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PREFACE

This guidebook arose out of a series of field trips held in conjunction with the
pacific Northwest American Geophysical Union meeting held in Bend, Oregon, September
1979. The PNAGU meeting included special volcanology sessions planned by William I.
Rose, dre, Bruce A. Nolf, and David A. Johnston. Publication of the guidebook volume
4as originally planned for early 1980 by the Oregon Department of Geology and Mineral
Industries (DOGAMI). 1Inevitable delays, subsequent scheduling problems, and the death
of Dave Johnston in the May 18 eruption of Mount St. Helens led to this publication as
2 USGS Circular.

This circular differs from typical U.S. Geological Survey compilations in that not
all these papers have been examined by the Geologic Names Committee of the Survey.
This Committee 1is charged with ensuring consistent usage of formational and other
stratigraphic names in U.S. Geological Survey publications. Because many of the con-
tpibutions are from workers outside the Survey, review by the Geologic Names Committee
would have been inappropriate. Each author provided camera-ready pages, and the art-
icles have not been edited for uniformity of style or usage.

The contributions are generally ordered so as to describe the areas from north to
south. Typically, the roadlog comes after the descriptive article except in the case
of the Medicine Lake Highland articles, for which the road log is first and several
topical contributions follow.

I wish to thank Wes Hildreth for responding so quickly to my request for a
pmemorial to Dave Johnston. Also, my thanks go to Beverly Vogt of DOGAMI for her help
with publication.

Most of all, we owe special posthumous thanks to Dave Johnston for conceiving the
field-trip 1ideas, overseeing the planning and arrangements for the trips and
maintaining his sense of humor 1in spite of the last-minute airline strike, and
reminding us gently but firmly to produce the promised articles.

Julie Donnelly-Nolan
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Dave Johnston, relaxed and happy in the land he
loved, Valley of Ten Thousand Smokes, Alaska,
June 1978. Posing here at the base of Novarupta,
the rhyolite dome extruded at the close of the
great eruption of 1912, Dave had sampled the
fumaroles atop several nearby volcanoes and had
undertaken a study of the emplacement, compaction,
and welding of the 1912 ash-flow sheet. The
initials are those of petrologist C. N. Fenner
and his assistant Charles Yori, who worked in the
valley in 1919 and 1923. (Photo by Dan Kosco.)
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DAVID ALEXANDER JOHNSTON
1949-1980

pave Johnston, 30-year-old volcanologist with the U.S. Geological Survey, was swept
away by the great directed blast of Mount St. Helens on May 18, 1980. Because Dave had
pbeen an organizer of the AGU meeting at Bend, an editor of its abstracts and field-trip
guidebooks, and a champion of the Pacific Northwest, it is particularly appropriate to
dedicate this volume to him, in grateful remembrance of the effect that Dave's
enthusiasm, diligence, and vitality had upon so many of us. As a working colleague and
daily running companion, I was asked to try to summarize Dave's career and my
impressions of him.

Dave Johnston was born and raised in Illinois, and it remained his custom to return
there every Christmas season to visit his parents and sister, who survive him. At
school and college, Dave became an outstanding scholar, runner, and photographer and,
in 1971, he graduated from the University of Illinois with "Highest Honors and
pistinction" in Geology. His first geologic project was on the Upper Peninsula of
Michigan where, ten years ago, he studied the progressive metamorphism of a pile of
Precambrian basaltic lavas and a differentiated gabbroic sill. Here was the inception
of Dave's petrographic acuity and, here too, in an associated intrusion of gabbro and
diorite, were the roots of Dave's first volcano.

In 1971 and 1972, Dave assisted Pete Lipman in mapping the Platoro and Lake City
calderas in the San Juan Mountains volcanic field of southwestern Colorado. This
fortunate apprenticeship so confirmed his enthusiasm for field petrology that, as a
graduate student at the University of Washington, Dave undertook a detailed mapping,
dating, and geochemical study of the Cimarron Volcano, an andesitic complex of
Oligocene age in the western San Juans. His intricate reconstruction of the eruptive
style and structural history of this center from evidence provided by its intertonguing
pyroclastic and alluvial deposits prepared Dave very well for his big jump to the study
of active volcanism.

The jump came in the summer of 1975 when, with Jiirgen Kienle's group from
Fairbanks, Dave took part in a geophysical survey of Augustine Volcano, an island in
lower Cook Inlet. When Augustine erupted explosively in early 1976, Dave rushed back
to study the sequence and mechanisms of its eruptions and the petrology of their
ejecta. His careful field and microprobe work demonstrated convincingly (1) that the
pyroclastic flows had become less pumiceous with time (correlating with a change in
emplacement mechanism); (2) that Hy0, Cl, and S contents of the magmas were notably
high; and (3) that basaltic magma, although at no time actually erupted, had mixed with
the more silicic melts and had possibly triggered their outburst. Only 25 months
later, Dave turned in his Ph.D. thesis, not on his nearly completed Cimarron pro ject,
but on Augustine. This was a remarkable achievement, since both studies were
labor-intensive and of high quality.

Every summer Dave returned to Augustine and, in 1978 and 1979, he went to Katmai as
well. In the Valley of Ten Thousand Smokes, Dave was taking the lead in studying
physical aspects of the emplacement, compaction, welding, and degassing of the ash-flow
sheet as part of our comprehensive restudy of the 1912 eruption. The fundamental role
of the gas phase in volcanic processes had, by 1978, led Dave increasingly to focus his
work upon magmatic volatile components, the main evidence for which is preserved in
glass-vapor inclusions within phenocrysts, in quenched crystal-liquid equilibria, and
in the fumarolic emissions of active volcanoes. Characteristically, Dave pursued all
three lines of evidence vigorously . He became an exceptionally rigorous analyst,
whether with the microprobe, gas chromatograph, extraction line, or mass spectrometer,
but Dave knew better than most not to waste his time on a lousy sample. Thus, he put
enormous energy into improving the equipment and techniques necessary to collect
meaningful and representative samples, especially the least fractionated and least
contaminated gas samples possible. Dave's agility, nerve, patience, and determination
around the jet-like summit fumaroles in the crater of Mt. Mageik were to me a spectacle
of unforgettable beauty.

His work on volcanic gases brought Dave in 1978 to the U.S. Geological Survey,
where he was assigned to expand our program for monitoring volcanic emissions in Alaska
and in the Cascades. He knew that such studies could improve our understanding of the
nature and evolution of magma bodies, eruptive mechanisms, and contributions of
magmatic volatiles to hydrothermal systems, but I think Dave's dearest hope was

IX



that systematic monitoring of fumarolic emissions might permit detection of changes
characteristically precursory to eruptions. Behind the image conveyed by his
exceedingly solitary work was, in fact, a great concern for making a contribution to
society. Dave wanted to formulate a general model for the behavior of magmatic
volatiles prior to explosive outbursts and to develop a corollary rationale for the
evaluation of hazards. But Dave also held the conviction that, as a scientist, he
should devote time, energy, and imagination sufficient to communicate effectively to
the non-scientific public the true range of potential volcanic hazards, the geologic
(or sometimes instrumental) reasons for our poor predictive capability, and some notion
of the characteristic time scales upon which volcanic behavior proceeds. Dave's
concern for the societal importance of his work was nowhere more evident than in the
thoroughness and dedication with which he recently undertook an assessment of the
geothermal-energy resources of the Azores and mainland Portugal. Also during his last
year, Dave developed growing interests in volcanic contributions of halogens, sulfur,
and CO, to the atmosphere and in the long-range effects on climate, health, and
agriculture of both volcanic and anthropogenic emissions.

Thus, it was only in part by accident that when Mount St. Helens resumed its
activity in March 1980, Dave Johnston was the first geologist on the mountain. From
the earliest outbreak until the catastrophic event, Dave spent virtually the entire
seven weeks at Mount St. Helens, monitoring SO, emissions with a correlation
spectrometer and coordinating the airborne sampling of gases and particulates. It
deserves emphasis that Dave's work was an important contribution to a well-coordinated,
scientifically multi-faceted, group effort that persuaded the authorities to resist
public pressures to re-open the area around the volcano, thereby holding the May 18th
death toll to a few dozen instead of thousands. Ironically, Dave was caught at an
observation post thought to be relatively safe, by an unusual eruptive event that was
largely unanticipated, in magnitude or style, except perhaps by Dave himself. Three
years ago, Dave had published this warning about Augustine: "High-temperature and
high-velocity shock waves extended far beyond the limits of discernable deposits [of
the 1976 eruption]. Hazard zones defined on the basis of deposits [alone do not]
reflect this more extensive shock-wave hazard, which at Augustine extends many
kilometers offshore." No one was more aware of the danger of directed blasts,
pyroclastic ‘surges, and the shock waves that sometimes accompany explosive eruptions
than was Dave Johnston. Dave repeatedly voiced his convictions that studies of
deposits left by old eruptions provide only part of the story and that informed hazards
assessment requires accepting the dangers of on-site monitoring of active volcanic
processes. Dave was unaffectedly genuine in everything he ever said or did, so he gave
his energy and vitality to advance our understanding and thus our predictive capability.

Dave Johnston is gone now, and many of us who were close to him can still scarcely
believe it. Dave was a natural scientist in the finest sense, and to the extent that
natural science is a collaborative effort, he was our shining example, and we are all
diminished. His infectious curiosity and enthusiasm, his unaffected concern for the
opinions and feelings of other people, and his joyful spontaneity uplifted his friends
and touched people who barely knew him. His generosity was unsurpassed, and I am
recurrently astonished whenever I recall that Dave voluntarily carried 40 kg of rocks
out of Katmai for me. Dave Johnston was as self-aware and capable a person as I have
ever known, a man who would learn to do and dared to do whatever might be necessary to
get the job done. 1In his final year, he began taking a night course to improve his
mathematics. And, fed up with the stage fright that plagued his speaking career
(though he gave excellent talks), Dave took the bull by the horns and (though he
otherwise rarely drank) solved the problem by taking a jug to the podium with him.

But perhaps his most essential quality was the ability to dissipate cynicism
spontaneously and to uplift the mood all around him. Dave looked for, saw, and thereby
encouraged the best in all of us. Dave Johnston would expect us to carry on the game
without him, with all his wonderful enthusiasm.

Wes Hildreth
July 1980




GUIDE TO GEOLOGIC FIELD TRIP BETWEEN LEWISTON, IDAHO AND KIMBERLY, OREGON,
EMPHASIZING THE COLUMBIA RIVER BASALT GROUP

D.A. Swanson, U.S. Geological Survey, Menlo Park, California 94025

T.L. Wright, U.S. Geological Survey, Reston, Virginia 22092

The Columbia River Basalt Group comprises a tho-
leiitic flood-basalt province of moderate size (fig.
1), covering an area of about 2 x 105 km2 with an
estimated volume of about 2 x 105 km3 (Waters,

1962). The group is the youngest assemblage of flood
pasalt known, with an age range from about 17 to 6
n.y. ago; most eruptions took place between about 17
and 14 m.y. ago (Watkins and Baksi, 1974; McKee and
others, 1977). It is the only flood basalt province
of Phanerozoic age in North America.

Wide-ranging regional studies of the basalt,
underway for the last 10 years, have been devoted
primarily to defining stratigraphic and chemical
relations for use in unraveling the history of the
province and comparing the Columbia River Basalt
Group with flood basalt elsewhere. Recently, these
studies have been accelerated because of the need to
know more about the stratigraphy and structure of the
basalt as related to potential storage of nuclear

* waste within the basalt pile. A geologic map of the
entire province is under preparation. Reconnaissance
geologic maps of the basalt in most of Washington and
northern Idaho have been completed (Swanson and
others, 1979a) and eventually will be published in
color (for example, Swanson and others, 1980).

Studies in 1978 and 1979 were conducted by full-time
and temporary personnel of the U.S. Geological Survey
under Interagency Agreement No. EW-78-I-06-1978 with
the U.S. Department of Energy in support of the
Basalt Waste Isolation Program, administered by Rock-
well Hanford Operations, Richland, Washington. Per-
sonnel involved in this mapping project have been:
J.L. Anderson, R.D. Bentley, G.R. Byerly, V.E. Camp,
J.N. Gardner, P.R. Hooper, D.A. Swanson, W.H. Taube-
neck and T.L. Wright.

GENERAL ASPECTS

The Columbia River Basalt Group is characterized
by most features considered typical of flood-basalt
provinces. Flows are voluminous, typically 10-30 km3
with a maximum volume of 700 km3, and many cover
large areas, as much as 40,000 km2. They generally
advanced as sheetfloods, rather than as channelized
or tube-fed flows, and form thick cooling units com-
posed of one or more flows. Eruptions took place
from fissure systems tens of kilometers long. Erup-
tion rates were high, generally greater by 2-3 orders
of magnitude than those of other Cenozoic basalt pro-
vinces, as determined by 1) theoretical considera-
tions based on the relations among eruption volumes,
dimensions of linear vent systems, and distance
traveled without appreciable crystallization or cool-
ing breaks, and 2) the absence of constructional
shields even though viscosities calculated at con-
stant temperature from dry-weight chemical analyses
are equal to or higher than those for oceanic tho-

leiites containing similar amounts of MgO. Small
spatter ramparts formed along fissures but are poorly
preserved owing to bulldozing and rafting by flows
and to later erosion. Cinder cones are very rare.

In these and other features, basalt of the Columbia
River Basalt Group contrasts with that produced by
basaltic plains or oceanic volcanism (Greeley, 1977),
as in the Snake River Plain, Iceland, and Hawaii.

The flows cover a diverse assemblage of rocks
ranging in age from Precambrian to Miocene. The pre-
basalt topography had considerable local relief,, 1000
m or more in places, near the margin of the Columbia
Plateau. Some of the prebasalt hills today stand
high above the plateau surface, especially in the
Spokane area. Little is known about the nature of
the rocks or pre-basalt surface beneath the central
part of the plateau. Sparse evidence from a drill
hole 3.24 km-deep just west of the Pasco Basin sug-
gests that a thick weathered or altered zone caps a
sequence of lower Tertiary volcanic rocks of mafic
and intermediate composition at least 1970 m thick
(Raymond and Tillson, 1968; Newman, 1970; Jackson,
1975; Swanson and others, 1979b).

STRATIGRAPHY

Formal stratigraphic subdivision of the Columbia
River Basalt Group has recently been made (Swanson
and others, 1979b) (fig. 2). Considerable effort was
expended in doing this, in order to provide a strong
framework for topical studies. Some additional dis-
tinctive units have been found in Idaho and Oregon
since the nomenclature for the Columbia River Basalt
Group was established, but they can easily be given
member rank and assigned to one of the three forma-
tions in the Yakima Basalt Subgroup.

The criteria used to recognize specific strati-
graphic units include megascopic and less commonly
microscopic petrography, magnetic polarity, and chem-
ical composition. Megascopic petrography and mag-
netic polarity can be determined in the field and,
taken together in over-all stratigraphic context, are
generally sufficient to identify a particular unit.
Ambiguities commonly arise, however, and chemical
analyses provide an invaluable and independent guide
for checking and correcting field identifications.

In fact, use of chemical analyses for correlation
purposes is so rewarding that no study of the basalt
requiring identification of flows should be under-
taken without provision for chemistry. Physical
characteristics such as weathering color, size and
shape of vesicles, thickness, and type of columnar
jointing have been used by some past workers as cor-
relation criteria, but we have found them unreliable
because of lateral variability except in some local
areas.
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Index map showing approximate outcrop extent of the Columbia River Basalt Group
(from Waters, 1961) and locations mentioned in text.

See figure 7 for details in

southeast Washington and northeast Oregon.

The formal stratigraphic units of the Columbia
River Basalt Group (fig. 2) have been described in
detail by Mackin (1961), Bingham and Grolier (1966),
Schmincke (1967b), Swanson and others (1979b), Swan-
son and Wright (1978), and Camp and others (1979);
only general statements are made here.

Imnaha Basalt

Outcrops of the Imnaha Basalt, the oldest forma-
tion in the group, are confined to extreme southeast
Washington, northeast Oregon, and adjacent parts of
Idaho, where feeder dikes are known (fig. 3A).
Whether the Imnaha occurs farther west beneath
younger rocks is conjectural. It covers a surface of
rugged local relief and has an aggregate thickness of
more than 500 m. Most flows in the formation are

coarse grained and plagioclase phyric (Hooper, 1974).
Five chemical types have been distinguished (Holden
and Hooper, 1976; Kleck, 1976; Vallier and Hooper,
1976; Reidel, 1978; table 1). Trace element composi-
tions are given by Nathan and Fruchter (1974). Many
flows contain zeolite amygdules (Kleck, 1976), and
smectitic alteration is widespread. The Imnaha
Basalt conformably underlies the Grande Ronde
Basalt,and future work may find areas in which the
two form— ations interfinger. Most of the Imnaha has
normal magnetic polarity, but the oldest and youngest
flows known have reversed polarity, based on
measurements with a portable fluxgate magnetometer.
Two samples of the Imnaha have 875r/86gr initial
ratios of .7044 and .7043 (McDougall, 1976).
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Figure 2. Stratigraphic nomenclature, age, magnetic polarity, and

chemical type for units in the Columbia River Basalt Group.
N, normal magnetic polarity; R, reversed; T, transitional.
Subscripts refer to magnetostratigraphic units of Swanson

and others (1977;

Picture Gorge Basalt

Much of the Picture Gorge Basalt is apparently
coeval with the middle part of the Grande Ronde
Basalt (fig. 2), as judged by the interfingering of
the two formations (Cockerham and Bentley, 1973;
Nathan and Fruchter, 1974) and reconnaissance mag-
netostratigraphic work (R.D. Bentley and D.A. Swan-
son, unpub. data, 1977) along lower Butte Creek, Ore-
gon (fig. 1). The Picture Gorge crops out only in
and surrounding the John Day Basin in north-central
Oregon (fig. 3A), where feeder dikes comprise the
Monument dike swarm (Waters, 1961; Fruchter and Bald-
win, 1975). Possibly the ancestral Blue Mountains
uplift kept most flows from spreading northward out
of the basin. The formation is at least 800 m thick;
Thayer and Brown (1966) report a thickness of more
than 1800 m at one locality, although faulting may
have duplicated part of the section. The Picture
Gorge contains aphyric to highly plagioclase-phyric
flows with compositions falling into a broad field
known as Picture Gorge chemical type (Wright and
others, 1973; table 1). Trace element data are given
by Osawa and Goles (1970) and Nathan and Fruchter
(1974). Some of the thicker flows contain pegmatoids
(Lindsley and others, 1971). The formation can be
subdivided into three informal units based on field
characteristics and magnetic polarity, according to
R.D. Bentley (Swanson and others, 1979b). The Pic-
ture Gorge at its type section has an average 87sr/
865r initial ratio of .7037 (McDougall, 1976).

1979b) .
and Van Couvering (1974).

Geologic time scale from Berggren
From Swanson and others (1979b).

Grande Ronde Basalt

The Grande Ronde Basalt is the oldest formation
of the Yakima Basalt Subgroup (fig. 2) and the most
voluminous and areally extensive formation in the
entire Columbia River Basalt Group, underlying most
of the Columbia Plateau (fig. 3B) with an estimated
volume of more than 150,000 km3. Its thickness
varies widely depending on underlying topography; the
thickest preserved section exceeds 1000 m in drill
holes in the Pasco Basin, and sections 500-700 m
thick occur in the Blue Mountains and other uplifted
or deeply incised areas. Most flows in the formation
are very sparsely plagioclase-phyric to essentially
aphyric, although a few of the oldest flows in and
near the Lewiston Basin contain abundant large
plagioclase phenocrysts. Major element compositions
fall in a broad range termed Grande Ronde chemical
type (table 1). Flows having different compositions
within this range are interleaved throughout the sec-
tion, although flows of high-Mg type rather consist-
ently overlie flows of low-Mg type in the western
part of the plateau. The Grande Ronde Basalt is sub-
divided into four magnetostratigraphic units on the
basis of magnetic polarity (Swanson and Wright,
1976b; Swanson and others, 1979b); these units pro-
vide the only useful subdivisions of the formation on
a plateau-wide basis. Peeder dikes occur throughout
the eastern half of the plateau and are apparently
not confined to distinct swarms as formerly thought
(Waters, 1961). The Grande Ronde conformably over-



r v v — - ———
aneads i 8e Canadae
[ vsa 71l ]"9 WA B g 49
alo o
| ) ;‘_".’; | ;;99:
r Ma (18 48
‘ i, %& . ]
| 5
" :)C\olumhll 47 ’:\‘ o7
. S -~ [ o9
. Y o gnrAN | o %
FEOISN o/ oY AN 46 o 46
-} No/Pleted oot ) A\ &
| 13 L o |
o 23 ORI\ £
- (/.\'\. % ‘}‘ 45 - ~—4 45
|= < OR| . é
o -
L-/o 75 150 © 3 44 o 75 150 ¢ 44
2 L/ i

e
Imnaha@=5) Picture Gorge[1Basalt Grande Ronde Basalt

A \\ | B
feeder dike
~N—— "1 T — ————t - —
AC Canadas ¢
T WATOsAT T T X3 8A7 ‘q‘g
=0 A 5o o3
W(aunu \ | N

Vmarginy

s

c
° 47 %
= °
° L e
Lo |as S
15 {re
< {45 L=
!'u/ t:
- /
‘»m 9 75 159 ¢ b L7
SR £ TY Ty -
0=, Il 4 L it G
i L BT T T (P AT S | T T
Wanapum Basalt Saddle Mountains Basalt
O D

Figure 3. Maps showing generalized distribution and feeder dikes
for the formations in the Columbia River Basalt Group.
From Swanson and Wright (1978, fig. 3.4).

lies the Imnaha Basalt, intertongues with the Picture Bevotion Sople bl
Gorge Basalt, and conformably underlies and locally ()
interfingers with the Wanapum Basalt. Commonly a

thick soil and, locally, weakly lithified clastic \Roxo EXPLANATION
sediments occur on top of the Grande Ronde; they 20 Member

indicate a significant time break, although probably &\ ]
no longer than a few tens of thousands of years judg- T T 7240 Cloystone
ing From the local interbedded relations between the j

Grande Ronde and Wanapum Basalts in southeast Wash- F
ington (fig. 4). The 87sr/86sR initial ratios i i TR,
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may increase slightly upsection, from values of about

.7046 in the older flows to about .7052 in the bt R [T el
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Frenchman Springs

parrar chemical type

Wanapum Basalt
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The Wanapum Basalt is the most extensive forma- L || 1
tion exposed at the surface of the Columbia Plateau
(fig. 3C) but is much less voluminous than the Grande
Ronde, probably having a volume of less than 10,000
km3. On a local scale, the Wanapum conformably m“]'TH RN
overlies the Grande Ronde, except for minor erosional ||;1|x”:"ﬂ“"|”‘
unconformities or interbedded relations. On a e :',‘||i|
regional scale, however, the Wanapum overlies pro- ot
gressively older basalt from the center toward the
eastern margin of the plateau. Such onlap is not
apparent along the northern and western margins, how-
ever. These relations suggest that the plateau had
tilted westward before Wanapum time.
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Figure 4. Schematic stratigraphic section in Benj-
amin Gulch, 3 km south of Pomeroy,
washington, showing chemical types for 13
basalt flows. Note interbedded nature of
chemically different flows. Uncorrected

The oldest member of the Wanapum Basalt, the for north dip of about 4 degrees. From

Eckler Mountain Member, occurs in the Blue Mountains Swanson and others (1979b).

and adjoining foothills of southeast Washington and

northeast Oregon (Swanson and others, 1979b, 1980).

The oldest flow in the member, the basalt of Robin-




Table 1. Average major-element compositions for chemical types in the Columbia River Basalt Group

[Averages include analyses available through March 1977; see Wright and others (1979)
for more recent averages and further discussion of chemical types]

Chemical type 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
(nl/  (aq) (21) (68) (7 (8) (4) (13) (13) (8) (10) (9) (20) (4) (8) (35)
Oxide - ol o -
si0, 50.99 51.14 51.18 49.53 50.73 50.36 51.46 51.57 53.78 55.94 54.37 50.01 52,13 54.80 52.29 51.19
Al03 15.42 15.06 14.06 16.34 17.10 15.54 1539 13.87 14.45 14.04 15.28 17.08 15.41 13.86 13.21 14.07
"reo"2/ 12.24 13.04 14.11 12.38 11.26 11.25 < 12.46 I12.08 11,35 11,77 9.46 10.01 10.66 13,32 14.38 13.91
Mgo 5.94 5.07 4.60 6.06 5.42 6.68 4.86 4.44 Be2b 3.36 5.91 7.84 5592 2.84 4.04 4.39
ca0o 10.11 9. 33 8.59 9.15 9.30 10.67 9.45 8.12 9.07 6.88 9.79 11.01 10.18 6.48 7.90 8.48
Naj0 2.55 2.58 2.65 2.58 2.45 2:95 3.29 3.36 2.83 3.14 2.80 2.44 3.00 3.18 2.67 2472
K20 0.53 0.91 h B8 L 0.93 0.85 0.57 0.74 2.02 1.05 1.99 0.77 0.27 0.68 1.87 1.41 D22
TiOp 1.66 2.24 2.93 2.41 232 1.56 1,79 2. 71 1.78 2e2? ) 195 B 1.00 1.48 2.46 3.17 3.3
P05 0.34 0.42 0.48 0.41 0.38 0.22 0.33 1.39 0.28 0.43 0.29 0.19 0.35 0.93 0.71 0.67
MnO 0.22 0.22 0.22 0.20 019 0.20 0.23 0.24 0.19 0.19 0.16 0.14 0.19 0.26 0.22  0.23
Total3/ 100.00 99.99 100.00 100.00 100.00 100.00 100.00 100.00 100.01 100.01 100.00 99.99 100.00 100.00 100.00 100.01
Chemical type 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
(15) (55) (13) (11) (6) (3) (2) (12) (30) (41) (8) (12) (13) (8) (24)
Oxide
8i0, 50.27 50.09 54.70 54.41 50.72 52.12 49.75 54.16 51.88 51.08 54.46 47.45 48.73 47.50 50.44
Al703 13.69 14.31 14.10 14.51 16.23 14.33 15526 13.84 14.88 1354 14.29 13.84 13.88 12.50 14.07
"Feo" 2/ 15.04 13.78  12.63 11.07 9.64 11.64 11.82 12:60 10,55 14.75 11.05 15522 14.41 17253 13:78
MgO 4.29 5.18 i 4.51 8.19 5.58 7.10 3.91 6.96 4.28 4.85 5.99 5.88 4.41 5.01
ca0o 8.31 8.88 6.14 8.32 10.70 9.64 10,13 771 10.67 8.34 8.54 9.71 9.72 8.80 8.67
Naj0 2.67 2.57 3.:20 2.69 222 2.69 2432 2.66 2.36 2.45 2.15 231 2.42 2.44 2.79
K0 1:16 1.07 2.68 1 Y o 0.51 0.87 0.46 1.70 0.64 1.25 1.39 0.72 0.73 1,23 1.47
TiO, 3.55 3,15 2.80 1.95 1.45 2.48 2.42 2.82 1.62 3.52 2.17 3.62 3.30 3.79 2.90
P,05 0.81 0.78 0.88 0.56 0.18 0.49 0.55 0.41 0.25 0.59 0.35 0.91 0.73 1.54 0.66
MnO 0.21 0.19 0.17 0.21 0.17 0.17 0.21 0.19 _0.17 0.20 0:15 - 0.28 0.20 0.27 0.21
Total3/ 100.00 100.00 100.01 100.00 100.01 100.00 100.02 100.00 99.98 100.00 100.00 100.00 100.00 100.01 100.00
1/Number of analyses used in computing average 7. Low Mg-Picture Gorge (Wright 18. Lolo
and others, 1973) 19. Umatilla
2/Fe0 + 0.9Fe 03 8. Prineville (recalculated from 20. Wilbur Creek
Uppuluri, 1974) 21. Asotin
3/Difference between total and 100 is due to rounding during normalization 9. High Mg-Grande Ronde (one flow) 22. Slippery Creek
10. Low Mg-Grande Ronde (one flow) 23. Lewiston Orchards
11. Very high Mg-Grande Ronde (one 24. Esquatzel
Chemical types (defined by method of Wright and Hamilton, 1978) flow) 25. Pomona
12. Robinette Mountain 26. Elephant Mountain
1. Picture Gorge (Imnaha Basalt) 3. Frenchman Springs (Imnaha Basalt) 13. Dodge 27. Buford
2. American Bar (equivalent to the 4. Rock Creek 14. Shumaker Creek 28. Basin City
high-Ti Picture Gorge chemical 5. Fall Creek (Kleck, 1976) 15. Frenchman Springs (one flow) 29. Martindale (Ice Harbor 1)
type of Wright and others, 1973) 6. High Mg-Picture Gorge (Wright and 16. Roza 30. Goose Island (Ice Harbor 2)

others, 1973) 17. Rosalia 31. Lower Monumental



Table 2. Average trace-element compositions for chemical types in the Yakima Basalt S“bgroup

[Instrumenta] neutron activation analyses by L.J. Schwarz under direction of J.J. ROVe]

1/ i
) 10 12 13 14 15 16 17 18 19
Ba 496.0 783.0 196.0 319.0 1021.0 564.0 503.0 534.0 510.0 395,
Co 41.3 36.9 45.6 38.1 23,2 39.4 375 37.7 41.1 Nh
cr 100.1 13.7 149.5 168.8 s 33.1 54.6 15.6 96.7 43
Cs 0.7 1.4 -2/ - 0.9 0.95 1.2 1.0 0.7 05
Hf 3.7 5.2 15 2.8 6.2 4.35 4.3 5.4 4.6 10'_3
Rb 28.0 46.0 - - 44.0 28.5 25.0 28.0 19.5 g
Ta 0.71 0.94 - 0.57 1.41 1.01 0.99 112 1:14 Ly
Th 3.5 6.1 0.45 1.2 52 37 3.8 el 3.3 6.9
Zn 132.0 147.0 118.0 118.0 181.0 201.0 177.0 220.0 192.0 145,
Zr - 349.0 - - 350.0 232.0 216.0 308.0 222.0 590.9
Sc 37.04 31.20 36.26 40.34 34.0 36.39 35.45 36.69 36.44 %.y
La 18.2 28,7 8.0 170 37.0 26.5 27.0 34.0 29.0 4.5
Ce 38.0 58.0 16.0 37.0 77.0 525 55.0 69.0 59.0 880
Sm 5.4 Lol 3.0 5.4 118 12 7.8 - 8.7 10,3
Eu 1.68 2.18 1.04 1.60 3.29 237 2.34 281 2.59 3.9
Yb 2.6 3.6 2.0 - 5.7 3.4 3.2 4.2 347 0
Lu 0.50 0.60 0,37 0.52 0.81 0.63 0.61 0.73 0.63 0.6
20 2 24 25 26 27 28 29 30 1
Ba 823.0 284.0 614.0 235.0 517.0 415.0 579.0 505.0 808.0 5720
Co 44.5 46.4 40.6 43.4 45.1 39.6 45.0 42.0 37.6 R
Cr 37.6 281.3 19.9 112.0 18.0 45.5 148.3 192.9 44.8 2.
Cs 0.8 - 1.0 - 0.7 0.7 - - - N
Hf 6.0 2.8 5.5 3.2 6.8 5.4 6.6 5.8 10.6
Rb 41.0 - 55.0 - 29.5 4.3 - - 26.0
Ta 1.02 0.67 1.68 0.77 1573 1.54 1.82 1.51 3.09
Th 6.2 2:3 8.5 2.5 6.0 7.0 2.2 2,2 4.4
Zn 142.0 118.0 144.0 131.0 181.0 142.0 206. 189.0 296.0
Zr 345.0 - 200.0 - 445.0 - 256.0 328.0 505.0
Sc 26.85 30.73 27.8 34.35 31.50 31.50 37.95 38.07 36.44
La 43.5 16.0 38.0 17.0 36.0 33.5 46.0 42.0 77.5
Ce 82.5 30.5 73.0 34.5 72.5 64.0 91.0 80.0 155.0
Sm 8.4 4.3 8.5 4.7 9.6 7.4 12.9 10.8 21.3
Bu 1.92 1.26 2.18 1.43 2.63 1.86 3.54 3.03 5.68 R
Yb 4.3 2.3 3.6 2.7 4.9 £.1 4.9 4.0 8.5 W]
Lu 0.63 0.34 0.52 0.39 0.68 0.57 0.86 0.73 1.40 0.4
1/chemical types:
9. High-Mg Grande Ronde (one flow) 15. Prenchman Springs 20. Wilbur Creek 27. Buford
10. Low-Mg Grande Ronde (one flow) 16. Roza 21. Asotin 28. Basin City
12. Robinette Mountain 17. Rosalia 24. BEsquatzel 29. Martindale
13. Dodge 18. Lolo 25. Pomona 30. Goose Island
14. Shumaker Creek 19. Umatilla 26. Elephant Mountain 31. Lower Monu-
mental

z/Dash means not determined

ette Mountain, is diktytaxitic and contains the
lowest K70 and incompatible trace element concen-
trations of any other flow in the Yakima Basalt Sub-
group (tables 1 and 2); it was erupted from a long
fissure south of Dayton, Washington. Several flows
and dikes of the next youngest flow--the basalt of
Dodge, a very coarse-grained plagioclase-phyric,
grusy-weathering unit--form excellent markers in the
Blue Mountains. The basalt of Dodge is chemically
similar to but much coarser and more porphyritic than
some high-Mg flows of the Grande Ronde Basalt (tables
1 and 2). The basalt of Shumaker Creek, the youngest
unit in the member, is neither widespread nor easily
recognized in the field, although its high K0 and
P,05 are distinctive (tables 1 and 2).

The Frenchman Springs Member overlies and locl
interfingers with the Eckler Mountain Member and
crops out widely in the central and western parts
the plateau (fig. SA). 1Its volume is probably 3
to 5000 km3. Generally three to six flows, in
places as many as ten, occur in any one section.
Plows were erupted from north-northwest-trending
dikes extending through the Walla Walla area of
southeast Washington (Swanson and Wright, 1978; e
son and others, 1979b, 1980). Highly porphyritic
flows near Soap Lake at the southern end of Grand
Coulee may have erupted along the northward extens®
of the known feeder system. Most flows of the
Prenchman Springs Member contain rare to abundant
glomerocrysts of plagioclase, although some are
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Figure 5. Maps showing generalized distribution and feeder dikes
for the Frenchman Springs, Roza, and Priest Rapids Members
of the Wanapum Basalt and the Pomona Member of the Saddle
Mountains Basalt. From Swanson and Wright (1978, fig. 3.5).

aphyric and indistinguishable in the field from some
flows of Grande Ronde Basalt. The member has a high
Pe0 and TiO; composition known as Frenchman Springs
chemical type (tables 1 and 2). The 875y /865r
initial ratio is about .7053 (McDougall, 1976). The
Frenchman Springs is overlain by the Roza Member.

The Roza Member, a highly plagioclase-phyric unit
with a volume of about 1500 km~®, is well known, and
readers are referred to papers by Lefebvre (1970) and
Swanson and others (1975; 1979b) for details. The
member was erupted from a linear vent system more
than 165 km long in the eastern part of the plateau
(fig. 5B). The Roza consists principally of two
cooling units, although more thin units occur near
the vent system. The composition of the Roza is
similar to that of the Frenchman Springs Member
although on the average slightly richer in MgO
(tables 1 and 2). Its 875r/86gr initial ratio is
about .7054 (McDougall, 1976).

The Priest Rapids Member overlies the Roza Member
and is the youngest basalt throughout most of the
northern part of the Columbia Plateau. The member
occurs as far southwest as the Columbia Gorge (fig.
5C). All known feeder dikes are confined to the far
eastern part of the province. Several dikes occur
near Orofino, Idaho, and along Slate Creek about 16
km east of Freedom, Idaho (W.H. Taubeneck, T.L.

Wright and D.A. Swanson, unpub. chemical data, 1977:
V.E. Camp in Swanson and others, 1979a), and probable
vents are located near Emida, Idaho, and in Palouse,
Washington. Other vents presumably exist in northern
Idaho, as intracanyon flows of the member occur far
up the ancestral St. Joe River valley. The estimated
volume of the Priest Rapids is 2000-3000 km3. 1In

and near Spokane, flows of the Priest Rapids Member
fill valleys as much as 100 m deep eroded into the
main part of the Latah Formation, a sequence of fine-
grained clastic sediments interbedded with and over-
lying the Grande Ronde Basalt. Flows of the Priest
Rapids invade sediments of the Latah in many places
near Spokane as well as other sediments near Orofino,
Idaho. The Priest Rapids Member contains magnetic-
ally reversed flows of two distinctly different comp-
ositions, a very high FeO and TiO; type (Rosalia
chemical type) and a high Mg0 type (Lolo chemical
type) (tables 1 and 2). The flows of Rosalia chemi-
cal type are found throughout most of the extent of
the member and are consistently older than those of
Lolo chemical type, which are confined to the
southern two-thirds of the member's outcrop area. A
few thin flows of different compositions occur near
vent areas in northern Idaho and adjacent Washing-
ton. McDougall (1976) obtained an 87gsr/86gr

initial ratio of .7053 on a flow of Rosalia chemical
type near Frenchman Springs Coulee.



Saddle Mountains Basalt

This formation, the youngest in the Columbia
River Basalt Group, is about 13.5 to ¢ m.y. old and
contains flows erupted sporadically during & period
of waning volcanism, deformation, canyon cutting, and
development of thick but local sedimentary deposits
between flows. The Saddle Mountains Basalt has a
volume of only about 3000 km3, less than one per—
cent of the total volume of basalt, yet contains by
far the greatest chemical and isotopic diversity of
any formation in the group.

The Umatilla Member is the oldest and one of the
most extensive members in the formation. It occurs
in extreme southeast Washington and northwest Oregon
(the Troy and Lewiston basins and Uniontown Plateau)
(Price, 1977; Ross, 1978; Swanson and others, 1980);
vent areas ané a feeder dike occur in the Puffer
Butte area (fig. 1; Price, 1977). Remnants of the
Umatilla fill a broad shallow paleovalley leading
from the Troy basin across the present-day Blue
Mountains in northern Oregon to the Milton-Freewater
area, where the flow spread out of the paleovalley as
a sheet flood covering much of south-central Washing-
ton (D.A. Swanson and T.L. Wright, unpub. map, 1978;
Swanson and others, 1979a). Lava was channelled
along some canyons eroded during post-Wanapum time in
the western part of the Columbia Plateau, as along
Yakima Ridge (R.D. Bentley 1n Swanson and others,
1979a). The distribution of the Umatilla provides
the earliest evidence for extensive erosion and
canyon-cutting of the Columbia River Basalt Group on
the Columbia Plateau, although erosion of basalt was
substantial in the Columbiz Gorge before Priest
Rapids time (Beeson and Moran, 1979). The Umatilla
has an unusual chemical composition characterized by
lower contents of CaO and M@0 ané higher contents of
Nas0, Kp0, and incompatible trace elemente than
most other flows in the group (tables ] ané 2). The
content of Ba is 2000 ppm or more, sufficient alone
to identify the member. P.R. Hooper (oral commun.,
1979) has recognized two flows of slightly different
K20, TiO, and Ba contents in the member. The
8 Sr/aGSr initial ratio of the Umatilla is¢ high,
about .7092 (McDougall, 1976’ The Umatilla under-
lies the Wilbur Creek Member.

The Wilber Creek Member and the overlyine Asotir
Member, distinctly different fiows but possibly chem-
ically related, were apparently erupted in the Clear-
water embayment of Idaho. From there, the flows
advanced down valleys and gorges leading from the
Uniontown Plateau to the central part of the Columbia
Plateau; remnants of the valley-filling flows occur
east anc west of lower Cow Creek {fig. 1), near
Warden and Othello, and elsewhere (Swanson and
others, 1980). The flows crosse¢ the northern part
of the Pasco Basin (Myers and Price, 1979 and moved
down 2 canyon along Yakima Ridge possibly asg far west
as Yakima (K.D. Bentley in Swanson and others,
1579a). The flows overlie quartzitic grave! of
extra-plateau derivation alonc Yakima Ridge and trace
& westward course of the ancestra’ Columbis River
from the Pasco Basin to Yakima. The Wilbur Creek has
a major element composition similar to that of the
intermediate-Mg Grande Ronde chemical type, ané the
Asotin is similar to the basalt of Robinette Mountairn
(table 1); however, trace element compositions easily
discriminate the flows (table 2).

The Weissenfels Ridge Member overlies the Asotin
Member and contains several flows confined mainly to
the Lewiston Basin and presumably eruptec :here. The

basalt of Lewiston Orchards, one flow averaging
10-15 m thick, is sparsely plagioclase-phyric and
contains groundmass olivine visible with a hana
lens. It is relatively rich in Mg0 and poor in K
(table 1). The overlying basalt of Slippery Creek
consists of several flows, at least one of which
contains abundant groundmass olivine. Tts chemica)
composition differs from other flowe of the Saddle
Mountains Basalt. The basalt of Anatone (Price,
1977) has a major element composition similar to the
Lolo chemical type but is enriched in light Rpp

The Esquatzel Member (fig. 2) occurs as isolateg
remnants of an intracanyon flow along and just north
of the modern Snake River upstream from Devils Canyon
(Swanson and others, 1980). It apparently was
erupted within the ancestral Snake drainage, floyeg
downcanyon, and entered the ancestral Columbia River
valley in the central part of the plateau. The
Esquatzel then flowed along Yakima Ridge in a course
similar to that of the Wilbur Creek and Asotin Mep-
bers. The Esquatzel is distinguished petrographically
by irreqularly distributed phenocrysts and clots of
strongly zoned plagioclase and clinopyroxene. rTtg
major element composition can be confused with some
low-TiO; flows of the Frenchman Springs Member of
the Wanapum Basalt (table 1), but ite trace element
composition is distinctive (table 2) and its 87g,
86sr initial ratic of about .7146 extraordinarily
high (the Mesa flow of Nelson and others, 1976),

The Pomona Member (fig. 2), well known through
the work of Schmincke (1967b), occurs across the pro-
vince from the Clearwater embayment in idaho to
southwest Washington near the coastline (the basalt
of Packsack Lookout of Snavely ancé others, 1973), a
distance of about 500 km (fig. 5D) The member
probably consisting of only one flow, was apparently
erupted about 12 m.y. ago in the Clearwater embay-
ment; V.E. Camp (in Swanson ancé others, 1979a)
located feeder dikes northeast of Orofino, Idaho, for
a flow probably correlative with the Pomona. It
flowed out of the embayment down an ancestral Snake
River canyon, virtuallv coincident with the modern
canyon, to the central! plateau, where it spread out
as a broaé sheet coverinag much of south-central Wash-
ington and extreme north-central Oregon. The member
advancecd along the ancestral Columbia River westward
along Yakima Ridge to the site of Yakima. It can
readily be traced as far west as Mosier, Oregon, in
the Columbia Gorge. From there, its pathway to
southwest Washington is unclear, but it presumably
followed an ancestral Columbia drainage system much
as earlier flows did. Peperites and invasive flows
formed along the margin of the flow where it plowed
into sediments, and a fused vitric tuff underlies the
flow in many other places (Schmincke, 1967c). The
Pomona, with a volume of more than 600 km”, is one
of the most voluminous single flows 1n the group
has a distinctive chemical composition ftables | and
2) and petrography (Schmincke, 1967b) and represents
one of the best markers on the Columbia Plateau. Its
875r /865y initial ratic is about .7078& (Nelson
and others, 1$76; McDougall, 1976).

The Elephant Mountain Member (fig. 2) was prob-
ably erupted in part from a dike mapped by Ross
(1978} in the Troy basin of northeast Oregon, where
it is known as the Wenaha flow of Walker (1973b)
Flows of the member advanced down the ancestral Snake
River canyon as the Pomona Member had done about 1.5
m.y. earlier The flows spread outward from th
mouth of the canyon near Mesa, Washinaton, and cov-
ered much o' south-central Washington, in many place




ing volcaniclastic debris that had been erupted
in the cascades, carried eastward by rivers, lahars,
;m winds, and deposited on the Pomona Member.

gecent mapping has defined the west and southwest
gargin of the member along a line extending approxi-
sately southward from Yakima to the Horse Heaven
gutemJ(Swanson and others, 1979a). The Elephant
yountain consists of several flows, all chemically
émﬂjr, of normal and transitional magnetic polar-
ity. Its major element composition is similar to
that of Rosalia chemical type except for lower

P 5(cable 1), but its trace element content is
gistinct. The member has a 875r/86sr initial

ratio of about .7078 (McDougall, 1976; Nelson and
others, 1976), similar to that of the Pomona.

capp

The Buford Member (fig. 2), a single magnetically
reversed flow 20-30 m thick, is the youngest known
pasalt on the plateau surface of extreme southeast
washington and northeast Oregon, where it is confined
and presumably was erupted. Its major-element compo-
sition shows distinctly higher light REE contents

(table 2).

The Ice Harbor Member (fig. 2), dated as about
8.5 m.y. old (McKee and others, 1977), was erupted
from the central part of the Columbia Plateau, where
jikes and remnants of vent areas have been recog-
nized. The last previous eruptions from the central
part of the plateau were those of the Frenchman
gprings Member, about 6 m.y. before the Ice Harbor
volcanism. Most flows are confined to the area of
venting, but at least one flow spread westward to the
Richland area and southwestward to Wallula Gap. The
Ice Harbor Member can be subdivided into three read-
ily mappable units of different compositions (tables
1and 2). The lowest unit--the basalt of Basin
City--contains plagioclase and olivine phenocrysts,
has normal magnetic polarity, and is chemically dis-
tinct. The middle unit--the basalt of Martindale--
carriers clots and single crystals of clinopyroxene,
.plagioclase, and olivine and has reversed magnetic
polarity; two related compositions characterize the
Martindale (Helz, 1978), the dominant of which is
listed in table 1. The upper unit--the basalt of
Goose Island--contains sparse plagioclase and mag-
netite phenocrysts, has normal magnetic polarity, and
has the most FeO-rich composition of any known flow
in the group (and one of the most FeO-rich composi-
tions of any terrestrial basalt). The three informal
units have a similar 87Sr/86Sr initial ratio of
about .7077 (Helz, 1978). Helz (1978) has recently
completed an exhaustive experimental and petrogenetic
study of the Ice Harbor Member. The Ice Harbor vent
system is about 90 km long and has strong aeromag-
netic expression (Swanson and others, 1979c).

The Lower Monumental Member, about 6 m.y. old, is
the youngest member in the Saddle Mountains Basalt.
It is confined to the modern Snake River Canyon
between Devils Canyon and Asotin, Washington, a dis-
tance of about 150 km. 1Its source was presumably
near Asotin or farther east but has not yet been
identified. 1Its chemical composition is similar to
wlo chemical type, although slightly higher in
ilkalies ano markedly higher in light REE (tables 1

and 2) The Lower Monumental has a high
Ysr /86y ipitial ratio of about .7109 (Nelson
and others, 1976)

PHYSICAL CHARACTERISTICS OF FLOWS

Flows within the Grande %onde, Wanapum, and
Saddle Mountaine 3asalts range from a few tens of
centimetere ro more than 100 m thick, averaaing 30-40

m. The thick flows generally record ponding in pre-
basalt valleys, in structurally controlled basins
that developed during volcanism, or in narrow canyons
eroded into older flows; such intracanyon flows are
common only in the Saddle Mountains Basalt. Even the
thinner flows generally show evidence of having
ponded. This evidence consists of the columnar-
jointed nature of the basalt (fig. 6). Such columns
can apparently form only under static cooling condi-
tions; their development therefore implies that the
lava had ponded. What impounded the lava can rarely
be determined. Natural levees several meters high
have been observed in places and probably account for
most of the ponding. Elsewhere, flows could have
pinched out against opposed topographic slopes.

\ e—tim aoe

Figure 6. Cross section of flow in Yakima Basalt
Subgroup, showing, in idealized form,
jointing patterns and other struc-
tures. PPC, pillow palagonite (hyalo-
clastite) complex, present at base or
throughout flows that entered water.

Flows that cooled under stagnant conditions con-
tracted and developed a characteristic jointing
habit, shown in idealized form in figure 6. The
terms colonnade and entablature were borrowed from
classical architectural usage by Tomkeieff (1940).
Columns in the colonnade are from 10 cm to 5 m in
diameter, averaging about 1 m, and can be as long as
50-75 m although generally 5-10 m. Most are
straight, but curved columns are rather common and
generally unexplainable in terms of simple cooling
models. Columns in the colonnade are commonly sub-
divided into prismatic blocks by cross joints; the
coarsest-grained part of a flow may be platy owing to
the close spacing of cross joints.

The colonnade-entablature contact is relatively
sharp, the change commonly taking place within 1-2
cm. The contact is traceable in many places for sev-
eral kilometers before other complexities obscure
it. The glass content of the groundmass increases
abruptly from the colonnade to the entablature for an
unknown reason (Swanson, 1967; Long, 1978} The
entablature consists of columns of smalier diameter,
generally less than 25 cm, and less consistent or:-
entation than those in the colonnade. Columns
many entablatures are bundled into fans, synforms,
tents, or other unusually shaped arrancements. Most
columns in an entablature are highly segmented hv
irreqular cross joints, so that the columns car »=
readily oroken i1nto fist-size pieces. The entablo-
ture generally comprises about 70 percent »f rhe



thickness of a flow but can make up 100 percent (one
example that we know of) to zero percent. The upper
part of the entablature is scoriaceous and commonly
merges into a zone of short, wide, generally poorly
defined columns that some workers call the upper
colonnade. A rubbly, clinkery zone occurs above the
entablature of some flows. Such a zone is absent
from the base of flows. The origin of this rubbly
zone is in question. The rubble is, in our experi-
ence, more common near vent areas than elsewhere;
this observation suggests that the rubble may repre-
sent material thrown out of the vent near the end of
eruption and modified during movement of the flow.

Idealized jointing patterns can be satisfactorily

explained by existing theory for the cooling of
bodies of igneous rock (Jaeger, 1961), but such pat-
terns are seldom found in nature. Acceptable thermo-
mechanical explanations for the typically complex
jointing patterns, particularly in the entablature,
are not available despite considerable descriptive
information (Tomkeieff, 1940; Waters, 1960; Mackin,
1961; Spry, 1962; Swanson, 1967; Schmincke, 1967b;
Long, 1978; Ryan and Sammis, 1978). Complications
related to the mutual interference between columns
growing inward from irreqular contacts, ponding of
water on a flow surface and percolation down joint
planes during solidification,
cal composition on tensile strengths and heat conduc-
tion, and inadequate knowledge of rock mechanics
under high temperature-low pressure conditions are
some of the difficulties that plague attempts at
analysis of natural jointing habits.

Some flows have a tiered appearance defined prin-
cipally by alternating layers of vesicular and rela-
tively nonvesicular rock rather than by joints.

These layers may record separate gushes or thin flows
that piled up and solidified as a single compound
cooling unit. Tiers much more commonly occur in
entablatures than colonnades.

The upper surface of a flow is rarely exposed in
plan view. Where seen, the surface is rather flat,
smooth, filamented, and locally ropy--surface fea-
tures characteristic of lava ponds at Kilauea. The
surface of a flow with a rubbly upper zone is rough,
has a relief of as much as 6 m, and otherwise appears
unlike typical surfaces of ponded flows.

Many flows entered water and formed pillows.
Recent studies (Jones, 1968; Moore, 1975) have demon-
strated conclusively that pillows are nothing more
than the subaqueous equivalent of pahoehoe toes.

Many of the pillowed flows occur near the margin of
the plateau as it existed at the time of eruption,
apparently because lakes were formed as flows ponded
rivers draining from marginal highlands. Other pil-
lowed flows are much more extensive, perhaps signify-
ing entry into shallow lakes standing on the plateau
surface. One such extensive flow, in the Priest
Rapids Member, is pillowed throughout an area of tens
of square kilometers in the Cheney-Palouse scabland
southwest of Spokane.

In places, lava deltas (Fuller, 1931; Moore and
others, 1973) formed as lava poured into shallow
lakes and ponded streams. The direction of dip of
foreset "bedding™ defined by elongate pillows and
thin sheet flows in the lava deltas indicates the
local flow direction of the lava. Particularly good
examples of lava deltas can be seen near Malden south
of Spokane (Griggs, 1976), near the mouth of Moses
Coulee (Fuller, 1931), and at the mouth of Sand Hol-
low south of Vantage.

the influence of chemi-

" reported.

Other criteria for defining flow directiong
include inclined pipe vesicles, which plunge upcur-
rent, and bent spiracles (fig. 6), formed by steam
blasts beneath a flow, which tail out down-current,
Flow directional data for basalts must be treateq in
the same way as those for current-produced Structureg
in sedimentary rocks--carefully. A few data in a
small area show the local direction but say little
about regional patterns. Nonetheless, careful
studies by Schmincke (1967a) and on-going work by
others are succeeding in defining patterns of lava
advance within the plateau.

FEEDER DIKES, VENT SYSTEMS, AND ERUPTION

One of the major results of recent mapping has
been identification of sources for most stratigraphic
units and even single flows. Feeder dikes have beep
found for flows in all formations and members of the
Columbia River Basalt Group except the Wilbur Creek,
Asotin, Esquatzel, Buford, and Lower Monumental Mem-
bers of the Saddle Mountains Basalt. The feeder
dikes average about 8 m wide but vary from a few
centimeters to more than 60 m. They may tend to thip
upward, but this is far from certain. The dikes
generally trend north to north-northwest. They can-
not be traced far along strike, in part because of
exposure problems. Obviously related dike segments,
offset a few meters to form an en echelon pattern,
form systems extending tens of kilometers. Compound
or multiple dikes, consisting of two or more pulses
of magma related to the same intrusive event, are
common, but composite dikes, containing two or more
phases of contrasting compositions, have not been
In other words, each fissure was used just
once, not repeatedly.

The chance of finding a dike connecting with a
flow it fed is small, owing to problems of exposure.
Nonetheless, several dikes have been found displaying
such a connection. The top of most such dikes is
rubbly, apparently consisting of slabs of crust once
floating on a flow before it poured back into the
fissure (for example, Plate la in Swanson and others,
1975). In one dike lacking such rubble, the dike
merges imperceptibly with its flow of the Frenchman
Springs Member (fig. 1, number 6, Swanson and others,
1975).

Many other dikes can be inferred to correlate
with particular flows, or at least sequences of
flows, on the basis of chemical composition and mag-
netic polarity. 1In this way, feeders have been
identified for most of the named stratigraphic units.

The shape and extent of vent systems for specific
flows or related sequences of flows can be recon-
structed from the locations of feeder dikes, thick
piles of degassed flows (presumably near their vent),
abundant collapsed pahoehoe (Swanson, 1973), and
accumulations of basaltic tephra (in places occurring
in still recognizable spatter cones and ramparts).
Such reconstructions show that eruptions of single
flows or related flows took place from fissures con-
centrated in long, narrow vent systems on the order
of tens of kilometers long and several kilometers
wide (Swanson and others, 1975, and later work).

Vent systems for the Grande Ronde Basalt are dis-
tributed across the eastern half to two-thirds of the
Columbia Plateau, but those for other units are more
restricted (Swanson and Wright, 1979). For example,
feeder dikes for the Picture Gorge Basalt are con-
fined within the John Day Basin and neighboring
areas, those for the Frenchman Springs Member within




one 60 xm wide and probably more than 200 km long,
1§tm5efor the Ice Harbor Member within a zone 15
¥ ‘i and about 90 km long. On a still finer
e vent systems for specific flows are nearly
- as they occur along single dikes or closely
tmi;}elated dikes. Examples are the vent system
?ihekoza Member (probably less than 5 km wide and
qknmm to be more than 165 km long Swanson and
™ is 1975; P.R. Hooper, unpub. data, 1978 ), the
:;1cof Robinette Mountain in the Eckler Mountain
p .r(ﬂ single dike extending at least 25 km across
;*Bhw Mountains), the basalt of Basin City in the
¢ Harbor Member (possibly a single dike at least 50
;1mgh and several chemically distinct flows in
s Grande Ronde Basalt (T.L. Wright and D.A. Swan-

unpub. data, 1978).

va
tnowledge of the geometry of the vent systems not
qly allows prediction of where vents for specific
nws should occur once one such vent is found but
;w further provides important constraints regarding
qma generation, storage, and eruption mechanics.
nmgsudiknowledge, attempts have been made to
stinate the rates of eruption and advance for single
fows. The estimates take into account the
geervation that flows, even those that advanced tens
» hundreds of kilometers from their sources,
;mched to a crystal-poor sideromelane glass when
tey entered water; this indicates little cooling
aring transport and hence rapid advance, since the
1wva apparently moved as sheet floods rather than
wrough insulating tube systems. Application of
meologic models, developed in part from this obser-
ation by Shaw and Swanson (1970), to vent systems of
inown dimensions suggests eruption rates of about 1
s)/day per linear kilometer of active fissure for
the largest flows, such as those in the Roza Member,
ad about 10'4km3/day/km for the smaller flows
svanson and others, 1975). For flows of "average"
wolume, probably several tens of cubic kilometers,
ntes of 101 to 1072km3/day/km may be inferred.
iy comparison, sustained rates of eruption at Kilauea
nd Mauna Loa are 10~3 to 10‘4km3/day/km.
ising observed dike widths, theoretical modeling
suiggests that the high eruption rates could indeed
have been sustained by supply from depth (Shaw and
svanson, 1970). Such eruptions probably lasted a few
days. Flow rates of 5 to 15 km/hr down slopes of
1:1000 are calculated from the model, adequate to
illow thick flows to move far with little cooling.

Rapid eruption rates do not necessarily imply
ripid melting rates in the mantle. Flows were
¢eupted only once every ten thousand years or so in
ny one area on the plateau during even the peak of
wlcanic activity (Grande Ronde time), as estimated
% counting the number of flows in a magnetostrati-
usphic unit of assumed duration based on comparison
vith seafloor magnetic anomalies of roughly compar-
®le age. Calculations show that continuous melting
it the present Hawaiian rate, 10‘1km3/yr (Swanson,
12), could account for the volume of the Columbia
fiver Basalt Group in the alloted time. Episodic
pid melting events ("flash melting™) cannot be
txcluded but are not required.

If melting progressed at the Hawaiian rate, then
lrge, deep storage reservoirs are required in order
0 account for the large volume of single flows.
™is contrasts with the Hawaiian situation, where
ftuptions are much more frequent and lava "leaks" to
te surface more or less continuously. The presence
f large, deep storage reservoirs, possibly in the
‘rper mantle, may be a principal and distinguishing
tharacter istic of flood-basalt provinces in general.

CHEMICAL PETROLOGY OF THE YAKIMA BASALT SUBGROUP

Two major geochemical breaks occur within the
Yakima Basalt Subgroup. The older break separates a
high—sioz, low-FeO and TiO; sequence below
(Grande Ronde Basalt) from a relatively low-Si0,,
high-FeO and TiO, sequence (Wanapum Basalt). This
chemical change took place over a short time, as mag-
netic stratigraphy is continuous across the break,
K-Ar ages above and below agree within analytical
error for these rocks (+ 1 m.y.), and flows of dif-
ferent chemical types are locally interlayered (fig.
4). Trace-element levels are similar and Sr isotopic
ratios are similar and relatively low (0.704-0.706)
in both sequences. Major- and trace-element
chemistry of the Grande Ronde Basalt, which makes up
75 percent of the volcanic pile, shows cyclic varia-
tion rather than an evolutionary trend.

The younger geochemical break, separating the
Wanapum and Saddle Mountains Basalts, is marked by
1) increase in Sr isotopic ratios to 0.708-0.715, and
2) greater abundance of most incompatible elements
and steeper chrondrite-normalized REE patterns in
those flows of the Saddle Mountains Basalt whose
major oxide chemistry is similar to older flows.
These changes took place over a relatively long time
(.5-1 m.y.?), as there is evidence of erosion and
deposition of sediments between the Wanapum and
Saddle Mountains Basalts.

The Columbia River Basalt Group shows far less
coherent chemical variation than is typical for
oceanic tholeiites. Ratios of incompatible elements
vary widely among the various formations as well as
among flows belonging to the same formation. Enrich-
ment factors differ for different incompatible ele-
ments in units which show smooth chemical variation
trends. For example, the least magnesian flows of
the Grande Ronde Basalt (MgOv'3 percent), have
contents of Py0s5, Hf, Ta, and LREE that are 2-3
times higher than in the most magnesian flows of the
Grande Ronde (MgOv'6 percent), whereas the enrich-
ment of Th and K in these same flows is greater,
about 3-4.

We make the following inferences as a start
toward a model to explain the generation of magmas in
the subgroup.

1. We infer that magma compositions are con-
trolled principally by partial melting. Enrichment
factors in the Grande Ronde Basalt are not consistent
with a fractionation model in which crystallization
of 55-70 percent of stored liquid would have to take
place repeatedly. Mixing calculations fail to bal-
ance both major oxides and incompatible trace ele-
ments using any reasonable fractionating mineral

assemblage.

2. The scarcity of phenocrysts, absence of
high-pressure "megacrysts", and absence of fractiona-
tion or accumulation trends suggest that magmas
accumulated near the site of melting and may have
been superheated during transport to within a few
kilometers of the surface.

3. We infer little or no high-level crustal
storage for most of the magma, as evidenced by 1)
absence of grabens or calderas associated with single
flows of large volume and 2) absence of phenocryst-
related chemical fractionation or accumulation trends
even between phyric and aphyric flows of the same
stratigraphic unit. We feel that plagioclase pheno-
crysts present in spme flows may have formed during



ascent of magma just prior to eruption and perhaps
even after eruption.

4. If a partial melting model is accepted, melt-
ing must be relatively "wet" to yield quartz-norma-
tive magmas. Some metasomatic enrichment of trace
elements is required to explain the incoherent ratios
of incompatible elements and possibly the highest
87Sr/865r ratios.

5. Bulk-lava chemistry suggests that the source
for most of the magma was relatively iron-rich and
olivine-poor clinopyroxenite. The major chemical and
stratigraphic units and many of the individual flows
require chemically distinct source rocks. The over-
all source for magmas of the Columbia River Basalt
Group must be heterogeneous both in space and through
time.

INVASIVE FLOWS

Weakly consolidated sedimentary rocks, generally
medium-grained sandstone to siltstone, occur between
many flows near the margin of the plateau and between
some of the younger flows in local structural basins
on the plateau. The sedimentary rocks rest deposi-
tionally on the underlying flow in some places, but
in many other places the contact relations show that
subjacent basalt intrudes or invades the sediment.
Schmincke (1967c) was one of the first to recognize
this, and recent work has demonstrated how common
such invasive relations are. We estimate that more -
than half of the observed contacts between basalt and
sedimentary rocks on the Columbia Plateau are inva-
sive.

How are such contacts interpreted? Do they sig-
nify "normal®™ intrusive relations in which basaltic
magma never reached the surface before solidifying as
in classic dikes and sills, or are they formed as
lava flows burrow into unconsolidated sediments
accumulating on the ground surface (invasive flows of
Byerly and Swanson, 1978)? Both processes produce
similar results.

The key to proper interpretation lies in the
stratigraphy. If the basalt is at its proper strati-
graphic position relative to overlying flows, it
almost certainly was a flow that invaded sediments at
the ground surface. This is because thin sedimentary
deposits, generally less than 10 m thick on the
plateau, are light and hence exert little confining
pressure; vesiculating magma rising and encountering
such sediments would certainly blast through rather
than spread laterally into them.

Mapping and chemical studies have shown that, in
every example so far found on the plateau, the inva-
sive basalt is at its expected stratigraphic position
relative to overlying flows and hence is in invasive
flow (Schmincke, 1967c; Camp, 1976; Byerly and Swan-
son, 1978; D.A. Swanson, G.R. Byerly and T.L. Wright,
unpub. data, 1978). We include in this interpreta-
tion two thick sills previously interpreted conven-
tionally, the Hammond sill of Hoyt (1961) near
Wenatchee, Washington and the "Whiskey Creek sills"
of Bond (1963). Work by Byerly and Swanson (1978 and
unpub. data) and V.E. Camp (unpub. data, 1978) shows
that even these thick sills, more than 120 m thick
locally, are in proper stratigraphic position
relative to overlying flows.

These conclusions are significant, because they
show that invasive contacts provide insufficient, in
fact totally misleading, evidence for the former
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presence of magma beneath the area. For example,
invasive relations are particularly well displayeqd
along the northwest margin of the plateau, where all
other evidence negates the former presence of magma
bodies; no intrusive contacts are found here in any
situation other than one involving sediments, the
invading flows are in their proper stratigraphic
position relative to other flows, and flow directjong
show that surface flows moved toward, not away from,
correlative sills. Invasive relations also demon-
strate the unreliability of using sedimentary inter-
beds as stratigraphic guides on the Columbia
Plateau. The basalt flows are always in their proper
stratigraphic position, but the interbeds, at least
fine-grained ones, are commonly not, owing to rafting
by invasive flows.
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ROADLOG FOR GEOLOGIC FIELD TRIP BETWEEN LEWISTON, IDAHO AND KIMBERLY, OREGON
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D.A. Swanson, U.S. Geological Survey, Menlo Park, CA 94025
and

T.L. Wright, U.S. Geological Survey, Reston, VA 22092

Sacajawea Motor Lodge in Lewiston, Idaho (fig. 7). Drive west.
Tapadera Inn. Continue west, following signs to U.S. 12.
Turn left to west U.S. 12.

Cross Snake River. Enter Clarkston, Washington. The Snake here is now a
lake, impounded behind the recently completed Lower Granite Dam.

Continue straight ahead on U.S. 12 toward Pomeroy and Walla Walla.

At 12:00, the Pomona Member of the Saddle Mountains Basalt fills ancient
canyon of Snake River eroded into flows of the Grande Ronde Basalt (Rp
magnetostratigraphic unit).

At 11:00, house on bluff rests on Lower Monumental Member, which was con-
fined to an old Snake River canyon carved deeply into the older flows
between about 10.5 and 6 m.y. ago.

Roadcuts in Grande Ronde Basalt for several miles.

On left, colonnade of the canyon-filling Pomona Member. Note underlying
white ash, a probable correlative of which occurs near Ice Harbor Dam
(stop 9).

At 1:00, steeply dipping flatirons of the Grande Ronde Basalt near core of
the Gaging Station anticline.

This route passes through the Lewiston Basin, a structurally complex area
recently studied by Camp (1976). Flows at or near river level along the
road also occur near the top of the escarpment north of the river. A
major fault follows the west-flowing river, and a faulted anticline north
of the river exposes the lower three magnetostratigraphic units of the
Grande Ronde Basalt as well as the upper part of the underlying Imnaha
Basalt. The latest tectonism occurred in post-Lower Monumental time, as
canyon-filling remnants of this 6 m.y. member have been deformed (Camp,
1976).

Quarry on left in the Pomona Member. Good example of colonnade and entab-
lature jointing habits, generally well developed in intracanyon flows.

Look back at 4:00-5:00 and see the Gaging Station anticline in core of
Lewiston Basin structure.

Bluff on left is the Lower Monumental Member. At 2:00, view down Snake
River of the Grande Ronde Basalt.

Road leaves Snake River and follows Alpowa Creek.

Road crosses approximate axis of Gaging Station anticline, rapidly dying
out west of the Lewiston Basin.
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Map showing route of field trip, scheduled stops,
and locations of important geographic features.




(1.:3)
14.1 Note sign on left commemorating passage of Lewis and Clark on their return

trip.

(1.9)

16.0 Intersection with Clayton Gulch road. Continue on U.S. 12.

(1:25)

1725 Intersection with Howell Grade road. From here, U.S. 12 passes upsection
across the upper two magnetostratigraphic units of the Grande Ronde Basalt
capped by the Roza Member of the Wanapum Basalt near Alpowa Summit. An
unknown but observant geologist-polluter painted yellow letters on each
flow in the section, with L the oldest and E (Roza Member) the youngest.
The dip of the section is only slightly less than the gradient of the road.

(0.7)

17.95 Base of flow L. Rj.

(1:5:55)

19.5 Base of flow K. Rj.

(0.55)

20.05 Base of flow J. Nj.

(0.45)

20:5 Base of flow I. Nj.

(0.35)

20.85 Base of flow H. Nj.

{0<2)

21.05 Base of flow G. Nj.

(028)

21.35 Base of flow F. Njp.

(0.15)

2185 Roadcut on left shows thick ancient soil (saprolite) developed on flow F.
This saprolite, marking the top of the Grande Ronde Basalt, is overlain by
the Roza Member.

(0.15)

21.65 Flow E (Roza Member) exposed from here to summit.

{1.25)

22.9 Alpowa Summit, elevation = 2785 ft.

(0.3)

23.2 Intersection with Ledgerwood Road. Turn right.

(1<5)

24.7 Small outcrop of Roza spatter on right (near-vent locality 13 in Swanson
and others, 1975, table 1).

(0.8)

25+5 Junction with Kirby-Mayview Road. Continue straight (northward) on pave-
ment.

(0.85)

26,35 Junction with Valentine Ridge Road. Continue straight. Valentine Ridge
Road leads to stop 18 of Swanson and Wright (1967a), an interesting vent
area for a flow in the Grande Ronde Basalt.

(1.55)

27.9 Roadcut just beyond junction with Connell Hill Road. Thin flows of the
Roza Member, with little or no spatter. Experience shows that, in this
area, such thin flows are likely to be near a vent. Continue on Kirby-
Mayview Road.

(5.45)

33,35 Intersection with Tramway Road. Turn right toward Tramway.

(4.05)

iy g | Cliffs ahead expose a flow of Lolo chemical type in the Priest Rapids
Member of the Wanapum Basalt.

(0.4)

37.8 Stop at white stile.

STOP NO. 1. Gracefully cross stile and walk to lip of Snake River canyon
for view of Grande Ronde flows and discussion of stratigraphy and mapping
methods. Quarry is in a flow of Lolo chemical type in the Priest Rapids

Member .
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(0.45)
38.25

(0.9)
B3I
(0.1)
39.25
(2.1)
41.35
(0.6)
41.95

(0.55)
42.5

(5.9)
48.4
- (3.35)
51275

(4.1)
55.85
(7<9)
63.75
(0.15)
65.9
(8.4)
74.3

(2.65)
76.95
(2.3)
19525

(2.85)
82.10
(1.1)
83.2
(2.3)
85.5

Continue north on Tramway Road. Keep left at intersection with East
Wawawai Grade road.

Junction with Kirby-Mayview Road. Turn right.
Junction with Wawawai Grade Road. Continue on pavement.
Mayview. Continue straight.

Roadcut exposing two thin flows of the Roza Member separated by welded
spatter. Continue ahead.

STOP NO. 2. Bus lets passengers off here and proceeds for 1.3 miles,
turns around, and waits for passengers, who walk down road. Roadcuts show
the Roza Member overlying thin, discontinuous silt resting on the sparsely
plagioclase-phyric Frenchman Springs Member (2 flows). A thin saprolite
and detrital(?) clay separate the Frenchman Springs from the Grande Ronde
Basalt. The Frenchman Springs thickens west from here to 150 m in Devils
Canyon (Stop 6); it does not occur farther east. Eastward thinning of the
Frenchman Springs Member is typical throughout southeast Washington and
nor theast Oregon and is interpreted to mean that the flows pinched out
against a gentle westward slope. All known feeder dikes for the Frenchman
Springs Member occur in the central part of the plateau; we will see some
unusual examples tomorrow.

The flows of the Grande Ronde Basalt, all in the N, magnetostratigraphic
unit, display a variety of primary structures, such as joints and rubbly
tops. Many flows are thin and may have erupted locally.

One thick and two thin feeder dikes for the Roza Member are exposed. Per-
haps the spatter at mileage 41.95 was erupted from this dike. This loca-
tion is along the axis of the Roza vent system. One of the vent areas
will be viewed at the next stop.

Return to U.S. 12 via Kirby-Mayview, Ledgerwood, and Ledgerwood Spur Roads.
Junction with Tramway Road. Keep right, on pavement.

Junction with North Deadman Creek road, turn right, staying on Kirby-
Mayview Road.

Junction with Tramway Road. Continue straight.
Junction with Ledgerwood Road. Turn left, leaving pavement.

Junction with U.S. 12. Cross highway, continuing on Sweeney Gulch Road.

Junction with State Highway 128. Continue straight, up a gentle dipslope
related to the Blue Mountains uplift farther south.

Road intersection. Continue straight on 128.

Metropolis of Peola. Bear left on main road, avoiding road to Cold
Springs.

Continue east on Highway 128.
Asotin-Garfield County Line.

At 4:00, good view of dip slopes on north flank of Blue Mountains. Potter
Hill ahead.
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99.2
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STOP NO. 3. Potter Hill vent area for Roza Member. Note pumice, welded
spatter, dikes, and primary dips related to cone. The Roza Member vent
system is more than 165 km long and less than 15 km (probably less than 5
km) wide. The vent system is defined by dikes, such as those at stop 2,
and vent areas such as this one. Big Butte, visible from here to south,
is another vent area from which one of the latest eruptions took place.

Turn around, and retrace route to Sweeney Gulch Road.
Junction with Sweeney Gulch Road. Bear left, staying on Highway 128.

Roadcut exposing a Dodge flow in the Eckler Mountain Member of the Wanapum
Basalt.

Base of Dodge over red saprolite developed on Grande Ronde Basalt. Road-
cuts beyond expose flows in uppermost magnetostratigraphic unit (Nj) of
the Grande Ronde.

Cross Pataha Creek at Columbia Center. Keep right across bridge.

STOP NO. 4. Roadcut shows the basalt of Dodge overlain by dense aphyric
flows of the Frenchman Springs Member. Walk back along road 30 m to see
saprolite under Dodge. The basalt of Dodge is in places interleaved with
saprolite, showing that it was erupted during the time of regional soil
formation on the Grande Ronde Basalt. Note the coarse grain size, large
plagioclase phenocrysts, and grusy nature of the Dodge, which make it a
fine marker in the field.

Turn right on pavement and continue down approximate dip slope on the Roza
Member .

Dirt road to right. Start of Benjamin Gulch section. This section, capped
by the Roza Member, exposes interbedded flows of Grande Ronde, Dodge, and
dominantly Frenchman Springs chemical types, and is the only such section
known in Washington. This section is of great importance, as it demon-
strates that eruptions of greatly different magma chemistries overlapped

in time. Presumably this locality contains flows erupted throughout the
time interval during which a soil was forming elsewhere in southeast Wash-
ington.

Quarry in dense flow of the Frenchman Springs Member as at Stop 4.

The basalt of Dodge under the Frenchman Springs Member. Next few cuts re-
veal interlayering; exposures are good but not eyecatching. All contacts
are exposed.

Approximate base of section.

Pomeroy town limit.

Intersection with U.S. 12. Turn left (west) on highway.

Junction with State Highway 126. Continue ahead on U.S. 12. For the next
few miles, a ledge-forming flow is quite prominent, particularly in about
3.5 miles. This flow, informally called the Pataha flow, is of high-Mg
Grande Ronde chemical type and is near the top of the Grande Ronde section
in this area.

Junction with State Highway 127. Continue left (west) on U.S. 12, toward

Walla Walla. Type locality of the basalt of Dodge is in roadcuts along
S.H. 127, 0.95 miles northeast of junction.
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Junction with State Highway 261. Turn right toward Palouse Falls State
Park. Roadcuts in next few miles expose flows in Nj part of Grande Ronde
Basalt. Road follows the Tucannon River.

Junction with paved road to Little Goose Dam. Stay left, in valley. Road
to dam is access to stops 10-14 of Swanson and Wright (1976a). For next
mile, black cliff above road is in the Lower Monumental Member of the
Saddle Mountains Basalt, which occupies a broad valley eroded through the
Wanapum Basalt into the Grande Ronde Basalt at the confluence of the Snake
and Tucannon Rivers. Exposures of the Pomona Member in a canyon-filling
relation occur nearby.

Good exposures of tiered flow of the Grande Ronde Basalt. White ash in
pockets on hillside is Mazama ash.

STOP NO. 5 (optional). Origin of tiered flows. Are tiers the result of
some process completely internal to a ponded flow and related to its cool-
ing history, or does each tier record a separate pulse of lava into a
gradually deepening pond? In other words, is a tiered flow a single or
multiple-flow cooling unit? Good exposures of vesicular layers defining
boundaries of tiers are found above the railroad tracks to left of road.

Dark mesas to left are remnants of the Lower Monumental Member resting ero-
sionally on the Frenchman Springs Member. Intracanyon remnants of the
Pomona and Esquatzel also occur near here. The prominent bench seen above
both the Palouse and Snake Rivers is along the contact of the Grande Ronde
and Wanapum Basalts. Cross Snake River near mouth of Palouse River. The
renowned archeologic site, Marmes Rock Shelter, is drowned beneath lake
waters just up the Palouse.

Entrance to Lyons Ferry State Park. Continue straight.

Poorly exposed contact of the Grande Ronde Basalt and the Frenchman Springs
Member of Wanapum Basalt.

Base of the Roza Member.

Junction with road to right to Palouse Falls State Park. Continue
straight ahead. The junction is just below the contact of the Priest
Rapids and Roza Members. The road to the park crosses the Roza and the
Frenchman Springs Members. The lip of the falls is carved into the oldest
flow of the Frenchman Springs.

Flow of Lolo chemical type in the Priest Rapids Member crops out just
above road; it is the youngest flow throughout the area. Good example of
scabland topography (Scablandia) to east (right). Begin to cross upper
reaches of H.U. Coulee; roadcuts expose the Roza and Frenchman Springs
Members.

View to left down H.U. Coulee, a scabland channel made famous by J. Harlan
Bretz. Roadcuts beyond are the Roza and Frenchman Springs Members.

Junction with Highway 260. Turn left toward Pasco. Highway follows dry
Washtucna Coulee, former course of Palouse River. Erosion caused by
catastrophic flooding (the Spokane floods) in the late Pleistocene
diverted the river from its former course into a more direct link with the
Snake River via Palouse Falls. Prior to the floods, the Palouse flowed
down Washtucna Coulee to Connell and then south-southwestward to the Pasco
area via Esquatzel Coulee.

The highest continuous ledge along the coulee walls between here and
Kahlotus is the Roza Member; the highest discontinuous exposures are of
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the Priest Rapids Member.
View to right of gravel bar deposited by Spokane floods.

Junction in Kahlotus with paved road to Pasco and Lower Monumental Dam.
Turn left.

Junction with road to Lower Monumental Dam. Turn left down Devils
Canyon. All roadcuts expose flows of the Frenchman Springs Member,
totalling about 150 m thick. Contrast with the 20 m of the Frenchman
Springs seen at stop 2.

Look ahead at remnant of the Lower Monumental Member forming cliff over-
lying river gravel across river beyond dam.

Large parking area to right opposite turn toward dam.

STOP NO. 6. Contact of the Frenchman Springs Member of the Wanapum Basalt
and Grande Ronde Basalt. Lowest exposed flow is the Grande Ronde. It has
an oxidized top and is overlain by a Frenchman Springs flow with sparse,
small plagioclase phenocrysts. The oxidized zone is an incipient

residual soil horizon. Traced eastward, this zone gradually thickens into
a true saprolite, which is well exposed at stops 2 and 4. As the soil
zone thickens, the overlying Frenchman Springs thins and finally dies out,
leaving the Roza Member resting directly on saprolite. This is evidence
that the Frenchman Springs flows were erupted in a basin, presumably
created by earlier subsidence or westward tilting of the Columbia Plateau.
STOP NO. 7. (Optional) From stop 6, drive across Lower Monumental Dam and
park along road 1 mile beyond southeast end of dam, at base of the flow
defining the Lower Monumental Member. This flow, at 6 m.y. the youngest
flow in the Columbia River Basalt Group, extends at least as far east as
Asotin, Washington. The Lower Monumental has not been recognized farther
west than its type locality. The flow overlies river gravel consisting of
basalt, metavolcanic rocks, and a very few plutonic rocks with lenses of
quar tz-feldspar-muscovite sand. This assemblage is clearly that of an
ancestral Snake River, not a small stream heading on the plateau itself.

Retrace route from stop 6. Looking up Devils Canyon from this point, a
good cross-sectional view of flows filling a steep-walled gorge is exposed
on the northeast wall of the canyon.

Park in small turnout on right.

STOP NO. 8. Intracanyon flows. Before Lower Monumental time, the
ancestral Snake River apparently occupied a gorge 2-3 km north of the
present canyon. Four different lava flows poured down this gorge, with
renewed canyon cutting between each eruption, resulting in the compound
lava fill exposed in cross section in the cliffs on either side of the
road. East of the road, a "triple junction" is well exposed. Here the 12
m.y. Pomona Member (right) filled an almost vertically walled gorge cut
into the oldest known intracanyon flow in this area, about 12.5 m.y.
(left). Note the nearly horizontal columnar jointing in the Pomona along
the contact. After a period of erosion, which beveled the Pomona and
older intracanyon flow, the 10.5 m y. Elephant Mountain Member was
erupted. It forms the uppermost flow in contact with both of these older
intracanyon flows. West of the road, relations are more involved. Four
flows are present here, and they meet at a common point above the railroad
grade. The same three flows in the cliff east of the road are also here,
with a fourth, the Esquatzel Member, between the unnamed intracanyon flow
and the Pomona. Eastward from a point 8 km east of Devils Canyon, the
pre-Lower Monumental canyon of the Snake follows the present canyon rather
closely. West of there, however, the older canyon continued due west,
meeting Esquatzel Coulee between Mesa and Connell. The course of this old
canyon can be traced using detailed aeromagnetic data (Swanson and others,
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1979c), as the thick intracanyon flows of uniform polarity exhibit narrow,
sinuous anomalies of greater amplitude than the thin, normal and reversed
flows forming the wallrock. We can speculate that the Elephant Mountain
flow so thoroughly choked the canyon that the Snake spilled southward over
a divide, located about 8 km east of Devils Canyon near Magallon ranch,
into a tributary of the ancestral Columbia River leading southwest toward
Pasco. Erosion of this divide proceeded comparatively rapidly, and the
Snake has remained in this canyon since then.

Continue up Devils Canyon. Turn left at intersection, toward Pasco.
Roadcuts in the Roza Member. Contact with the Priest Rapids exposed in
highest cut.

Continue straight at junction with Wallace Walker road.

Outcrop of the Priest Rapids Member below the Elephant Mountain Member in
gully to right.

Continue straight at intersection with Burr Canyon road. A feeder dike
for a flow of the Frenchman Springs Member can be reached by following the
Burr Canyon road to the lowest railroad right-of-way shown on the Lower
Monumental Dam 7-1/2' quadrangle. The tracks have been removed from this
right-of-way, and the route was drivable with care in 1977. From Burr
Canyon, follow the abandoned railroad about 2.5 miles to near Abe triangu-
lation station (Elwood 7-1/2' quad). Several small faults offset the red,
oxidized contact of the Grande Ronde Basalt and Frenchman Springs Member
exposed along the way. The widest plagioclase-phyric dike, evident in
cuts, projects across the river and feeds the prominent flow exposed at
top of dike. By climbing up hill (poor exposure) above Abe, the top of
the dike can be seen in cuts along the relocated railroad. A shallow pool
of columnar basalt fills the flared top of dike and merges laterally into
an extensive porphyritic flow.

Ghostly sand dunes to right.

Leave loess hills and enter onto dip slope developed in the Elephant
Mountain Member. Spokane floods stripped away the loess.

Junction with road to Ice Harbor Dam. Turn left (south).

Turn left, onto another paved road, just before dam. Sign points to Boat
Landing.

Junction with gravel road. Keep left on gravel road across wooden plank
bridge.

Junction of track roads. Both lead to same place. Righthand route was
best in 1979.

End of road. Bus may need to park before end.

STOP NO. 9. Examine railroad cuts 500-1200 m upriver from end of road.
Flows of the Pomona and Elephant Mountain Members are well exposed at
railroad level. The basalt of Martindale in the Ice Harbor Member over-
lies the Elephant Mountain Member above the railroad. Examine invasive
contact relation of the Pomona and a white vitric tuff 1200 m from end of
road. Three dikes of Basin City chemical type (Helz and others, 1976)
intrude the Elephant Mountain at locality 7 of Swanson and others (1975,
table 2). The dikes are difficult to spot. The nomally magnetized dikes
occur along a positive linear aeromagnetic anomaly that extends 30 km
south of the Snake River and 50 km north of the river (Swanson and others,
1979¢c). They form part of a linear vent system for the 8.5 m.y. Ice
Harbor Member described by Swanson and others (1975).
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Retrace route to intersection with road across dam.

Turn left and drive across dam. Keep right on pavement at south end of
dam.

Turn right toward river at T-intersection.

Bear left onto gravel road. Follow road toward west. Bluffs on left
expose the basalt of Martindale overlying the Elephant Mountain Member.

Park.

STOP NO. 10. The craggy bluff near the parking area is the remnant of a
tuff cone built over a vent for the basalt of Martindale in the Ice Harbor
Member (locality 16 of Swanson and others, 1975, table 2). Note the
poorly bedded nature of the cone, the palagonitic alteration of most of
the glassy tephra, and the angular unconformity visible on the northwest
face. A Martindale flow overlies the cone. Walk 600 m downriver along
trail to cuts exposing the Elephant Mountain Member and the basalts of
Martindale and Goose Island (locality 12 of Swanson and others, 1975,
table 2). The flows occupy a shallow northwest-trending syncline, also
recognizable across the river. Note the plagioclase-clinopyroxene clots
in the columnar Martindale flow. A dike of Goose Island chemical type
cuts the Martindale flow. Breccia interpreted as drainback rubble occurs
in upper part of dike; the rubble merges into thin vesicular flows,
overlain by a thicker flow of Goose Island type. At this locality, the
upper Goose Island flow and the columnar Martindale flow have both been
dated by E. H. McKee, using whole rock K-Ar methods, at 8.6 + 0.3 m.y.
Refer to Helz (1978) for more information on the Ice Harbor Member.

Retrace route back to paved road. Continue straight ahead (south).
Martindale tephra in roadcuts.

Horse Heaven anticlinal uplift straight ahead in distance.

Junction with road to Pasco. Turn right. Continue through Burbank.
Junction with U.S. 395. Turn left (south).

At 1:00, entrance to Wallula Gap, a water gap across the Horse Heaven
uplift through which the Columbia River flows.

Boise Cascade plant. Hold your nose.

To right across Columbia River is a series of faulted, doubly plunging
anticlines exposing the Frenchman Springs Member and younger flows.

Junction with U.S. 12. Turn left, toward Walla Walla. Side trip to right
for 4.2 miles into Wallula Gap shows excellent exposures of the thick
Frenchman Springs Member overlain by the Umatilla Member of Saddle Moun-
tains Basalt; the Roza and Priest Rapids Members are missing. A Martin-
dale flow caps highest visible point west of river; it overlies imbricated
Snake River gravel, compositionally similar to that at stop 7, showing
that an ancestral Wallula Gap existed at least 8.5 m.y.b.p.

Faceted ridge spurs to right reflect relatively young faulting along Horse
Heaven front.

Roadcut on right shows white Mt. St. Helens "S" tephra layer in silts of
the Touchet beds. The tephra is about 12,000 years old and helps to date
some of the youngest Spokane flooding, which produced the Touchet beds.
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Roadcuts in the Frenchman Springs Member.
Flow of Martindale type in the Ice Harbor Member forms low mesa ahead.

View left across Walla Walla River shows the thick Umatilla Member
overlain by the basalt of Martindale and underlain by the Frenchman
Springs Member. A small sheeted dike complex, consisting of 5 dikes of
Goose Island (Ice Harbor Member) chemical type, cuts the Umatilla but is
not evident from highway.

Roadcuts for next mile in the Frenchman Springs Member.

Approximate crest of north-south anticline forming west boundary of Walla
Walla Basin.

Easternmost basalt exposure (Frenchman Springs Member) in western part of
Walla Walla basin.

Bluffs to right are type locality of Touchet beds. From here to Walla
Walla, roadcuts reveal Touchet beds and loess.

Leave U.S. 12, turning right on road to Pendleton, Oregon.
Continue straight at junction with Highway 125.

Turn right on Highway 125. Stay on 125 through Walla Walla toward Milton-
Freewater, Oregon. This route bypasses most motels. Trip log is resumed
about 5.5 miles from downtown Walla Walla, at Oregon-Washington State
line. Here, Washington Highway 125 becomes Oregon Highway 11.

SECOND DAY

Oregon-Washington border between Walla Walla, Wash. and Milton-Freewater,
Oregon.

From left lane in Milton Freewater, turn left toward Pendleton on Highway
L1

Turn left off Highway 11 at bottom of hill, just beyond Clifton Motel,
toward upper Walla Walla River. Cross railroad tracks, keeping right.

Follow pavement to left on SE 15th Ave.

The Frenchman Springs Member is exposed on hillside ahead.

Keep left at intersection.

Approximate base of the Frenchman Springs in roadcut on left.

Bridge across Walla Walla River. Road enters the Blue Mountains, an up-

lifted and faulted region extending from central Oregon to extreme south-
east Washington. Route goes progressively downsection, as dips are about
2-3 degrees toward the Walla Walla basin.

Bridge across South Fork Walla Walla River.

Turn right toward South Fork.

Roadcut on left exposes 10 m-wide, vertical feeder dike of the Frenchman
Springs Member. Note nearby horizontal columns. Dike cuts vesicular flow
top in N unit of the Grande Ronde Basalt.

Route follows the straight canyon of the South Fork of the Walla Walla
River, which forms a segment of the Olympic-Wallowa lineament, a straight
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Fopographic feature reaching about 700 km from the northwest tip of Wash-
ington to the Wallowa Mountains in northeast Oregon. Origin of the linea-
ment is subject of much debate. Evidence to be seen at stop 11 shows that

this segment of the lineament has been structurally inactive for the last
14-15 m.y.

Approximate location of contact between Ry and Njp units of the Grande
Ronde Basalt.

Good exposure of rubbly top on a flow in the Ry unit of the Grande Ronde.

Exposure on left of gently dipping feeder dike of the Frenchman Springs
Member .

Cross river. Enter Harris Park. Continue straight.

Bus parking.

End of road.

STOP NO. 11. Observe the 60 m-thick, gently dipping (15-20 degrees) dike
of the Frenchman Springs Member on both sides of river. Note that it
crosses canyon, which defines the Olympic-Wallowa lineament in this area,
with no obvious offset. K-Ar date on dike by Ted McKee is about 14.5
m.y. Walk across footbridge, turn left on trail, dodge low-hanging
branches, and walk to lower contact of columnar dike. Observe glassy
selvedge. Continue on higher of two trails to upper glassy selvedge.
Discuss criteria for distinguishing a flow from such a dike. What are
conditions under which such gently dipping dikes are formed?

Retrace route to Highway 11 in Milton-Freewater. Turn left on Highway 1
toward Pendleton.

Good view to left of Blue Mountains front.

Roadcut in the Umatilla Member.

Start of series of roadcuts in the Frenchman Springs Member.

Fault breccia in the Frenchman Springs Member. Rock throughout roadcut is
shattered. Undated colluvium is offset by small fault at far end of cut.
The breccia occurs along north-trending faults.

Junction of road to Tollgate and Elgin across Blue Mountains. Continue
toward Pendleton, more or less along axis of the Agency syncline, with

poorly exposed flows of the Frenchman Springs Member in places.

Narrow bridge across Umatilla River in Pendleton. Beyond bridge, keep
right toward Portland.

Junction with U.S. 30.

Original Pendleton woolen mill to right.

Continue straight ahead through town.

Get in left lane opposite Pendleton Round-Up grounds.

Stop sign. Continue on U.S. 395 across railroad tracks. Follow sign to
Pilot Rock.

Turn left at blinking stop light.
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Turn right at stop sign. Dead ahead is cut showing the Frenchman Springs
Member overlying thick saprolite on the Grande Ronde Basalt.

Continue on U.S. 395 toward Pilot Rock and John Day. Do not enter freeway
On left, earth-fill McKay Reservoir Dam, in danger of collapsing until
refurbished in 1978. Rounded hills on both sides of road are eroded in

the McKay beds of Hogenson (1964), a Pliocene fanglomerate.

Roadcut in the McKay beds. Many more such cuts between here and Pilot
Rock.

Good view of Blue Mountains front to left and ahead. The Frenchman Springs
Member caps highest ridges to left but is absent ahead.

Across valley to right, saprolite separating the Grande Ronde Basalt and
the Frenchman Springs Member exposed in railroad cuts.

Town of Pilot Rock. Bluff at 1:00 is the Pilot Rock, mostly the Grande
Ronde Basalt but relay station rests on basal flow of the Frenchman
Springs Member.

Continue left on U.S. 395.

Continue right on U.S. 395.

Good view of unimposing Pilot Rock. Roadcuts for long distance are in Ny
unit of the Grande Ronde Basalt. The Frenchman Springs does not occur
south of this area.

Junction with Highway 74. Keep left on U.S. 395. By fall of 1979, mapping
of the basalt had not been finished beyond this point, so the following
log is necessarily skimpier than it has been. Some information is taken
from Walker (1973a) and Brown and Thayer (1966).

Good views of Blue Mountains front.

Dip slopes to right of road give clear sense of uplift.

Roadcut on left exposes fault in the Grande Ronde Basalt.

The Grande Ronde Basalt rests on soil developed on quartz diorite of
Jurassic or Cretaceous age.

Entrance to Battle Mountain State Park.

Low-Mg flows of the Grande Ronde Basalt in roadcut on left (Nathan and
Fruchter, 1974).

Coarsely columnar, probably valley-filling flow of the Grande Ronde Basalt
over granitoid in roadcut on left.

Blue Mountains crest, 4270 ft. Structural crest 1-2 km south of here.

Contact of the Grande Ronde Basalt and the John Day Formation poorly
exposed.

Terraces at 10:00 are developed in Pliocene sediments, trapped in struc-
turally controlled basin (Walker, 1973a).

Junction with Highway 344. Continue straight on U.S. 395. Ridge ahead
in the Grande Ronde Basalt.
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(0.85)

109.35 Start of Camas Creek section through the Grande Ronde and Picture Gorge
Basalts.
(0.2)
109.55 Pillowed flow of the Grande Ronde Basalt in roadcut.
(0.95)
110.5 Interbed between flows of the Grande Ronde Basalt in roadcut on right.
(0.3)
110.8 Complexly jointed and faulted flows of the Grande Ronde. Some horizontal
slickensides.
(0.35)
1R S STOP NO. 12. Roadcut near mile post 52 exposing contact of the Grande

Ronde and Picture Gorge Basalts. Discovered and described by Nathan and
Fruchter (1974). Aphyic, normally magnetized flow of the Grande Ronde
(probably Nj but not known certainly) overlies thin organic-rich inter-
bed resting on highly plagioclase-phyric, magnetically normal flow of the
Picture Gorge. Chemistry by Nathan and Fruchter (1974) confirms strati-
graphic assignments.

(8.9)
120.05 Bridge at mouth of Camas Creek. North Fork of John Day River to right.
(1.6)
121.65 Cross 45th parallel.
(1.3)
122,95 Bridge over North Fork of John Day River.
(1.05)
124.0 Dale. All roadcuts are in the Picture Gorge Basalt.
(6.95)
130.95 Meadow Pass, 4127 ft.
(0.45)
131.4 The Picture Gorge Basalt over the John Day Formation in roadcuts on right.
(0.3)
13157 Cretaceous diorite on left.
(0.8)
132.5 Slopes to right are foliated diorite.
, (0.5)
133.0 Cross Middle Fork of John Day River.
(0.5)
1335 Hyaloclastite in the Picture Gorge Basalt in roadcut on left. Flow
probably fills valley eroded into Paleozoic rocks.
(0.1)
133.6 Paleozoic metasedimentary rocks for next 0.9 miles.
(1.05)
134.65 At 3:00, scenic view of the Picture Gorge Basalt forming mesa.
(1 kY
135,75 The Picture Gorge Basalt in roadcut on left.
(0.85)
136.6 View straight ahead of the Picture Gorge Basalt dipping southeast from Blue
Mountains uplift.
(L.d)
187u 7 Summit of Ritter Butte, 3991 ft.
(3.05)
140.75 View ahead of Long Creek Mountain, underlain by the faulted Picture Gorge
Basalt.
(6.35)
147.1 Town of Long Creek. Turn right off U.S. 395 toward Monument and Kimberly.
(8.35)
155.45 Roadcut on right exposes contact of the Picture Gorge Basalt and John Day
Formation.
(0.3)
18575 Geologic marker on left, courtesy of T.P. Thayer, explains history of area.
(0.55)
156.3 Scenic view down valley of the Picture Gorge Basalt over red tuffaceous
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rocks of the John Day Formation.

Approximate contact of the Picture Gorge and the John Day in roadcuts on
right.

Hamilton.

Tuffaceous rocks of the John Day Formation, here chiefly bioturbated air-
fall tuff.

Landslides in the John Day Formation. Altered tuffs slide easily, es-
pecially when wet and overlain by basalt.

Geologic marker describes Sunken Mountain landslide to left. This and
other markers in the area were conceived and written by Tom Thayer, who
worked for many years on the Canyon City 2 degree sheet.

Thick section of the Picture Gorge Basalt ahead.

Views ahead and to right of angular unconformity between the Picture Gorge
Basalt and John Day Formation. i

To right, dike and irregular intrusive body of the Picture Gorge Basalt in
the John Day Formation. The Picture Gorge was erupted wholly within this
region. Its feeder dikes comprise the Monument dike swarm. Fruchter and
Baldwin (1975) found good chemical matches between flows and dikes of the
Picture Gorge, substantiating the notion that the two are indeed related.
From here to Kimberly itself we will see many of these dikes; only a few
are pointed out in the log.

Dead ahead is Monument Mountain, one of the thickest exposed sections of
the Picture Gorge Basalt.

Cross the North Fork of John Day River and enter town of Monument. View to
left of Picture Gorge intrusive bodies in the John Day Formation.

Roadcut across thick dike. For next 10 miles, dikes are very common, cut-
ting flows of the Picture Gorge as well as the older John Day Formation.

Zeolites in pegmatoidal flow of the Picture Gorge Basalt in roadcut on
right.

General store in Kimberly. Start of geologic field trip summarized by P.T.
Robinson (this volume).
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GUIDE TO GEOLOGIC FIELD TRIP BETWEEN KIMBERLY AND BEND, OREGON WITH EMPHASIS
ON THE JOHN DAY FORMATION

Paul T. Robinson, Department of Earth Sciences, University of California, Riverside, California 92521

and

Gerald F. Brem, Department of Earth Sciences, California State University, Fullerton, California 92634

INTRODUCTION

The John Day Formation of north-central Oregon
{s a widespread, largely pyroclastic unit lying be-
ween the Eocene Clarno Formation and the Miocene
Columbia River Basalt (Figure 1). The bulk of the
unit consists of andesitic to dacitic tuffaceous
claystone and air-fall tuff derived from vents west
of the present-day outcrops. The age of the forma—-
tion based on vertebrate fossils and K-Ar dating
ranges from approximately 36 to 18 m.y. B. P.
Woodburne and Robinson, 1977). Hence, the formation
is believed to provide a well exposed depositonal
record of middle Tertiary Cascade volcanism not
available elsewhere.

Detailed studies of the formation have been
carried out by a number of workers in the last 20
years. Studies in the vicinity of the type area,
near Picture Gorge, have been carried out by Fisher
(1966a, 1966b, 1967, and 1968), Fisher and
Rensberger (1972), Fisher and Wilcox, (1960) and Hay
(1962a, 1962b, 1963). Outcrops in and west of the
Blue Mountains have been studied by Peck (1964),
Robinson (1975), Robinson and Stensland (1979),
Swanson and Robinson (1968), and Woodburne and
Robinson (1977). Reconnaissance geologic maps have
been completed for most of the unit (Swanson, 1969;
Robinson, 1975). Detailed chemical and mineralog-
ical studies of the ash-flow and air-fall tuffs are
in progress by the authors.

STRATIGRAPHY

General Aspects

The John Day Formation crops out widely over
north-central Oregon, occurring in three geograph-
ically separate areas (Figure 1). The type locality
(eastern facies) lies east of the Blue Mountain up-
1ift and includes the Picture Gorge district and the
Mitchell area. Similar rocks cropping out south of
the Ochoco Mountains constitute a southern facies,
and a western facies is exposed in the area between
the Blue Mountains and the Cascade Range. Although
rocks from these three areas are lithologically
similar, consisting chiefly of tuffaceous claystone
and air-fall tuff, certain systematic differences
exist reflecting the presence of topographic
barriers between the areas during depositon. Specif-
ically, the western facies contains numerous inter-
calated ash-flow tuffs and lava flows which are rare
or absent in the eastern and southern facies.

Considerable disagreement exists as to the na-
ture and stratigraphic position of the boundary be-
tween the John Day and Clarno Formations. In areas
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east of the Blue Mountains the top of the Clarno
Formation is generally marked by a well developed
red saprolite. Local incorporation of this material
into the lower part of the John Day Formation
accounts in part for the red color of the lower
member (Rig Basin member of Fisher and Rensberger,
1972). Waters (1954) recognized a similar saprolite
in the Horse Heaven area in the Blue Mountains
(Figure 1) and suggested that it also marked the top
of the Clarno Formation at that locality. However,
Peck (1964) and Swanson and Robinson (1968) placed
the contact between the two formations in the west-
ern facies at the base of a widespread ash-flow tuff
(member A of the western facies) which unconformably
overlies rocks of Clarno lithology and 1is several
hundred feet stratigraphically above the Horse
Heaven saprolite. At most localities the John Day
Formation is unconformably overlain by basalts of the
Columbia River Group. Where these are missing, the
formation is unconformably overlain by younger units
such as the Madras Formation, the Mascall Formation,
or Quaternary basalt.

Eastern Facies

Merriam (1901) defined three members in the
eastern facies of the John Day Formation based
largely on color. However, most of the features used
by Merriam to distinguish the members from one
another vary laterally and define alteration facies
rather than stratigraphic units. Hay (1962a; 1963)
proposed a 3-fold subdivision based on the presence
of a widespread ash-flow sheet (Picture Gorge Ignim-
brite) near the middle of the Formation. Fisher and
Rensberger (1972) divided the unit into four members,
nearly comparable to those originally defined by
Merriam (1901). From oldest to youngest, these are;
a) the Big Basin Member, a basal sequence of red
claystone, b) the Turtle Cove Member, characterized
by green, buff, or pale red zeolitized tuff and
tuffaceous claystone, c) the Kimberly Member
characterized by light gray to buff, unzeolitized
tuff and tuffaceous sediment and, d) the Haystack
Valley Member composed of gray, largely fluviatile ,
volcaniclasti rocks. Several of the members,
particularly the Kimberly and Big Basin members, are
distinguished largely on the basis of diagenetic
features and, hence, the contacts often transgress
time-stratigraphic boundaries.

Big Basin Member - The Big Basin member is a thin,
discontinous sequence of red and less abundant
yellow tuffaceous claystone named for exposures in
Big Basin. It is typically 15 to 40 meters thick but
ranges from 0 to 75 meters. Locally, thin, discontin-
uous olivine basalt flows occur near its base. The
claystones are poorly bedded, and crop out in low,



Figure 1.
in north-central Oregon.

rounded hills mantled by a thin "popcorn-textured”
layer. The red color of most of the unit is due to
incorporation of red saprolite from local exposures
of the Clarno Formation and diagenetic alteration of
air-fall tuff in well-drained upland areas. Yellow
coloration formed in the tuffaceous claystone where
drainage was poor and there was less opportunity for
iron oxidation (Hay, 1962a; Fisher and Rensberger,
(1972).

Turtle Cove Member - The Turtle Cove member is the
thickest and most widespread unit in the eastern
facies of the Formation. Throughout most of the area
it ranges from about 120 to 350 meters in thickness
but it thins markedly northward against the Blue
Mountain uplift where it is less than 15 meters thick
(Fisher, 1967). It consists chiefly of varicolored,
zeolitized, mostly fine-grained tuff and tuffaceous
claystone with less important air-fall and ash—flow
tuff. Outcrops in the lower part of the member dis-
play a typical ribbed or pinnacled 'badland' topo-
graphy; those higher in the unit are smooth and
rounded. Colors vary widely, reflecting varying de-
grees of diagenetic alteration. Most of the unit is
light green with thin interbeds of light gray materi-
al; however, brown, yellow, and light red colors are
common. The zeolitized tuffs and tuffaceous clay-
stones were originally composed largely of vitric
shards and pumice fragments. Pumice fragments are
generally less than 1 mm in length but range up to 4
mm. Sand-size crystals and rock fragments comprise
5-10 percent of most specimens. Crystals are chiefly
andesine feldspar with lesser amounts of oligoclase,
labradorite, and sanidine. Pyroxene, hornblende,
biotite, magnetite, and ilmenite are usually present

Index map showing approximate outcrop extent of the John Day Formation
Dashed lines enclose areas of known outcrop, dotted lines
areas where rocks of probable John Day affiliation are present.
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in trace amounts. Ouartz is rare except in a few
rhyolitic air-fall tuffs in the lower part of the
formation. One such tuff, exposed in the Painted
Hills area, contains abundant large soda-rich sani-
dine crystals mantled with myrmekite. This layer,
generally less than 1 meter thick, is believed to be
the air-fall equivalent of a distinctive crystal-rich
ash-flow tuff (member G) in the western facies (Hay,
1963; Woodburne and Robinson, 1977).

The Picture Gorge Ignimbrite is a composite ash-flow
sheet, up to 75 meters thick, composed of two cooling
units (Fisher, 1966a). It is typically coarse-
grained, moderately to densely welded, and crystal
poor. Crystals average less than 2 modal percent and
consist of plagioclase, sanidine, quartz, and minor
clinopyroxene.

Kimberly Member - The Kimberly member consists of
gray to yellow gray, unzeolitized tuff and tuffaceous
claystone similar to that of the underlying Turtle
Cove member. The boundary between the two members is
drawn almost entirely on a color change reflecting
variations in diagenetic alteration and is chrono-
logically variable.

The Kimberly member has a composite thickness of
about 300 meters but the thickness varies consider-
ably because of the variable lower boundary and
because erosion in late John Day time stripped off
much of the unit. Outcrops are usually smooth, even
slopes often covered with light gray, powdery soil.
Generally, the rocks form thick, poorly bedded,
featureless sections without distinct marker units.



“yscals comprise about 5 modal percent of these

rocks and are chiefly andesine feldspar with minor
amounts of clinopyroxene, magnetite, hornblende,
piotite, and ilmenite. The absence of quartz and
sanidine suggests an andesitic to dacitic composi-
tion. One distinctive rhyolite tuff characterized by
abundant black obsidian shards occurs near the base
of this member (Hay, 1963; Fisher and Rensberger,

1972).

Haystack Valley Member - The Haystack Valley member
comprises a sequence of interbedded fluviatile and
lacustrine tuffaceous sediments near the top of the
formation. It has a maximum thickness of about 150
peters. The member consists largely of unzeolitized
conglomerate, sandstone, and siltstone with some
lacustrine tuff. Massive air-fall tuffs are commonly
interbedded with the reworked and cross-bedded
sediments. Individual beds of conglomerate and sand-
stone are often lenticular, filling steep-walled
channels cut into the underlying Kimberly member. The
composition of the reworked material suggests that
this unit was derived solely from erosion of the

lower John Day Formation (Fisher and Rensberger,
1972).

Southern Facies

Little detailed work has been done in the south-
ern facies, which lies south of the Ochoco Mountains.
Reconnaissance studies indicate that this section is
most like the eastern facies, consisting chiefly of
fine-grained tuff and tuffaceous claystone but having
two prominent ash-flow sheets in the area south of
Prineville.

The southern facies has not been formally divided
into members but lithologic variations are similar to
those of the eastern facies. A sequence of red clay-
stone occurs discontinuously along the base of the
formation and is similar to the Big Basin member of
Fisher and Rensberger (1972). The overlying tuffs
and tuffaceous claystones can be divided into zeo-
litized and unzeolitized sections that correspond
approximately with the Turtle Cove and Kimberly
Members.

The lower welded tuff south of Prineville Reser-
voir is a light gray to reddish-gray, stony rhyolite.
It ranges from about 5 to 15 meters thick, generally
thinning from north to south. The tuff is densely
welded with a good eutaxtic structure, having flat-
tened pumice fragments up to 10 cm long. Crystals
comprise about 1-2% and are chiefly plagioclase with
traces of magnetite and partly altered biotite. The
matrix is a microcrystalline mixture of quartz and
feldspar in which the original vitroclastic texture
has been largely obliterated. Many of the larger
pumice fragments have been zeolitized.

The upper ash-flow sheet is generally about 10
meters thick and consists of light gray to reddish-
gray, densely welded tuff. The tuff is relatively
fine-grained and aphyric. Flattened pumice frag-
ments, generally less than 1 cm long, define a crude
eutaxtic structure. These are replaced by a mixture
of tridymite, alkali feldspar, and zeolite. Small an-
desitic rock fragments comprise about 1 modal per-
cent,
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Neither of these ash-flow sheets can be correlated
with welded tuffs in the eastern or western facies
and they are believed to have originated from sepa-
rate vents south of the Ochoco Mountains.

Western Facies

In the area west of the Blue Mountains and east
of the Cascade Range a sequence of largely pyro-
clastic rocks, 600 to 1200 meters thick, lies between
the Columbia River Basalt and the Clarno Formation.
This seqeuence consists largely of tuff and tuffa-
ceous sediment compositionally similar to that of the
eastern and southern facies of the John Day
Formation, but it also includes numerous basaltic to
rhyolitic lava flows and silicic ash-flow tuffs.
These rocks have been correlated with the type John
Day Formation in the eastern facies on the basis of
stratigraphic position and general lithologic simi-
larity (Hodge, 1932; Waters, 1954; Peck, 1964;
Swanson, 1969; Robinson, 1975; Woodburne and
Robinson, 1977).

In the area west of the Blue Mountains the John
Day-Clarno contact is placed just below the basal
ash-flow sheet of member A. This ash-flow sheet lies
unconformably on rocks of Clarno lithology and is
locally separated from them by a thin, red saprolite.

Peck (1964) subdivided this sequence into 9 con-
formable members (A-I) based largely on the presence
of ash-flow sheets and lava flows (Figure 2). This
subdivision, with minor additions, is valid over most
of the western facies (Robinson, 1975). The only
major exceptions are in the area between Fossil and
Lonerock and in the Mutton Mountains. In the Fossil
area course-grained lapilli tuffs and dacitic to
basaltic lava flows occur near the base of the for-
mation. The stratigraphic position of these units is
uncertain but they may be correlative with the upper
part of the western facies. In the Mutton Mountains
the only ash-flow sheet recognized is that of member
G. Other ash-flow tuffs and lava flows are absent
and the section cannot be further subdivided.

Member A - Member A is a widespread sequence of
tuff, tuffaceous sediment, and welded tuff ranging in
thickness from about 10 to 130 meters. At the base
is a distinctive ash-flow sheet, up to 35 meters
thick, that rests unconformably on the Clarno
Formation. This is overlain by about 30 meters of
poorly exposed lapilli tuff, tuff, and tuffaceous
sediment which in turn is succeeded upward by a
densely welded, fine-grained ash flow-tuff, usually
less than 20 meters thick.

The basal ash-flow tuff is densely welded,
relatively coarse-grained, and sparsely porphyritic.
A thin, light gray vitrophyre occurs locally at its
base but most of the unit is devitrified and sparsely
lithophysal. Two cooling units, each with a basal
vitrophyre, are exposed along the county road west of
Ashwood; elsewhere only one cooling unit can be
recognized. The tuff is characterized by a well
developed eutaxitic structure with flattened pumice
lapilli up to 8 cm long. Crystals average 5-8% and
consist chiefly of quartz, sanidine, and plagioclase;
some specimens also contain traces of green horn-
blende and opaque minerals. Rock fragments, mostly
andesite and rhyolite, comprise 0.5 to 2%.
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Figure 2. Generalized composite stratigraphic columns for the western and eastern facies

of the John Day Formation showing probable correlations.

This is one of the most distinctive and wide-
spread ash-flow tuffs in the western facies. It can
be traced in nearly continuous outcrop from Grizzly
on the south to the vicinity of Clarno on the north,
a distance of nearly 80 km. It has been recognized
in isolated outcrops along the crest of the Blue
Mountain uplift (Swanson and Robinson, 1968; Swanson,
1969) and in a small outcrop at the base of the east-
ern facies along Rowe Creek (Woodburne and Robinson,
1977). Correlations between these separate exposures
are based on grain size, phenocryst assemblage,
mineral compositions, and stratigraphic position.

Directly above the basal ash-flow tuff is a
white, poorly bedded lapilli tuff containing abundant
pumice. This is followed upward by red to yellowish-—
brown tuffaceous claystone and interlayered tuff
locally containing numerous plant fossils. The upper
ash-flow sheet is a light brown, fine-grained welded

tuff with 1-27 plagioclase phenocrysts and 1-2% small

rock fragments. A light gray vitrophyre occurs
locally at the base but most of the unit is stony
with very sparse lithophysae.
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Member B - Member B is a series of dark gray
trachyandesite flows that crop out chiefly in the
Antelope-Ashwood area. This member is about 300
meters thick in the area west of Ashwood but the
sequence thins gradually to the north and south from
this point. A thinner sequence, probably no more
than 30 meters thick, crops out in the Antelope
Valley. Locally several flows can be recognized,
separated by 5-6 meters of brown tuff and tuf faceous
sediment. The trachyandesite typically fractures
into angular, fist-size fragments, forming rounded
outcrops mantled by talus.

The trachyandesite is very fine-grained and
nearly aphyric. Small phenocrysts of olivine, re-
placed by smectite, lie in a matrix of tiny plagio-
clase laths, granular pigeonite, opaques, and
abundant interstitial glass. One flow in Eagle
Valley, south of Antelope, is holocrystalline and
medium grained with an intergranular to subophitic
texture. Vesicles are sparse except in thin zones at
the tops of flows.




Member C = A thick rhyolite flow and domal complex
in the Ashwood-Antelope area comprises member C. The
rhyolite flows, which are up to 125 meters thick
along Wilson Creek, were probably erupted from the
domal complex along Trout Creek, just north of
Ashwood. The domal complex has crude, nearly verti-
cal columnar jointing, variable flow banding, and a
marginal rhyolite breccia interbedded with tuff along
the southern edge.

Both the flows and the dome consist of light gray
to purplish-gray, massive to flow banded, very
sparsely porphyritic rhyolite. Phenocrysts of plagio-
clase and quartz comprise less than 2 modal percent
and lie in a matrix of microcrystalline quartz and
feldspar.

Member D - Member D is a thin, areally restricted
sequence of tuff and lapilli tuff that lies above
rhyolite flows of member C and below ash-flow tuffs
of member E. The tuffs are light gray to yellowish-
gray, poorly indurated, and moderately bedded. A
maximum thickness of about 30 meters is exposed along
Pony Creek between Ashwood and Willowdale. At most
localities the unit is less than 5 meters thick.

Member E - A series of densely welded, highly
lithophysal ash-flow tuffs, up to 120 meters thick,
comprise member E. These are best exposed along Pony
Creek between Ashwood and Willowdale where they form
steep, columnar-jointed outcrops. A light gray basal
vitrophyre is exposed locally but most of the unit
consists of stony rhyolite. Outcrops of crystallized
tuff are characterized by abundant large lithophysae
arranged in crude layers. The tuffs are very fine-
grained and generally lack any eutaxitic structure.
Crystals of oligoclase and quartz comprise 1-2% and
some specimens have trace amounts of altered pyrox-
ene. Rock fragments are rare or absent. In many
places the large lithophysal cavities have been fill-
ed with opal or chalcedony to form round or oval
masses known locally as 'thunder eggs'. Peck (1964)
included the weakly welded ash-flow tuff at the
Priday agate deposit in the base of member F but
Robinson (1975) considered it to be the top of member
E.

Member F - Member F consists of 100 to 300 meters
of varicolored tuff, lapilli tuff, and tuffaceous
claystone with interlayered basalt flows near the
base. The pyroclastic rocks are poorly indurated and
poorly exposed, often being involved in small land-
slides or covered with talus from ash-flow sheets in
overlying members.

At the base of the member is a coarse-grained,
well bedded pumice lapilli tuff up to 3 meters thick.
Overlying this 1s a 50— to 70-meter-thick section of
brick-red, poorly bedded, tuffaceous claystone. The
claystone is followed upward by predominately yellow,
gray, and green altered tuffs and lapilli tuffs.

In Antelope Valley numerous alkali-olivine basalt
flows are interbedded with tuffs and tuffaceous clay-
stones in the lower part of the member (Robinson,
1969). Individual flows are typically 5-10 meters
thick and extend along strike for up to 20 km. Out-
crops are generally low, rounded hills mantled with
small chips of weathered, yellow-brown basalt.

The basalts are usually holocrystalline, medium-
to coarse-grained, and aphyric. They contain 10-15
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percent olivine, mostly altered to smectite, abundant
titaniferous augite, plagioclase, ilmenite, and minor
interstitial alkali feldspar. Local pegmatitic seg-
regations consist chiefly of titanaugite, ilmenite,
and plagioclase. These highly titaniferous and
alkalic basalts are chemically distinct from lava
flows in the Clarno Formation, the Columbia River
Basalt Group, and younger basalts in north-central
Oregon (Robinson, 1969)

Member G - This member consist of a basal ash-flow
sheet, about 15 meters thick, overlain by 30 to 120
meters of poorly bedded, poorly indurated tuff and
lapilli tuff. The basal ash-flow sheet is typically
reddish-brown, densely welded, and completely crys—
talized, forming resistant ridge-like outcrops. It
is characterized by abundant large phenocrysts of
soda-rich sanidine mantled by myrmekitic intergrowths
of quartz and feldspar. It crops out chiefly in the
Antelope-Ashwood-Willowdale area but a similar tuff
occurs in the Mutton Mountains about 20 km west of
Willowdale and an air-fall equivalent occurs in the
eastern facies.

The ash-flow sheet shows systematic variations in
thickness, degree of welding, and crystallization
from south to north. In the vicinity of Hay Creek
Ranch, east of Madras, the tuff ranges from about 15
to 30 meters thick and is densely welded, completely
devitrified, and moderately lithophysal. Twenty
kilometers to the north along Oregon Highway 206
between Willowdale and Antelope, the tuff is 5-6
meters thick, moderately welded, and completely
glassy. Farther to the northeast, between Antelope
and Clarno, an air-fall tuff containing similar
large crystals of soda-rich sanidine mantled with
myrmekite occurs in the same stratigraphic position.
In this area the air-fall tuff is usually about 1
meter thick but, where extensively reworked it may
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