fault, which dips westward at about 80°. The prominence on the right
rises about 500 feet above the saddle. The flows exposed to the west have been bevelled by

sliding talus.

Although most of the basaltic dikes are approximately vertical, two small
ones, in the fault zone between Toughey Creek and Pike Creelk, follow an in-
clined course parallel to the planes of the step faults and dip eastward at about
60°. The exposures are not sufficiently distinct to prove if either of the dikes
were displaced. It is probable that these dikes were either contemporaneous with
or subsequent to the initial movement on the faults, and therefore far later than
the main basaltic series. Omne of these dikes, on coming in contact with a tuffa-
ceous bed, follows it for about 100 feet and then cuts upwards with the same
inclined orientation as its lower part. These dikes are probably contemporaneous
in origin with the small sills of similar composition, which intrude the lower
tuffs in Pike Creek.

The large basic sill exposed in the valley of Indian Creek, beneath the south-
ern continuation of the upper flow of platy rhyolite, is also considered to be of
late origin. Its precise relationship has not been determined, but it is 1'ema1'ka‘l?1y
fresh and shows no resemblance to any of the lavas observed on the mountain.
Megascopically its central facies suggests a coarsely holocrystalline 1‘9ck. Petro-
graphically it consists of about equal quantities of sodic 1abrador1te.and pale
brownish augite in a rather opaque grayish or brownish ground, which forms
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Fig. 75. The flaring ma.rgin of the basaltic vent crosscutting the stratified tuffs inter-
bedded with the lower basaltic flows on the northern side of the Mosquito Creek cirque.

Fig. 76. Thin basaltic sheets extruded from the vent in the

Mosquito

Creek cirque.
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about 30 per cent of this facies. This ground contains a high content of mag-
netite, chiefly in thin skeleton plates, which attain locally a diameter of nearly
4 mm. A few laths of plagioclase are also over 3 mun. in length, although they
average approximately 1 mm., and are but slightly coarser than the augite with
which they are associated. Most of the plagioclase and some of the pyroxene
show euhedral faces. The minerals exhibit no predominant alignment and no
tendency to ophitic intergrowths. The principal accessory appears to be an inde-
terminable zeolite, which has been partially altered.

THE LATER SERIES

On top of Northern Steens some fragments of acidic lava suggest that a
capping flow of that type may have been removed by erosion. On High Steens
the basaltic flows form the surface of the block. South of Smith Tlat, however,
the rugged crest of Southern Steens is capped by reddish brown lava which is
disconformable to the basaltic series. This flow, which is at least 150 feet
in thickness, appears to be a typical trachyte. In thin section small phenocrysts
of orthoclase are found in a ground formed of indistinct roughly aligned felds-
pathic microlites, which were not determinable.

In the southern part of Pueblo Mountain a flow of grey rhyolite caps the
basaltic series. This flow, which is about 300 feet in thickness, shows partiaily
resorbed phenocrysts of quartz about 2 mm. in diameter in a cryptocrystalline
groundmass. It was once suggested by Merriam?® that this flow might correlate
with the Canvon Rhyolite to the south. Aside from the increased discrepancy
between the ages of their overlying sediments, which has already been discussed,
chemical analyses of the two lavas suggest a distinctive origin (table IX).

East of Alvord Desert the basaltic series exposed in Upper Alvord Basin
gradually decreases in elevation with a gentle dip to the south. Before the
uppermost flows of this Steens Mountain Basalt disappear beneath the alluvium,
an overlying series of tuffs and lavas are exposed above them. This series, which
shows a thickness of almost 600 feet, forms a butte about four miles in length
(fig. 77). On the north it is completely truncated by an erosional escarpment.
At the southern end of the butte, a far lower escarpment marks the renioval
of the upper half of the series. I'arther to the south the lower members con-
tinue to form the fault scarp for several miles, until they end abruptly where the
underlying basalt is again exposed by a transverse fault.

The lowermost exposures above the basalt are formed of a black, rather
vitreous lava, which was proved by chemical analysis to be a latite, very similar
to that interbedded with the basalt on Northern Steens (table X). In thin
section it shows roughly aligned feldspathic microlites in a glassy ground. This
Jatite forms an exposure about 200 feet in thickness and can be traced south-
ward at least five miles. From its persistence it appears to form a stratigraphic
unit, but its characteristics, wherever observed, suggest that it directly overlies
a fissure-like vent which was later paralleled by a very straight north-south fault.

T J. C. Merriam, “Tertiary Mammal Beds of Virgin Valley and Thousand Creek in
Northwestern Nevada,” Univ. Calif. Publ, Buli. Dept. Geal. Sei., vol. VI, p. 32, 1910.
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TABLE IX
Parr 1
- I II 11T
Slhca_ .................................................... 58.45 73.80 78.60
Alumina. . ide. T 18.25 12.45 9.94
P Qe T 4.55 .93 85
Ve Oide. LT 1.80 1.53 74
Magnesia ................................................ 2.38 .28 11
S e 6.32 96 70
Bt L 3.56 3.72 3.30
Wamsis s et 2.83 5.35 433
Water ahove 1050 Co 90 40 40
Praer at 1050 C. L 40 .30 70
Comgmium Dioxide. . .40 12 24
hospomoxide. LT none none none
§upphorus Pentoxide, 111 trace trace trace
ulphur. . . . .. oside .07 trace trace
Manganese Dioxide. ..\ \ 1T trace trace none
99.91 9084 99,91

I Andesitic sheet of undetermined relationship interbedded with the Steens Mountain
Basalt about 1,500 feet below the summit.  Analyst W, 17, Herdsman,

1I. Rll);olite flow capping the series at the southern end of PPueblo Mountain, Analysts
W. H. and F. Herdsman.

IIT. The Canyon Rhyolite in Virgin Valley underlying the Virgin Valley beds.

Analysts
W. H. and F. Herdsman. s
Parr 2 X
I 1I 111
Tt 8.52 30.06 41.76
Orthoclasc ............................................... 16.68 31.14 25.58
e LT 29.87 31.44 26.72
porthite 25.30 1.67 e
P, R e 92
Wopside e 5.07 2.26 2.13
pellastonite. ... LT e 12 46
Apbersthene. ... LT 9.58 e e
fagnetite ... LT 2.55 2.09 46
gmenite. 76 15 .61
pophar .07 e e
Water. e 1.30 .70 1.10
99.70 9963 9974

Norms calculated from the analyses in Part I:
I. Shoshonose, C. I. P. W. Symbol, “I7."5.3.3".
IL. Liparose, C. I. P. W. Symbhol, 1.7417.(2)3.
I Alaskose, C. 1. P. W. Symbol, 1.3".1.”3.
The latite is capped with vesicular breccias, which fluctuate gently at least
50 feet in elevation, In a manner rather similar to that of the upper andesite
on Steens Mountain, the breccias are injected by aphanitic lava showing irregular
platy jointing that is predominantly highly inclined. “The breccias with their
elongate vesicles are not confined to the near surface phase, but also oceur in
broad vertical zones, into which the dense lava both grades and injects.

Unfortunately the contact with the basalt is not exposed, but vertical flow
structure, occurring within 15 feet of the surface of the uppermost member of

Gy
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non-conformable.
TABLE X
Parr 1

I II 111
......... 65.20 62.30 78.55
Sillica' ....................................................... 15_82 1;% 955

B ide, 28 : -
porrous Oide. oo 3 5L 2
ppome Dmide.. o 8 3 1
Magnesm ......... o .5 g§
G 4 332 . 2
Soda OSSNSO i %ég 4@0

T hove 056 & 2 : :
Weter aboye 1087 € e 0 230 o
Water at IOSO'C ......................................... 13 40 3
TitalliumDDiQ)élde ........................................... L2 noqg &(;réz

Carbon Dioxide. .. SRR AL ML EIEEETEEPIEE ne :

Pilosphorus Pentoxide...................... .. RRREE o5 traCZ% t;ggg
REPHU. .t ne ' ace
NFagganesc Dioxide..............c..oo L e 4
99.91 99.90 100.11

. N . h

I. Latite flow interbedded in the basaltic series near thgdbase of the scarp of Northern
Steen.s n;rthwest of Alberson. Analysts W. H. and F. Her Smaln.D o Amalyete W H.
II’ Latite exposed at the base of the scarp east of Alvord Desert.

dsman. . o - t
and II;I th;cr)rllite flow about 300 feet helow the top of the series exposed in the scarp eas

of Alvord Desert. Analysts W. H. and F. Herdsman.
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Parr 2
Ouart I 11 111
UATEZ. ..o 15.06 17.04 - 40.74
Orthoclase. .. ..o 2280 20.57 %55
Dite...... ... ...l 3511 3406 2620
Anorthite.... ..o i i 13.07 13.07
ACMIte. ..o o R 323
Diopside. .. ..o 2.60 2.04 313
Hypersthene. . ... 8.70 3.35
Magnetite. ... 1.39 5.34 L
Timenite. ... 15 61 46
APAELE . « v oeee e 34 34 '
WIALCT -+ e v et e e 65 3.70 80
99 .87 100.12 100.14

Norms caleulated from the analyses in Part I:
1. Adamellose, C. 1. . W. Symbol, (I)11.4".2".3.
II. Toscanose, C. I. P. ' W. Symbol, T(T1).4".2".3.
IIT. Alaskose, C. 1. P. W, Symbol, 1.3".1.”3.

the basaltic series and at the same level, suggests that the latite is crosscutting.
In addition an adjacent “diktytaxitic” flow is highly altered. Although the rela-
tionship is not distinct, the latite is considered to have welled from an elongate
vent, paralleled by the scarp, and to have formed a thick viscous flow capping
the basalt.

At the northern end of the butte, this dark breccia is overlain by stratified
tuffs which are about ten feet in thickness. These beds locally exhibit a high
content of feldspar and a minor amount of biotite. These tuffs have been in-
durated and altered to a brilliant red both by a thin indistinct glassy sill, at about
two feet below the top, and by an overlying 50 foot basaltic flow. The latter
has been badly decomposed, probably due to deuteric alteration as well as to the
subsequent intrusion of the sill.

Above this basalt is a flow of rhyolite which outcrops persistently to the
south for approximately five or six miles. At the northern end of the butte, the
flow is about 40 feet in thickness. At the southern end it is locally considerably
thicker, but here the underlying basalt is absent and the rhvolite rests on light
grey tuffs, which overlie the latite. Still farther to the south, the rhyolite ap-
pears to be in direct contact with the lower lava and varies greatly in thickness,
depending on the irregularity of the surface over which it advanced. In spite
of the fact that the rhyolite appears to have been relatively fluid, chemical analysis
shows it to have been highly silicic (table X). Quartz phenocrysts 1 to 2 mm.
in diameter form less than five per cent of the rock.

Above the rhyolite there are light colored stratified tuffs, which at the
southern end of the butte, are close to 200 feet in thickness. To the north, these
beds thin gradually to about half that figure. These sediments are overlain by
a small series of basaltic flows. Viewed from the desert, these capping flows
may be seen to become slightly nonconformable as the northern end of the
butte is approached. Here, the sediments and the underlying series dip south-
ward at about 2°, while the uppermost flows remain approximately horizontal.

e R
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Aside from this variation in inclination, the irregularity of the surface on
which the basalt was extruded demands a slight erosional interval. Owing to this
irregularity the series varies from about 75 to 200 feet in thickness. Individually
the flows range from 10 to 25 feet in depth. Although these thin flows may be
traced individually for several miles, they were relatively viscous in comparison
to the Steens Mountain Basalt. ]

This viscosity is apparent in the field not only from the absence of the
“diktytaxitic” texture, but from the elongation of the vesicles and from the
presence of surface features that indicate movements in a partially solidified
lava. In thin section some specimens show a marked alignment of feldspar and
in addition exhibit an ophitic crystallization of a light colored pyroxene in local-
ized patches, between which are small altered grains of a mineral suggesting
olivine. Aside from this a few larger grains of olivine were observed.

The highest portion of the scarp of the lower shoulder of Southern Steens
shows a repetition of the upper part of the seties exposed to the north, on the
opposite side of the desert, aside from the fact that each member is of greater
magnetite. A thick flow of gray rhyolite is overlain by light colored tuffs which
in turn are capped by nonporphyritic basalt. Farther to the north, a dark aphani-
tic lava shows distinct vent characteristics. A complex system of intersecting
faults renders it almost impossible to determine the relation of these members to
the main sequence. Similar rocks were not observed either on the high scarp to
the west or on the still higher one bounding Smith Flat. It is possible, however,
that this series may correlate with that east of Alvord Desert, and that it may
represent a graben filling which has been faulted.

To the west of Steens Mountain various lavas and coarse tuffs of local distri-
bution form the capping rock, but it is usually impossible to determine their exact
stratigraphic relationship to the great basaltic series. In Warner Valley, north
of Bluejoint Rim, the overlying series forms a low scarp, which rises about 400
feet in height. Unfortunately the exposures are for the most part unsatisfactory.
"I'o the south a fault of undetermined displacement masks the precise relationship
to the Bluejoint series, for the basalt is not exposed at the base of the low scarp
and 1o remnant of the northern series was observed on the up-thrown side.

In several sections this northern series was found to vary considerably. In
general, however, it consists of light buff colored tuffs with which a few minor
basaltic and acidic flows are interbedded. The lower basaltic flows are of a rather
aphanitic dark colored type accompanied by scoraceous flow breccias. These basal
flows have no analogy to those capping the Bluejoint Rim a few miles to the south.
How far they are separated stratigraphically could not be determined. It is of
interest to note, however, that two small “diktytaxitic” flows, rather similar to
those of Bluejoint Rim, occur near the top of this small northern series above
the tufts.

Towards the northern end of the scarp, the series dips northward at about 1°.
Here it has been roughly bevelled by erosion to an irregular horizontal surface
and has been unconformably overlain by a coarsely jointed acidic flow, which
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shows cryptocrystalline quartz in a highly kaolinized felsitic ground. This lava is
?'emarkably high in lithophysae and in irregular gas cavities. Tt probably owed
its great fluidity to a very high volatile content. About 20 miles to the north in
Buzzard Canyon a similar lava may possibly be part of the same flow. This, how-
ever, is overlain by two thin basaltic flows, which are capped by a well-consolidated
breccia consisting largely of coarse pumiceous and glassy fragments. This upper-

most horizon, which is widespread throughout Harney Basin, shows some local
features that suggest flowage. It appears to be the only member of the volcanic
sequence, here described, that is also represented in a section now being studied

?y Ralph L. Lupher in the region to the north between Canyon City and Crow
<lat,
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Vol. 2.

Vol. 1.

Vol. 2.

Vol. 3.

Vol. 1.

Vol. 2;

Vol. 3.

Vol. 4.

Vol. 5.

Vol. 6.

Vol. 7.

Vol. 8.

1. Ecto-Parasitic Infusoria Attacking Fi rt
Guberlet. Pp. 1-16. October 1926g““1.s'11.o.f. .t.lfe...l\mlthweSt' N
2. Studies on the Control of Gyrodactylus by Joh E. Guberlet, Harcy A,
8 n Io. : arr
Hanson and Jean .A. Kavanagh. Pp. 17-29. yDecembér (1:5.12\’}911“, Hapey %
3. Notes on a Species of Argulus f -Fi ; A ey
Pp. 31-42. December, 1928..‘? ....... romGold EF.I.S.h.’..by ST R BODREIAL
‘4. Check-list of the Fresh-water Ii E ‘ezon and W ashington, by
Leonard P. Schultz. Pp. 43-50. Ja]nsllll:?y.o.t...o.l.e{::(.)n and Washisgtony, Jy
5. Fish Meals as Food for Young Salmonoid Fishes b. - Bomeald Tt (ST Ot
ford and Ahamedur Rahman Cl’\Iizam. Pp. 51-71. ’ JiZnJé)ml];Zlg sl sl
6. Description of a New Type of Mud-Minnow from Westé {Washington with
: rn T o
Notes on Related Species, by Leonard P. Schultz. Pp. 73—8‘{2‘,&?)11151.11?&? .Wlth
GEOLOGY
Volumes' I and II completed. Volume IIT in progress.
1. Tertiary Faunal i W 2 2 ing )
Pp. 1567, Pebruary, 1918. 0.1 o o Washinglon, by Charles . Weaver.
.2, Paleontology of the Oligocene of the C alis Valle IS dite i
Van Winkle. Pp. 69-97. January, 11518.116.1.1‘.1{1.“. lem L e e
3. Fauna from the Eocene of Washington “harles 1o ‘eaver :
erine Van Winkle Palmer. Pp. 1-561.: Jﬁng;v 1(9J2lénlehL\\ ol el
4. Foraminifera from the Eocene of Cowlitz River, Lewis County, Washing-
ton by G. Dallas Hanna and Marcus A. Hanna. Pp. 57-64. October, 1924.
The Geology of the San Juan Islands, b i )
185. 1 map 27"x33”. November, 1927..’...3.'..R.(.)¥..D.a.u.yf(??(.n.).}\.I.C.L.euan' o
1. The Geomorphology and Volecanic Sequence of Steens M in in S i
A L i s M 3 -
eastern Oregon,. by Richard E. Fuller. Pp. 1-130. h?ove(:llll'r?éra,mlf;??l.b.O.L.”:l.l.
LAN GUAGE AND LITERATURE
Volumes T, TI, III, IV, V and VII completed.
The Poems of Henry Howard, IZarl of Surr g o 23
Padelford. - Pp. 238. October, 1920. See Vol. %1.11ey, e Fleae}wk S
1. Spenser’s Use of Ariosto for -Allegor i '7 §
Pp. 1-54. November, 1923.......... =Oh Ty Sushimelx JTone Weluenly
2. Thomas  Dekker: ‘A Study in [Ec¢onomic and Soci: ackgr s "“‘
L. Gregg. Pp. 55-112. July, 1924, e s s, ooctal Background, by Kate
3. A Bibliography of Fifteenth Century Literatur a Lucile Tucker
and Allen Rogers Benham. Pp. 113-2%4. Marchl:el'QZbSy. .F.e}].ct.].l}l.ule i
A Critical Edition of Ford’s Perkin War ildred ara Str
Pp. 216. 1 Map. January, 1926......... alhec}{by RN, Doy Htvulls,
PR, S S90S, gl by Dusler Dyvn Grm,
2. Adam, translated by Edward Noble Stone. P 59-193 -
print, December; 1928 uwvesisevavoss .n. o p 109190 . vl
3. A Translation of Chapters XT-XVI of Pseudo-Augustinia Sel
g:;;;s, Pafgasrzs 1%Indtg&l{i&r}fs,LCOncerning the Creed, a:’also of nth%aeléll]‘gg ﬁrgozgﬁgt
m o 2 artial o imoges, by E 3
March, 1928 :.ovunienneinnns. e omald Nubly Heend, T, 195-804,
4. Roman Surveying Instruments, by Edwar S 215 .....
ladtrated, = Angust, 1928.. .oy, Y idward o LGN IR e
The Poems of Henry Howard, Karl of Surrey, by Frederi
1, a v, Db 'ick  Morgar
Padelford. Pp. 284. 2 Illustrations. Octob ised Editlon. Lo
bound, $2.00. Bound.................. C — .e-r: 1928 % .R.f?x.rlsed e - e
. . a3 m ’ ¢ Reooeyl. Willi T
RSO Thoene of Roser Wilim, by games 1wt 2o, 10
The Nature of Poetfc Literature, by Louis P g ries ]
ber, 1930. Cloth, $2.50. DADEr. ...« roo.. SErORne FpA. Hayeo-
1. The Origin of the Griselda Story, b dl avi iffit 1 e
September, 1931. ................ 3.’.. V Du .E.Y.P‘.l?fc.l..emffuh' ekl
2. Presiding Ideas in Wordsworth's Poetry, by Melvin M. Rader. Pp. 121-216

November, 1931

.26

.25

.25

.25

.25
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1.00

.75

.25

3.00

2.00

1.50

The Publications in Language and Literature are designed to include studies in the
various languages and literatures, ancient and modern, represented at the University.
The series replaces and absorbs The Publications in English. of which the following
volumes have appeared:

Vol. 1.
Vol. 2.
Vol. 3.
Vol. 4. 1.
Vol. 1. 1.
2
3
Vol. 2. 1.

Uno Linderlof’s Elements of the History of the BEnglish Tanguage, lrans-

lated by Robert Max Garrett. Cloth....... ... . . i, 0.2,
The Political and Icclesiastical Allegory of the Tirst Book of the Taerie
Queene, by Frederick Morgan Padelford. Cloth.............. .. ... oo
Johannes Steenstrup’s The Medieval Popular Ballad, translated by Edward
Godfrey Cox. JClOTN o e s s s eommmmas s ssdss BRlFieeessss s ose@essveissoomussgsses .75
The Pearl: An Interpretation, by Robert Max Garrett. Paper. Pp. 45... .50
MATHEMATICS
Volume T in progress.

An Arithmetical Theory of Certain Numerical Ifunctions, by IBric Temple
Bell, Ppi 1-44, AUgust; D915 waes o« n wieomie s oo s « s oo oimin s o o oo ommesn s e end i .50
. Cyclic-Harmonic Curves: A Study in Polar Coordinates, by TRobert IG.
Moritz. Pp. 1-58. June, 1923.......cctiereereeeninrsocnsrssscseccoesssons 1.00

. T'ive Studies in Mathematics: Modular Bernoullian and Ilulerian Func-

tions, by Io. T. Bell; Point-Line Correspondences Associated with the
General Ruled Surface, by A. I. Carpenter: On the Sum of Products of
n Consecutive Tntegers, by Robert II. Moritz; Some I'inite Linear Non-
Associative Algebras, by L. I. Neikirk: The Ternary Hesse Group and Its
Invariants, by R: M. Winger. Pp. 1-80. June, 1926.....cc0cevomvasnces oo LT5H

Six Studies in Mathematics: A Postulational Introduction to the Four
Color Problem, by J. P. Ballantine; Ilectrical Oscillations in a Non-Uni-
form Transmission Line, by W. H. Ingram; Quintuples of Curves in Four-
Space, by A. R. Jerbert; Sufficient Conditions in the Problem of Lagrange
of the Calculus of Variations with One Variable IEnd Point, by L. H.
McTFarlan; A Class of Continuous Curves Defined by Motion Which Have
No Tangent Lines, by L. I. Neikirk; A Class of Totally Discontinuous Tunc-
tions, by L. I. Neikirk, Pp. 1-68. December, 1930.........c.cccvuvuunn.. 1.00

THIZ SOCIAL SCIENCES

Volumes I 1I, T1T and VII completed. Volumes IV, V, VI and V1II in progress.

Vol.1. 1. Studies in Matriculation Statistics, Intelligence Ratings and Scholarship

Records at the University of Washington, by Alexander Crippen Roberts.

Pp., 68, JaNUATLY, 1924, . ccissiisinaansssisai ooasesss s s saesessss ommenssvss .75

2. Causation and the Types of Necessity, by Curt John Ducasse. Pp. 69-200.
Febiuary; T2, ¢ o5y g scovine o6 v 5 6 o o @ b o o s wsitoeos o % = & mtapeinkel v o o % 8 8 woneeie 5 % w w 1.50

Vol. 2. . Tiberius Caesar and the Roman Constitution, by Olive Kuntz. Pp. 1-78.
Aaenst; BI2L o v s oo mermiono o 5 s ns wiomoesoe v 5 2 58 Subisibiois L8535 5 SOMA ¥ A RBAET N ETEE .75

2. The Logical Influence of Hegel on Marx, by Rebecca Cooper. Pp. 79-182.
OCEODET; 192D b o5 a5 smmsias o 5 6 65 @M 6 5 5 § » 9.6 5w b 8 & 8 % & Seesons o &5 & 5 wsiwteis & o % ¥ 00 1.00
3. A Scale of Individual Tests, by Stevenson Smith. Pp. 183-204. May, 1927. .50

Vol. 3 . A Study of Mobility of Population in Seattle, by Andrew W. Lind. Pp.
1-64. 2. Maps: October; 1925: « mmiows o ns mmenme e s o x o omumseme & oe s o s iereis o s oo .75

2. History and Development of Common School Legislation in Washington,
by Dennis C. Troth. Pp. 65-260. 2 Maps. February 1, 1927............... 1.50

Vol. 4 . John IIT, Duke of Brabant and the French Alliance, 1345-1347, by Henry
Stephen Lucas. Pp. 1-64. May, 1927......ciiviviiroreinnssasonancneasssns .15

Vol. 5. . Suicides in Seattle, 1914 to 1925, by Calvin F. Schmid. Pp. 1-94. Tllus-
trated,; 1October; TOBB e o e s wnmon e u v s s e e « x s 00 wimesotie o % € 98 SRR % £ 2 8 0 3 10 1.00

2. Pupil Mobility in the Public Schools of Washington, by John E. Corbally.
Pr:, 95-180:. TNLY, L980. cuvcinscniorsivetis $58 5358 A00G6 55 54 5OW60E s 8858 T IS 1.00

Vol. 6. . History of REarly Common School Education in Washington, by Thomas
William Bibb: Pp. 1-154, JUNe; 19294 cssnmwmanae sz pmmes oy s 6w somwnee 5 v s s are 1.50

Vol. 7. Utah and the Nation, by Leland Hargrave Creer. Pp. 276. 2 maps. July,
1929. Unbound, $2.00. BOUNG......tvuttrn ittt reernnnsnssssnssessnnnnnns 3.00

Vol.8. 1. The Cost of Municipal Operation of the Seattle Street Railway, by Harry
Leslie Purdy. Pp. 1-28. August, 1929. ... .0ttt iiniiiineenennnns .65

MEMOIRS OF 'THE UNIVERSITY OF WASHINGTON

Vol. 1. Paleontology of the Jurassic and Cretaceous of West Central Argentina, by

Charles I&. Weaver. Pp. 1-596. Plates 1-62. March, 1931................ 15.00

The University also publishes The Publications of the Engineering Experiment Sta-
tion and The Publications of the Oceanographic Laboratories.
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