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PREFACE

U.S. Geological Survey Professional Paper 1439 is
one volume of a five-volume series on the geology,
paleontology, and mineral resources of the Blue
Mountains region in eastern Oregon, western Idaho,
and southeastern Washington. This professional pa-
per deals specifically with stratigraphy, physiography,
and mineral resources. Other professional papers in
the series are professional paper 1435 on paleontolo-
gy and biostratigraphy, professional paper 1436 on
the Idaho Batholith and its border zone, professional
paper 1437 on Cenozoic geology, and professional pa-
per 1438 on petrology and tectonics. The purpose of
these volumes is to familiarize readers with work
that has been completed in the Blue Mountains re-
gion and to emphasize the region's importance for
understanding island-arc processes and the accretion
of an allochthonous terrane to a continent. These pro-
fessional papers provide current interpretations of a
complex island-arc terrane that was accreted to an-
cient North America in the late Mesozoic Era, of a
large batholith that was intruded after accretion, and
of overlying Cenozoic volcanic rocks that were subse-
quently uplifted and partly stripped off the older
rocks by erosion.

Modern island arcs are not well understood, and
even less so are ancient arcs that have been deformed,
metamorphosed, and subsequently accreted to conti-
nents. We have learned that characteristics of modern
arcs change significantly both along and across the
arcs' axes and that studies of arc fragments are less
than satisfactory because they generally do not char-
acterize an entire arc. For example, the landward
trench slopes of arcs can differ greatly, depending on
whether materials from the descending slab are being
accreted or the slope is being tectonically eroded;
which process dominates apparently is related to the
volume of sediment in the adjacent trench and the
vector of plate convergence. In addition, some arcs
(Aleutian) have broad, long, and sediment-filled fore-
arc basins, whereas in others (Tonga-Kermadec) the
forearc insular slopes descend precipitously to trench
depths and are only interrupted in places by narrow

fault-bounded terraces. Moreover, some arcs have
erupted primarily tholeiitic igneous products through-
out their histories (Tonga-Kermadec) and others
(Aleutian) have a long history of both calc-alkaline
and tholeiitic eruptive activity. Ridge axes of island
arcs may be narrow or broad, and in some arcs (So-
lomons and Vanuatu), the axial regions have extended
to form deep bathymetric and sedimentary basins.
Even back-arc basins have different origins and histo-
ries of development. Some (Mariana Trough and Lau
Basin) have active spreading ridges whereas others
(Aleutian basin) are floored by ancient oceanic crust
that was trapped behind the arc.

Because our knowledge of the diverse processes
within modern arcs is limited, it becomes even more
important to study ancient analogs. By the very na-
ture of their on-land exposures, ancient arcs can pro-
vide insights into sedimentary facies, magmatic
evolution, and deep crustal processes that can only
be studied in modern arcs by geophysical methods,
dredging, and drilling. Few ancient island arcs have
exposures as well developed and as extensive as
those in the Blue Mountains province. Particularly
spectacular and helpful are outcrops provided by in-
tensive stream erosion, which has left some canyon
walls more than 2 km deep (Snake River canyon
west of the Seven Devils Mountains).

Most earth scientists who have worked in the Blue
Mountains region agree that pre-Tertiary rocks there
form one or more allochthonous terranes. The impor-
tance of such terranes in the evolution of circum-Pa-
cific continental margins has been recognized for
more than a decade, but many complex questions re-
main. For example, how, when, and where did most
of the circum-Pacific allochthonous terranes form?
How did they accrete to continents? What are the
mechanisms of amalgamation processes during ter-
rane formation and transport? And, perhaps most
importantly, what are the effects of these processes
on mineral and hydrocarbon resources? While these
volumes provide some answers, the data and inter-
pretations contained in them will no doubt raise new
and equally intriguing questions for future genera-
tions of earth scientists.
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ABSTRACT

Stratigraphic and sedimentological analysis of sedimentary se-
quences from the Wallowa terrane of northeastern Oregon has pro-
vided a unique insight into the paleogeography and depositional
history of the terrane, as well as establishing important con-
straints on its tectonic evolution and accretionary history. Its Late

IDepartment of Geology, University of North Carolina, Chapel Hill, NC 27599-3315

Manuscript approved for publication February 26, 1993.

Triassic history is considered here by examining the two miost im-
portant sedimentary units in the Wallowa ferrane—the Martin
Bridge Limestone and the Hurwal Formation.

Conformably overlying epiclastic volcanic rocks of the Seven
Devils Group, the Martin Bridge Limestone comprises skiallow-wa-
ter platform carbonate rocks and deeper water, off-platform slope
and basin facies. Regional stratigraphic and tectonic relations sug-
gest that the Martin Bridge was deposited in a narrow, carbonate-
dominated (forearc?) basin during a lull in volcanic activity. The
northern Wallowa platform was a narrow, rimmed shelf delineated
by carbonate sand shoals. Interior parts of the shelf were charac-
terized by supratidal to shallow subtidal carbonates and evapo-
rites, which were deposited in a restricted basin. In the southern
Wallowa Mountains, lithofacies of the Martin Bridge are primarily
carbonate turbidites and debris flow deposits, which accumulated
on a carbonate slope apron adjacent to the northern Wallowa
rimmed shelf from which they were derived.

Drowning of the platform in the latest Triassic, coupled with a
renewed influx of volcanically derived sediments, resulted in the
progradation of fine-grained turbidites of the Hurwal Formation
over the carbonate platform. Within the Hurwal, Norian eonglom-
erates of the Excelsior Gulch unit contain exotic clasts of radiolari-
an chert, which were probably derived from the Baker terrane.
Such a provenance provides evidence of a tectonic link between the
Baker and Wallowa terranes as early as the Late Triassic, and
offers support for the theory that both terranes were part of a
more extensive and complex Blue Mountains island-arc terrane.

INTRODUCTION

The Wallowa terrane of northeastern Oregon and
western Idaho consists of a thick sequence of Permi-
an to Triassic volcanic-arc rocks and their overlying
cover of Upper Triassic and Jurassic marine sedimen-
tary rocks. Rocks of the terrane crop out as a series
of erosional inliers within the regional cover of the
Miocene Columbia River Basalt Group (see fig. 1.3).
The best exposures are found in the Snake River can-
yon along the Oregon-Idaho border, and to the west
in the Wallowa Mountains, from which the terrane
draws its name.

On the basis of similar stratigraphy, faunal assem-
blages, and paleomagnetism, the Wallowa terrane
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has been correlated with other displaced terranes in
the Cordillera—most significantly the Wrangellia ter-
rane, which crops out on Vancouver Island, the
Queen Charlotte Islands, and in the Wrangell Moun-
tains of Alaska (Jones and others, 1977; Silberling
and Jones, 1984). More recent paleontological data
from both the Wallowa and Wrangellia terranes has
proved to be somewhat equivocal regarding both
their relation to one another and their original pale-
olatitudes (Newton, 1983, 1986, 1987; Silberling,
1986; and Stanley, 1986). Some workers have chal-
lenged the correlation of the Wallowa terrane with
the Wrangellia terrane on the basis of differences be-
tween the faunas (Whalen and Stanley, 1985) and
the volcanic rock units of the two terranes (Sarewitz,
1983).

The Upper Triassic and Jurassic sedimentary se-
quences of the Wallowa terrane were studied to bet-
ter understand the paleogeography and depositional
history of this “suspect” terrane (Follo, 1986). These
sedimentary rocks also establish important con-
straints on the tectonic evolution and accretionary
history of the Wallowa terrane, and they provide an-
other basis for terrane comparison. This report sum-
marizes some results from that research.

The Wallowa Mountains and adjoining areas, as
well as significant geographic localities and features
referred to in the text are shown in figure 1.1. All
directional references in this report correspond to
present geographic coordinates. Paleomagnetic stud-
ies (Simpson and Cox, 1977; Wilson and Cox, 1980;
Hillhouse and others, 1982) indicate that the Wallo-
wa terrane (together with the rest of the Blue Moun-
tains) has undergone a clockwise rotation of approxi-
mately 65° relative to the stable craton since the
latest Jurassic. A ‘comparable amount of counter-
clockwise rotation would be required to restore all
Martin Bridge and Hurwal paleogeographic direc-
tions to their proper (pre-rotational) orientation.
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GEOLOGY

The Wallowa terrane is made up of approximately
5 km of volcanic and sedimentary rocks ranging in
age from Early Permian to Late Jurassic (fig. 1.2).
The lower part of the stratigraphic sequence is com-
posed of intermediate and silicic volcanic and volcani-
clastic rocks of the Seven Devils Group. These range
in age from Early Permian and Middle and Late Tri-
assic (Karnian) in age and are at least partially cor-
relative with the Clover Creek Greenstone and
“Lower Sedimentary Series” of Prostka (1962) in the
Wallowa Mountains.

Conformably overlying the uppermost volcaniclastic
sedimentary rocks is the (Karnian to Norian) Martin
Bridge Limestone, which contains platform as well as
slope and basin lithofacies. The Martin Bridge inter-
fingers laterally with, and is overlain by, basinal vol-
canic argillites and minor carbonate rocks and
conglomerate of the Hurwal Formation. In the north-
ern part of the Wallowa terrane, the Hurwal records
discontinuous sedimentation from the Norian into
the Toarcian (Early Jurassic). The youngest pre-Ter-
tiary sedimentary rocks in the Wallowa terrane are
found in the Middle and Upper Jurassic (Callovian
and Oxfordian) Coon Hollow Formation, which crops
out at two isolated localities in Hells Canyon. The
Coon Hollow rests with angular unconformity upon
rocks of the Seven Devils Group; both the Martin
Bridge and the Hurwal are missing at the contact.

The Wallowa terrane was intruded during the Late
Jurassic and Early Cretaceous by the Wallowa
batholith and its satellites, including the Cornucopia
and Sawtooth stocks. These and other contemporane-
ous intrusions postdate suturing of the Wallowa ter-
rane to other terranes of the Blue Mountains. This
sedimentological study resulted in the conclusion that
rocks of the Wallowa terrane were in tectonic contact
with other terranes in Oregon—in particular, the
Baker terrane—at least as early as the Late Triassic.

PREVIOUS WORK

A detailed listing of all previous geologic work in
the Wallowa terrane can be found in Follo (1986).
Mention is made here only of those investigations
that provided the stratigraphic framework for this
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study of the sedimentology and depositional history
of the entire terrane. Vallier’s work (1974, 1977) on
the Permian and Triassic Seven Devils Group in
Hells Canyon established a workable stratigraphy for
the volcanic rocks that make up the lower part of the
Wallowa terrane. Nolf (1966) conducted a detailed
structural and stratigraphic study of the rocks of the
Wallowa terrane exposed in the northern Wallowa
Mountains. His unpublished dissertation has proved
to be a remarkably accurate and invaluable resource
for this report. A regional study of the southern Wal-
lowa Mountains was done by Ross (1938), but it was
Prostka’s report on the geology of the Sparta 15-
minute quadrangle (1962, 1963) that has proved
most valuable in providing a basis for understanding
the complex structure and stratigraphy of the south-
ern Wallowa terrane.

117° 30

The geographically restricted scope of the above
mentioned studies has contributed to the persistence
of a somewhat arbitrary division between the north-
ern and southern Wallowa Mountains. However, this
division does correspond to a more fundamental dif-
ference in tectonic setting and depositional environ-
ments across the Wallowa terrane.

MARTIN BRIDGE LIMESTONE

The Martin Bridge Limestone is the most distinc-
tive and widely distributed sedimentary unit in the
Wallowa terrane (fig. 1.3). As such, it has been used
by numerous workers as a convenient stratigraphic
marker. The Martin Bridge was first studied by J.P.
Smith (1912, 1927), who identified much of its Late
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FIGURE 1.1.—Index map of Wallowa Mountains and surrounding area, northeastern Oregon and western Idaho.
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FicURE 1.2.—Generalized stratigraphic column of Upper Triassic and younger rocks of Wallowa terrane, north-
eastern Oregon. Wavy lines indicate known unconformities or intervals of missing time.
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Triassic fauna and measured a section of massive
and bedded limestones and calcareous shales near
the confluence of Paddy Creek and Main Eagle Creek
in the southern Wallowa Mountains. Ross (1938)
named this unit the Martin Bridge Formation, after
the bridge that formerly crossed Eagle Creek at the

EXPLANATION

Columbia River Basalt Group (Miocene)

Intrusive rocks (Cretaceous and Jurassic)

Coon Hollow Formation (Upper and
Middle Jurassic)

Hurwal Formation (Lower Jurassic and
Upper Triassic) and Martin Bridge
Limestone (Upper Triassic)

Seven Devils Group (Triassic and Permian)

* .
.. Intrusive rocks
. (Triassic and Permian)

Yr/7/777777.

Olds Ferry terrane

AREA OF MAP

Baker terrane

site of Smith’s measured section. This unit was later
renamed the Martin Bridge Limestone by Hamilton
(1963), who was working in the Riggins area of west-
ern Idaho.

The exposure and preservation of limestone strata
of the Martin Bridge vary considerably across the
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FiGURE 1.3.—Geologic map of Wallowa and adjacent terranes, northeastern Oregon and western Idaho. Modified from Walker, 1977; Bond,
1978; and Weiss and others, 1976.
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Wallowa terrane. These differences are a function of
the original carbonate lithologies, which record depo-
sition in very different platform and basinal environ-
ments, as well as the postdepositional structural and
metamorphic history of the unit. In the eastern Sev-
en Devils Mountains near Riggins, Idaho, limestones
correlated with the Martin Bridge are penetratively
sheared and recrystallized near the suture of the
Wallowa terrane with the North American continent
(Hamilton, 1963; Lund and others, 1985; Lund, in
press). At the mouth of the Grande Ronde River, beds
of the Martin Bridge Limestone are also intensely de-
formed, whereas farther south in the Snake River
canyon platform limestones at Kinney Creek are well
exposed and only slightly recrystallized. In the north-
ern Wallowa Mountains, exposures are consistently
excellent owing to the high relief and lack of vegeta-
tion. However, extensive metamorphic recrystalliza-
tion and ductile flow of the Martin Bridge near the
Wallowa batholith has obscured most sedimentary
structures and textures. This is in marked contrast
to the southern part of the range, where relatively
pristine Martin Bridge carbonate rocks are common,
but poorly exposed. Here, subdued topography and
thick vegetation has developed in an area underlain
by less resistant basinal (off-platform) carbonate
lithologies.

AGE AND STRATIGRAPHIC RELATIONS

The age of the Martin Bridge Limestone is early
Norian (Mojsisovicsites kerri Zone). The M. kerri Zone
is indicated by a bivalve fauna including Halobia ha-
lorica and H. dilatata from calcareous shales at the
type locality in the southern Wallowa Mountains
(Smith, 1927), and the cephalopod Tropiceltites co-
lumbianus from limestone beds in the northern Wal-
lowa Mountains (Silberling and Tozer, 1968) and
Hells Canyon (Vallier, 1967). Recent work on ammo-
nite and halobiid bivalve faunas from the Martin
Bridge on Eagle Creek suggests that these lowermost
Martin Bridge strata may actually span the Karnian-
Norian boundary (Stanley, 1986). Fossiliferous lime-
stones from Mission Creek, near Lewiston, Idaho,
have been correlated with the Martin Bridge, but
their late Norian age (Stanley, 1986) and uncertain
stratigraphic and structural relations make this cor-
relation somewhat tenuous.

In the Wallowa Mountains, the Martin Bridge
Limestone conformably overlies epiclastic sedimenta-
ry rocks of the Clover Creek Greenstone and “Lower
Sedimentary Series” (Follo, 1986; Laudon, 1956).
These volcanic units are in part correlative with the
Wild Sheep Creek and Doyle Creek Formations of the

Seven Devils Group, which underlies the Martin
Bridge Limestone in the Snake River canyon (Vallier,
1977). The contact between the limestones and un-
derlying volcaniclastic rocks is very often a zone of
significant structural dislocation, and this dislocation
accounts for many previous workers viewing the con-
tact as unconformable. The best exposures of the un-
disturbed contact are in the Wallowa Mountains on
the southwest flank of Chief Joseph Mountain and
along the west side of East Eagle Valley south of
Krag Peak (Follo, 1986). At both localities, the transi-
tion from volcaniclastic to carbonate rocks is grada-
tional vertically over approximately 10 m of section
and is characterized by distinctive gray-green calcar-
eous siltstone and sandstone. Locally, lithologies
above and below this contact are highly variable, and
the transition is possibly diachronous across the Wal-
lowa terrane. However, given the limited biostrati-
graphic data from both the “Lower Sedimentary
Series” (correlative of Doyle Creek Formation) and
the Martin Bridge Limestone, this diachronism can-
not be conclusively demonstrated.

The onset of regionally extensive carbonate sedi-
mentation appears to have been contingent primarily
upon decreased volcaniclastic sediment supply. The
epiclastic voleanic rocks of the “Lower Sedimentary
Series” represent the lag time between the end of
Seven Devils volcanism and the deposition of Martin
Bridge Limestone. It was only after the volcanic sedi-
ment supply—both primary and eroded—was greatly
reduced that conditions were favorable for regionally
extensive carbonate deposition. Immediately follow-
ing any interruption of voleanic activity, the in-
creased supply of epiclastic material continued to
inhibit carbonate production for a time, and thereby
masked most short-lived periods of volecanic quies-
cence. However, the presence of carbonates does not
necessarily imply an absence of volcanic activity
within the arc terrane because local conditions of a
basin may strongly influence the erosion, transport,
and deposition of clastic sediments. The irregular
basal contact of the Martin Bridge supports this ob-
servation, as does the presence of isolated limestone
units within the underlying Seven Devils Group (Val-
lier, 1977; Grant, 1980).

Estimates of the total thickness of the Martin
Bridge Limestone in the Wallowa terrane vary con-
siderably. Vallier (1977) measured a section 530 m
thick at Kinney Creek in Hells Canyon. Although the
top of the Martin Bridge is eroded at this locality,
Vallier’s figure may be somewhat high because nu-
merous small-scale bedding-plane thrusts ramp
through the carbonate section and cause some repeti-
tion of beds. In the northern Wallowa Mountains, a
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continuous section of the Martin Bridge Limestone is
exposed on the west side of Hurricane Creek canyon.
Here, approximately 350 m of section can be meas-
ured between the basal contact with the underlying
volcanic rocks and the upper gradational contact
with the Hurwal Formation. Anomalously thick sec-
tions of the Martin Bridge Limestone, such as the
1,150-m-thick section along Snow Creek in East
Eagle valley, are typically the result of isoclinal fold-
ing and pervasive ductile flow of the recrystallized
limestones.

Measuring the thickness of the Martin Bridge
Limestone in the southern Wallowa Mountains is
even more difficult owing to its structural complica-
tions, limited exposures, and ambiguous facies rela-
tions with the Hurwal Formation. Prostka (1962) and
Carnahan (1962) estimated thicknesses of 450 to 600
m, but these estimates were based on aerial photos
and correlations with sections in the northern Wal-
lowa Mountains and are undoubtedly high. Based on
measurements and observations from throughout the
southern Wallowa Mountains (Follo, 1986), the thick-
ness of the Martin Bridge slope and basin facies is
estimated to be approximately 250 to 300 m, no more
than 200 m of which is actually limestone. This con-
trasts with the most reliable estimate of 350 to 450
m for the thickness of the platform limestones of the
Martin Bridge in the northern Wallowa Mountains
and Hells Canyon.

LITHOFACIES

Carbonate facies of the Martin Bridge Limestone in
the Wallowa Mountains and the Snake River canyon
are products of the diverse depositional processes
that characterize carbonate-platform and basin envi-
ronments (Follo and Siever, 1985; Follo, 1986; New-
ton, 1986; Read, 1985; Stanley, 1986; Whalen, 1985).
Intense structural deformation of the Wallowa ter-
rane in the Late Jurassic that disrupted the Martin
Bridge carbonate platform makes any regional paleo-
geographic reconstruction extremely difficult. It is
impossible to observe a continuous transition from
platform to basin facies, and there is very little later-
al facies control along the platform margin. Although
transitional facies such as platform-margin shoals or
fringing reefs are poorly preserved or missing alto-
gether, it is possible to reconstruct (or at least infer)
the nature of the original platform margin by study-
ing both the platform lithologies in the northern Wal-
lowa Mountains and the depositionally displaced
slope and basin facies in the southern Wallowa
Mountains. Sedimentological data regarding deposi-

tional processes and environments for individual
Martin Bridge lithofacies are summarized and com-
pared in table 1.1.

NORTHERN WALLOWA MOUNTAINS

Many of the carbonate outcrops in the high country
of the northern Wallowa Mountains are thoroughly
recrystallized marbles, which have been intensely de-
formed and metamorphosed. In less deformed sec-
tions of the Martin Bridge Limestone, Nolf (1966)
identified three informal stratigraphic units: the
Hurricane Creek, BC Creek, and Scotch Creek units.
These unit names are used herein to distinguish
Martin Bridge carbonate lithofacies in the northern
Wallowa Mountains (table 1.1). However, the inter-
pretations presented here regarding original strati-
graphic relations and depositional environments are
different from those of Nolf. Formal designation of
these and other stratigraphic units from the Wallowa
terrane is outside the scope of this report, but it will
be undertaken elsewhere (Follo, unpub. data).

HuURRICANE CREEK UNIT

The Hurricane Creek unit consists of approximate-
ly 150 to 175 m of white to light gray limestone di-
rectly overlying volcaniclastic rocks (Clover Creek
Greenstone) lithologically equivalent to the Seven
Devils Group. The limestone grades upward into
deeper water carbonate rocks of the Scotch Creek
unit. Limestones of the Hurricane Creek unit are ex-
tremely pure—they contain little or no interbedded
argillaceous sedimentary material. They are usually
coarse grained, saccharoidal, massive to irregularly
bedded, and show small-scale foliation. Beds, where
present, are highly variable in thickness and fre-
quently contain oblique surfaces that Nolf (1966) in-
terpreted as large-scale crossbedding. Although no
crossbedded intervals were observed during this
study, their presence is certainly compatible with the
facies interpretation presented here.

The overall massive nature of the Hurricane Creek
unit led Nolf to propose that it represents a barrier
reef. However, no fossils have ever been recovered
from the unit, and so this interpretation is somewhat
suspect. Pervasive recrystallization has obscured di-
agnostic microfacies characteristics, but metamor-
phism was not so intense that it would have
obliterated all textural and biological evidence for a
reef. The Hurricane Creek unit more likely repre-
sents carbonate sand shoals and other shallow-water
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than fringing reef complexes. Small, isolated patch
reefs such as the one described at Summit Point in
the southern Wallowa Mountains (Stanley and Se-
nowbari-Daryan, 1986) were present, however, and
could be considered a separate and unique Martin
Bridge lithofacies. Forereef slumping near these
buildups probably generated the coarse bioclastic de-
bris that is associated with Martin Bridge slope de-
posits.

Drowning of the carbonate platform in Norian time
resulted in a major landward shift of the shallow-wa-
ter facies. This shift is suggested by stratigraphic re-
lations in the northern Wallowa Mountains, where
intertidal facies of the BC Creek unit and shoal de-
posits of the Hurricane Creek unit are both overlain
by deeper water gravity-flow facies of the Scotch
Creek unit. The landward shift in shallow carbonate
environments established a new carbonate ramp,
which was distally steepened at the old shelf edge.
The Scotch Creek unit is the youngest Martin Bridge
unit, and it represents the deep-water ramp facies
deposited on the incipiently drowned platform. This
deepening of the depositional basin in the Late Trias-
sic is recorded in the southern Wallowa Mountains
by the diminished influence of carbonate sedimenta-
tion and the transition to basinal facies of the Hur-
wal Formation.

HURWAL FORMATION

The Hurwal Formation was originally defined by
Smith and Allen (1941) as the thick sequence of well-
indurated calcareous and noncalcareous argillites
and graywackes that conformably overlies the Martin
Bridge Limestone in the northern Wallowa Moun-
tains. The unit was named for outcrops on Hurwal
Divide, a prominent (>2,500 m) ridge in the northern
Wallowa Mountains. In the southern Wallowa Moun-
tains, similar argillaceous strata not only overlie, but
also interfinger laterally with, basinal carbonate
rocks of the Martin Bridge Limestone. These strata
in the southern Wallowa Mountains have also been
assigned to the Hurwal Formation (Prostka, 1962),
although paleontological data indicates that they
may be only partly equivalent to Hurwal strata from
the type locality.

In the Snake River canyon, the only rocks that
resemble the Hurwal Formation are a series of meta-
morphosed shales and calcareous argillites of un-
known age, which crop out locally near the mouth of
the Grande Ronde River (Glerup, 1960). The one sed-
imentary unit in Hells Canyon demonstrably younger
than the Martin Bridge Limestone is the Jurassic

(Callovian and Ozxfordian) Coon Hollow Formation,
which unconformably overlies volcanic rocks of the
Seven Devils Group at Coon Hollow. The Coon Hol-
low Formation consists primarily of mudstones and
siltstones, but it also contains interbedded quartzose
sandstones and chert-pebble conglomerates in its up-
per part (Follo, 1986; Goldstrand, chap. 2, this vol-
ume). Rocks of Bajocian and Callovian age that crop
out at Pittsburg Landing (Ash, 1991; Stanley and
Beauvais, 1990) may be in part correlative with the
Coon Hollow Formation. These strata have been de-
scribed by White and Vallier (chap. 3, this volume)
and by White (chap. 4, this volume).

North of Riggins in western Idaho, dark-gray cal-
careous slates of the Lucile Slate have been correlat-
ed with the Hurwal (Brooks and Vallier, 1978).
Locally, however, the Lucile stratigraphically under-
lies limestones of the Martin Bridge and is in grada-
tional contact with voleanic rocks of the Seven Devils
Group. Lund and others (1983) suggested that rocks
of the Lucile stratigraphically interfinger and are fa-
cies equivalent with the Martin Bridge. This hypothe-
sis is supported by observations of unmetamorphosed
strata from the Martin Bridge locality in the southern
Wallowa Mountains (Follo, 1986). There, lithologies
and stratigraphic relations of basinal carbonate facies
in the Martin Bridge Limestone are remarkably simi-
lar to calcareous rocks of the Lucile Slate.

AGE AND STRATIGRAPHIC RELATIONS

Paleontological samples collected by Nolf in the
northern Wallowa Mountains (Nolf, 1966) indicate an
overall latest Triassic (Norian) to latest Early Juras-
sic (Toarcian) age for strata assigned to the Hurwal
Formation in the Wallowa terrane. Most of the for-
mation, however, including the entire Hurwal in the
southern Wallowa Mountains, is Norian in age. Out-
crops of the Lower Jurassic part of the Hurwal occur
only in the northern Wallowa Mountains, where they
are structurally and stratigraphically isolated from
the thick Upper Triassic section.

In the northern Wallowa Mountains, the lower con-
tact of the Hurwal Formation is marked by a grada-
tional transition from fine-grained carbonate rocks of
the Martin Bridge Limestone. On the north face of
Hurwal Divide, impure limestones of the Scotch Creek
unit (of the Martin Bridge) grade upward over 10 to 15
m of section through argillaceous carbonate to calcar-
eous argillite and ultimately to volcaniclastic argillite
and fine-grained graywacke of the Hurwal Formation
(fig. 1.7A). On the basis of measured sections from
Hurwal Divide and the west side of Hurricane Canyon,
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a minimum of 1,600 m can be estimated for the thick-
ness of the Hurwal Formation. Elsewhere in the north-
ern Wallowa Mountains, such as on Traverse Ridge
and Sheep Ridge, isolated outcrops of the Hurwal con-
taining Jurassic fossils could add as much as 300 to
400 m of section to the total thickness (Nolf, 1966). At
its upper contact, the Hurwal is either unconformably
overlain by basalts of the Columbia River Basalt
Group or truncated by intrusive rocks of the Wallowa
batholith.

Limited exposure and structural complexities in
the southern Wallowa Mountains make determina-
tion of the thickness and stratigraphic relations there
extremely difficult. Determinations are further com-
plicated because the Hurwal appears to be at least in
part laterally equivalent to basinal facies of the Mar-
tin Bridge Limestone (Follo and Siever, 1985). Early
Norian fossils are present in both formations. Where-
as physically tracing Martin Bridge strata into non-
calcareous Hurwal beds is impossible, indirect
evidence strongly supports their correlation. Much of
the Martin Bridge as originally mapped by Ross
(1938) and Prostka (1963) contains noncalcareous
shales, which are indistinguishable from fine-grained
Hurwal sedimentary rocks. Also, characteristic car-
bonate debris sheets composed entirely of platform-
derived Martin Bridge lithologies are present in the
southern Wallowa Mountains interbedded with basin-
al strata of both the Martin Bridge and Hurwal.

The total thickness of Hurwal strata in the south-
ern Wallowa Mountains appears to be much less
than that to the north. Prostka estimated a total
thickness of 1,200 m for the Hurwal Formation near
Sparta (fig. 1.2), but that estimate was based primar-
ily on correlations with the northern Wallowa Moun-
tains. Using direct measurements from throughout
the southern Wallowa Mountains, a maximum of 350
to 450 m is probably a more reasonable estimate for
the total thickness of the Hurwal in that area (Follo,
1986). A 360-m-thick, continuous section of the Hur-
wal measured on the south wall of Eagle Creek Can-
yon near Excelsior Gulch supports this estimate.
Conglomeratic limestone at the base of this section is
lithologically identical to debris sheets within the
Martin Bridge. The uppermost 80 m of the section is
composed of a distinctive limestone-greenstone-chert
conglomerate, which is herein referred to as the Ex-
celsior Gulch unit of the Hurwal Formation. The Ex-
celsior Gulch unit is early Norian in age, as
evidenced by well-preserved fossils (including the
early Norian bivalve Halobia cf. H. cordillerana and
the Norian belemnoid Aulacoceras) collected from a
calcareous siltstone interbed lying 5 m above the
base of the unit. This conglomeratic unit is restricted

to the southern Wallowa Mountains, and it is consis-
tently the uppermost stratigraphic interval in the
Hurwal section. As discussed in the next section, the
absence of younger, uppermost Triassic and Lower
Jurassic strata in the southern Wallowa Mountains
is probably, at least in part, the result of local uplift
and erosion along the southern margin of the Wallo-
wa terrane during the Late Triassic.

LITHOFACIES

The Hurwal Formation consists of a thick sequence
of thinly bedded argillite and fine-grained sandstone
(fig. 1.7B) that includes varying amounts of interbed-
ded volcanic tuff, limestone, and polymict conglomer-
ate. These sedimentary rocks are typically well
indurated, dark gray to brown, and have distinctive
rusty surface weathering owing to the oxidation of
accessory pyrite. The argillites are often calcareous
and contain abundant ammonites and halobiid bi-
valves concentrated along bedding planes. Well-pre-
served trace fossils of the genus Chondrites (fig. 1.7C)
probably indicate a lack of oxygen during deposition,
but they are not necessarily associated with any par-
ticular depositional environment (Bromley and Ek-
dale, 1984).

Sandstones occur most commonly as 2- to 10-cm-
thick units interbedded with the finer grained argil-
laceous sedimentary rocks. These lithic arenites are
composed primarily of volcanic lithic grains and high-
ly altered plagioclase. They contain little or no
quartz and are often carbonate cemented. Current-
generated sedimentary structures, including graded
bedding, crossbedding, channel cut and fill struc-
tures, and small rip-up clasts of underlying sedimen-
tary material, are abundant in the sandy interbeds
and suggest deposition by low-volume turbidity cur-
rents in a distal basin setting. Typical Bouma se-
quences are very rare within the Hurwal, and no
large-scale vertical bedding sequences, which might
be associated with a submarine fan system, were ob-
served.

Buff-colored tuffaceous shales are a distinctive
Hurwal lithology in the southern Wallowa Moun-
tains. These laminated to thinly bedded (1 mm - 5
cm) tuffaceous intervals are 1 to 5 m thick and usu-
ally contain numerous well-preserved bivalves and
ammonites. The tuff is fine to medium grained and
weathers quickly to a soft, clay-rich shale containing
minor amounts of plagioclase and quartz silt. Large
diagenetic pyrite cubes (as large as 1 cm) are widely
distributed through the tuff; their presence indicates
enough organic matter to induce anaerobic conditions
after burial. Reworked and waterlain tuff, together
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of the Baker terrane during the early Norian. This
theory implies that the Wallowa terrane and at least
part of the Baker terrane had developed as elements
of a more extensive arc-trench system associated
with west-dipping subduction during the Late Trias-
sic. Another possibility is that the two terranes were
not genetically related and were first juxtaposed dur-
ing Late Triassic time by strike-slip faulting. More
detailed structural studies are needed to determine
the nature of the contact between these two terranes.

Evidence supporting the theory of west-dipping
subduction under the Wallowa terrane is the pres-
ence of Upper Triassic tholeiitic volcanic rocks within
the presumably correlative Wrangellia terrane. Sare-
witz (1983) pointed out that tholeiites such as these
are characteristic of oceanic rifts and furthermore
suggested that they should not be correlated with in-
termediate arc volcanic rocks of the Wallowa terrane
in eastern Oregon and western Idaho. Despite compo-
sitional differences between these Upper Triassic vol-
canic rocks, paleomagnetic data, faunal assemblages,
and stratigraphic sequences within the two terranes
are so similar as to suggest a common heritage. One
possible scenario is that the Wrangellia terrane, in
the strict sense, was part of a rifted backarc basin
lying immediately west of an east-facing volcanic is-
land arc. The forearc realm of this arc is now pre-
served in eastern Oregon as the Wallowa terrane.
Western parts of the arc and backarc regions were
transported north along large right-lateral strike-slip
faults that modified the western North America con-
tinental margin during the Cretaceous and Tertiary.
These dispersed backarc fragments of the Wrangellia
terrane are now found on Vancouver Island and the
Queen Charlotte Islands of British Columbia and in
the Wrangell Mountains of Alaska.

Regardless of the specific geologic evidence oppos-
ing or supporting correlation of the Wallowa terrane
with the Wrangellia terrane, the lumping or splitting
of individual terranes will remain a difficult, if not
futile, exercise until a more accurate model for ter-
ranes is developed. Such a model must consider the
structural complexity and variability (in terms of
lithologies, depositional environments, and faunal as-
semblages) of modern island-arc terranes in an accre-
tionary tectonic setting such as the southwestern
Pacific.

TERRANE SEDIMENTOLOGY
AND MODERN ANALOGS

Advances in our understanding of modern subduc-
tion-related tectonics in Indonesia and the south-

western Pacific have led to a much greater
appreciation of the complexities inherent in ancient
accretionary orogenic belts (Hamilton, 1979; Silver
and Smith, 1983). And while the recognition of these
modern analogues certainly does not make the task
of reconstructing a tectonic “collage” such as the Cor-
dillera any simpler, it does help geologists to produce
a reasonably accurate description of tectonic and sed-
imentary processes in complex accretionary settings.

One of the more distinctive characteristics of the
Wallowa stratigraphic sequence is the abundance of
carbonate sedimentary rocks, both in the Martin
Bridge Limestone and Hurwal Formation. Although
limestones are a minor component of forearc basins
in the geologic record, carbonate sediments are ex-
tremely common in modern arc-trench systems of
equatorial regions such as Indonesia and the south-
western Pacific. These occurrences indicate that fa-
vorable climatic conditions are no less important
than clastic sediment supply in controlling carbonate
sedimentation within arc-related basins. In the case
of the Wallowa terrane, a low equatorial paleolati-
tude (<20°) is suggested by the abundant carbonate
sedimentary deposits and confirmed by paleomagnet-
ic data, as discussed in the following section.

The Mentawai Trough (Sumatra forearc) provides
an interesting modern analog of volcanic forearc sedi-
mentation proposed here for the Wallowa terrane in
the Late Triassic (fig. 1.12). Depositional environ-
ments and sedimentary processes in the Sumatra
forearc region are very similar to those observed in
the Wallowa terrane. Sedimentation in the Mentawai
Trough is dominated by carbonate and arc-derived
clastic material (Karig and others, 1980; Beaudry
and Moore, 1981; Moore and others, 1982). Clastic
sediments in the forearc basin are primarily deep-
water turbidites fed by submarine canyons, which
emanate from the Sumatra Shelf. During quiescent
periods, shallow-water limestones were deposited as
part of a carbonate platform, which built out into the
forearc region. This platform apparently underwent
several episodes of subsidence and drowning as the
result of tectonic activity in the arc and subduction
complex. Presently, shallow-water carbonate sedi-
mentation is dominant along the shelf except in
those areas that receive large quantities of arc-de-
rived terrigenous sediments.

Deformed strata of the Sunda trench subduction
complex are exposed on Nias Island, Nicobar Islands,
and other islands along the outer-arc high. Extensive
uplift of this accretionary prism appears to be related
to offscraping of Bengal Fan sediments, which are be-
ing subducted as part of the Indian Plate. The outer-
arc high is less well developed to the southeast near
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Java, where Bengal Fan sediments are not present
within the trench. Sediments eroded from this uplift-
ed subduction complex (including recent reef material
fringing the outer-arc islands) are deposited both
within the outer realm of the forearc basin and with-
in ponded basins on the inner slope of the Sunda
trench. Oblique convergence between the Indian
Plate and the Asian Plate has resulted in dextral
strike-slip faults, which cut across both the accretion-

ary complex and the Sumatra arc massif (Karig and
others, 1980). Similar faulting in the Wallowa ter-
rane during late Norian time probably generated
coarse conglomerates of the Excelsior Gulch and
Deadman Lake units.

Unlike the complex accretionary island-arc setting
of the Wallowa terrane, the Sumatra arc is actually a
rather simple continental-margin arc built above pre-
existing Paleozoic and Mesozoic basement rocks.

unda
< Straits
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» | OCEAN
EXPLANATION
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FIGURE 1.12.—Sketch map of the western Sunda arc, Indonesia. Sedimentary tectonics in this arc-trench system are
probably analogous to those of the Wallowa terrane in the Late Triassic. Indian Plate is moving NNE at 6.5 cm per

year.
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Whereas the Mentawai Trough provides a valuable
sedimentary analog, subduction- and accretion-relat-
ed tectonics of the Wallowa terrane are probably
more analogous to the modern Solomon Islands arc.
The Solomon arc originally developed as a northeast-
facing oceanic island arc in the late Eocene (Coulson
and Vedder, 1986). Southwest-directed subduction of
the Pacific Plate under the Solomon Islands ceased at
the end of Miocene time, most likely as a result of
tectonic accretion of the Ontong-Java terrane. At that
time there appears to have been a reversal in arc po-
larity, and northeast-directed subduction commenced
on the southwest side of the arc. Volcaniclastic and
carbonate sedimentation in intra-arc and forearc ba-
sing of the Solomon Islands has a very complex histo-
ry, primarily as a result of this subduction-zone
flipping in the late Miocene. It is possible, but at this
time not proven, that a similar reversal of arc polari-
ty could have played an important role in the tecton-
ic history of the Wallowa terrane. Unlike Sumatra,
there is no evidence in the Solomon Islands of a well-
developed accretionary prism, which could have been
a local source of forearc sediments. There is no thick
accumulation of sediments offshore of the Solomon
Islands (such as the Bengal Fan) that might be
scraped off the downgoing oceanic plate and incorpo-
rated into the suduction complex.

SUMMARY AND CONCLUSIONS

Strata of the Martin Bridge Limestone and Hurwal
Formation record carbonate and clastic sedimenta-
tion in the Wallowa terrane during the Late Triassic
and Early Jurassic. These sedimentary deposits es-
tablish important constraints on the tectonic develop-
ment of the terrane prior to the beginning of
accretion-related deformation in the Middle and Late
Jurassic. In addition, they provide a critical measure
with which to compare sedimentary processes and
environments from ancient and modern volcanic arc-
trench systems.

Following cessation of volcanic activity in the Kar-
nian, platform and basinal sediments of the Martin
Bridge Limestone were deposited in a carbonate-
dominated forearc (?) basin. However, carbonate sedi-
mentation in this part of the Wallowa terrane was
relatively short lived and was succeeded by clastic
sediments of the Hurwal Formation. Stratigraphic re-
lations between the Hurwal and Martin Bridge sug-
gest that they are, at least in part, lateral facies
equivalents. Transgression of Hurwal clastic sedi-
ments over the subsiding Martin Bridge platform in
the Wallowa Mountains was the result of a renewed

influx of volcaniclastic sediments and a continued
deepening of the depositional basin.

Oblique-slip faulting within the southern part of
the Wallowa terrane during the early and middle
Norian is indicated by shear zones such as that at
Oxbow. Hurwal conglomerates of the same age
(Deadman Lake and Excelsior Gulch units) record
isolated sedimentary responses to this tectonism and
indicate that the Wallowa terrane was structurally
coupled to the actively deforming Baker terrane in
the Late Triassic. Radiolarian chert clasts within
conglomerates of the Excelsior Gulch unit further
suggest a provenance link with the Baker terrane.

Certain aspects of the sedimentary tectonic model
presented here—in particular, the volcanic prove-
nance of the Hurwal Formation—strengthen pro-
posed correlations of the Wallowa terrane with parts
of the Wrangellia terrane. However, questions re-
garding the original paleolatitude and subsequent
displacement history of the terrane(s) remain. Paleo-
magnetic data from both the Triassic volcanic rocks
in the Wallowa and Wrangellia terranes indicate an
original paleolatitude of 18+4° (Hillhouse and others,
1982), but this does not allow a unique solution re-
garding a northern or southern hemisphere origin. A
northern hemisphere origin would imply little or no
latitudinal displacement (relative to the North Amer-
ican craton) of that part of the terrane preserved in
eastern Oregon and western Idaho.

The sedimentological evidence from this study does
not support the notion of a distant or exotic (southern
hemisphere) origin for the Wallowa terrane (Follo,
1986). The dominance of arc- and accretionary prism-
derived sedimentary rocks in the Wallowa Mountains
indicates that convergent-plate-margin tectonic proc-
esses strongly influenced sedimentation throughout
the history of the terrane. Furthermore, an original
eastern Pacific location for the Wallowa terrane is
suggested by previous paleontological studies of Late
Triassic bivalves from the Wallowa and Wrangellia
terranes (Newton, 1983; Silberling, 1986). Faunal af-
finities with the North American craton indicate that
these terranes, while not necessarily linked to the
continent, originated close enough to the continent to
allow faunal exchange. Origin of the Wallowa terrane
in the eastern Pacific leaves minimal room for subse-
quent eastward displacement, and it also implies that
very little north-south motion could be accomplished
through oblique convergence of the terrane with the
continental margin of North America. Furthermore,
there is no evidence, either in terms of characteristic
strike-slip basin development or distinctive patterns
of sedimentary provenance, that significant latitudi-
nal displacements of the Wallowa terrane occurred
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during the Late Triassic and Jurassic along continen-
tal-margin transform fault systems.

I propose that the Wallowa terrane developed as part
of an east-facing volcanic-arc system, which developed
at low northerly paleolatitudes, and was separated
from the continental margin of North America by a
narrow ocean basin. West-dipping oblique subduction
under the Wallowa terrane led to the closure of this
marginal basin in the Middle Jurassic. Initial accre-
tion of the Wallowa terrane most likely led to tectonic
reshuffling of the existing continental-margin sequenc-
es. Final accretion of the Wallowa terrane to the North
American craton was not complete until the end of the
Early Cretaceous (Albian), as indicated by metamor-
phic ages of 105 to 95 Ma from the Riggins area of
western Idaho, where deformed rocks of the Wallowa
terrane are juxtaposed with cratonal units along a
complex tectonic suture (Lund and others, 1985).
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ABSTRACT

Mesozoic rocks exposed along the Snake River in the northern
Wallowa terrane represent a volcanic island and its associated sed-
imentary basins within the Blue Mountains island arc of Washing-
ton, Oregon, and Idaho. In the northern part of the Wallowa
terrane, rock units include the Wild Sheep Creek, Doyle Creek,
and Coon Hollow Formations, the (informal) Imnaha intrusion,
and the (informal) Dry Creek stock.

The volcanic rocks of the Ladinian to Karnian Wild Sheep Creek
Formation show two stages of evolution—an early dacitic phase
(lower volcanic facies) and a late mafic phase (upper volcanic fa-
cies). The two volcanic facies are separated by eruption-generated
turbidites of siliceous argillites and arkosic arenites (argillite-
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sandstone facies). The two magmatic phases of the Wild Sheep
Creek Formation may be recorded by the compositional zoning
from older quartz diorite and diorite to younger gabbro in the Im-
naha intrusion. Although the Late Triassic Imnaha intrusien is in
fault contact with the Wild Sheep Creek Formation, it may be a
subduction-related pluton and was the likely magma source for the
Wild Sheep Creek Formation.

Interbedded with the upper volcanic facies are eruption-generat-
ed turbidite and debris flow deposits (sandstone-breccia facies) and
thick carbonate units (limestone facies). The limestone facies con-
sists of two marker units, which may represent carbonate platform
environments., Clast imbrication, fossil orientation, and cross-strat-
ification in the Wild Sheep Creek Formation indicate a shealing to
subaerial volcanic island to the south and southeast; sediment was
transported to the north and northwest.

The Karnian Doyle Creek Formation consists largely of epiclas-
tic conglomerate, sandstone, and shale that were deposited in well-
oxygenated basins. Vitric tuffs interbedded with these sediments
suggest shallow or subaerial pyroclastic eruptions. Quartz diorite
clasts in this formation may indicate uplift and erosion of part of
the Imnaha intrusion related to the later emplacement of the gab-
broic part of the intrusion.

The Norian Martin Bridge Limestone and Upper Triassic and
Lower Jurassic Hurwal Formation, exposed elsewhere in the re-
gion, were either not deposited in the study area (see fig. 2.1) or
were subsequently eroded prior to deposition of Jurassic strata.

During the Middle and Late Jurassic, clastic sediments of the
Coon Hollow Formation were deposited over the tilted Triassic car-
bonate and volcanic rocks of the Wild Sheep Creek Formation. The
nearshore to offshore deposits of the sandstone-conglomerate facies
fine upward from a basal conglomerate to hummocky cross-strati-
fied sandstone into graded sandstone and shale. Crossbedding
measurements suggest that the shoreline trended approximately
northeast-southwest and that the sea transgressed southeastward
onto the terrane. The provenance for the sandstone-conglomerate
facies is the Wild Sheep Creek Formation and the Imnaha intru-
sion. This facies fines upward into the flysch facies, which repre-
sents a prograding submarine fan. The flysch facies coarsens and
thickens upward from nonchanneled outer fan to channeled mid-
fan deposits. The provenance of the flysch facies is the Wild Sheep
Creek Formation, the Imnaha intrusion, and a radiolarian chert-
metasedimentary source.

The chert-metasedimentary source may delimit the timing of
the amalgamation of the Wallowa and Baker terranes to the Ox-
fordian. Uplift and extension was asseciated with this collisional
event, and hornblende dikes and sills intruded the Wallowa ter-
rane. After this intrusive event, northwest-southeast compression
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and regional metamorphism to the greenschist facies occurred dur-
ing the Late Jurassic. This collisional event may be related to the
initial accretion of the Wallowa and Baker terranes to the western
margin of North America. Possibly related to this accretion is a
pyroxene-hornblende diorite stock (Dry Creek stock), which intrud-
ed the Wallowa terrane at shallow depths around 139.5+2.1 Ma.

INTRODUCTION

Rocks of the northern part of the Wallowa terrane
(herein referred to as the northern Wallowa terrane)
crop out along the Snake River and tributary
streams in northeastern Oregon and western Idaho
(fig. 2.1). These rocks consist of the Triassic Wild
Sheep Creek and Doyle Creek Formations and the
Jurassic Coon Hollow Formation. Two intrusions, the
(informal) Imnaha intrusion and the (informal) Dry
Creek stock, are exposed along the Snake River and
its tributaries. These volcanic, plutonic, and sedimen-
tary rocks were studied to determine the volcanic ev-
olution of a volcanic island and the later sedimentary
deposition within an intra-arc basin in the Blue
Mountains island arc. Pre-Tertiary stratigraphy, pe-
trology, and facies associations were used to interpret
the depositional environments, provenances, paleoge-
ography, and tectonic history of the northern Wallo-
wa terrane.

Fieldwork was conducted during the summer of
1986 and consisted of mapping at a scale of 1:24,000,
detailed measurements of stratigraphic sections, and
paleocurrent analysis. Owing to the steep topography
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FIGURE 2.1.—Index map of area near Wallowa and Seven Devils
Mountains, Oregon and Idaho. Boundary of northern Wallowa
terrane not shown. Study area denoted by stipple pattern.
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and lack of roads in the study area, access is primar-
ily by boat and foot. Stratigraphic sections were
measured with a Jacob’s staff, and pebble counts
were made on all pebbles 10 cm or larger within a 1 m?
area. Laboratory studies consisted of petrographic
analysis of 60 samples of medium- to coarse-grained
sandstone using the Gazzi-Dickinson point-counting
method described by Ingersoll and others (1984). Ap-
proximately 50 thin sections of the volcanic and
plutonic rock suite were studied petrographically. Ge-
ochemical analysis and radiometric dating of the vol-
canic and plutonic rocks were done at the U.S.
Geological Survey.
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GEOLOGY

In the study area, the principal lithologic units are
the Triassic Wild Sheep Creek and Doyle Creek For-
mations, Jurassic Coon Hollow Formation, Imnaha
intrusion, and Dry Creek stock. Overlying much of
the area and separated from the underlying pre-Ter-
tiary strata by a pronounced angular unconformity is
the Miocene Columbia River Basalt Group. These
younger basalts are not included in this study.

The Wild Sheep Creek Formation consists of more
than 1,500 m of volcanic flow rocks, pillow lava, vol-
caniclastic rocks, and limestone (figs. 2.2 and 2.3).
Fossil bivalves delimit the age of the Wild Sheep
Creek Formation within the Ladinian and Karnian
(Vallier and Hooper, 1976; Vallier, 1977).

The overlying Doyle Creek Formation crops out on
the Oregon side of the Snake River and is discontinu-
ous within the study area (fig. 2.2). Its maximum
thickness of approximately 200 m of epiclastic rocks
and tuff deposits was measured in the Cook Creek
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drainage. The Karnian age for the Doyle Creek For-
mation is based on fossils collected outside the study
area (Vallier and Hooper, 1976).

Unconformably overlying the Wild Sheep Creek
and Doyle Creek Formations is the Coon Hollow For-
mation. The Coon Hollow Formation consists of as
much as 580 m of shale, sandstone, and conglomer-
ate. The age of the Coon Hollow Formation in the
study area is Middle and Late Jurassic (Vallier and
Hooper, 1976).

The Imnaha intrusion is exposed in the southern
part of the study area (fig. 2.2), where it is structurally
juxtaposed against the Wild Sheep Creek Formation.
The composition ranges from metagabbro to meta-
quartz diorite (Morrison, 1963), and it is Middle(?) and
Late Triassic in age (Balcer, 1980; Walker, 1986).

The Dry Creek stock is an unmetamorphosed py-
roxene-hornblende diorite that is exposed in the Cook
Creek and Dry Creek drainage (fig. 2.2). The stock
intrudes Upper Triassic and Lower Jurassic volcanic
and sedimentary rocks, and its age is 139.5+2.1 Ma,
as determined from K-Ar analysis (this report).

Hornblende diorite dikes and sills are abundant
throughout the Wild Sheep Creek, Doyle Creek, and
Coon Hollow Formations. Pyroxene diorite dikes in-
trude the northern margin of the Imnaha intrusion
and unmetamorphosed diorite dikes are associated
with the Dry Creek stock.

Late Jurassic regional metamorphism (to the lower
greenschist facies) affected most of the pre-Tertiary
rocks (Hamilton, 1963) with the exception of the Dry
Creek stock. The sedimentary rocks surrounding this
small intrusion are contact metamorphosed. For con-
venience, the prefix “meta” will be dropped from the
terms metavolcanic and metasedimentary, but the
rocks described herein (except the Dry Creek stock)
are slightly metamorphosed to lower greenschist fa-
cies. Common metamorphic minerals include chlorite,
epidote, prehnite, calcite, and sericite.

STRATIGRAPHY
WILD SHEEP CREEK FORMATION

Five mappable lithofacies are present in the Wild
Sheep Creek Formation of the northern Wallowa ter-
rane. These are, in ascending order, the lower volcanic
facies, argillite-sandstone facies, upper volcanic facies,
sandstone-breccia facies, and the limestone facies.

LOWER VOLCANIC FACIES

The stratigraphically lowest unit in the study area,
with the possible exception of the Imnaha intrusion,

is the lower volcanic facies. This facies is exposed
along the Snake and Salmon Rivers and at their con-
fluence, and it has a minimum thickness of approxi-
mately 500 m. The lower volcanic facies is in fault
contact with the upper volcanic facies to the south-
east, and to the east and north the upper and lower
volcanic facies are separated by the argillite-sand-
stone facies (fig. 2.2).

The lower volcanic facies consists of massive flows,
breccias, tuffs, and some pillow lavas. The flow rocks
consist of microcrystalline and porphyritic dacites
that range in color from light green and gray to red.
Plagioclase (oligoclase and andesine) is the most com-
mon phenocryst, and clinopyroxene is the predomi-
nant mafic mineral. Flows are medium- to very
thickly bedded, but some units are thinly bedded.
Poorly developed, rare pillow lavas are associated
with breccias. Flow tops are commonly brecciated
and grade laterally into massive, unstratified flow
breccias. The breccias are angular and clast support-
ed in a matrix of silicified hyaloclastites.

Commonly associated with the breccias and flows
are light green siliceous tuffs. These devitrified tuffs
contain minor amounts of quartz, andesine, and am-
phibole. The quartz is clear, subhedral, and embayed,
whereas amphiboles occur as euhedral psuedomorphs.
Subrounded lithic fragments of crystal-lithic tuffs are
locally present within these tuffs.

The lower volcanic facies represents dacitic subma-
rine volcanic eruptions of flows and pyroclastic and
autoclastic rocks. The presence of local pillow lavas
within this facies as well as its association with the
marine argillite-sandstone facies indicate deposition
in a subaqueous environment. Autoclastic flow brec-
cia and hyaloclastites formed on the top of flows by
the rapid cooling induced by water. Distal parts of
the flows were autobrecciated owing to rapid cooling
and frictional movement downslope (Lajoie, 1976).
The tuffs being interbedded with submarine sedi-
ments and the presence of pillow lavas both suggest
deposition below sea level. Convolute laminations in
the tuffs suggest gravity slumping after deposition.

ARGILLITE-SANDSTONE FACIES

Interbedded with and overlying the lower volcanic
facies are volcaniclastic sandstones and argillites of
the argillite-sandstone facies. The sedimentary rocks
overlying the argillite-sandstone facies are approxi-
mately 300 m thick and are well exposed along the
Snake River, 3 km northwest of its confluence with
the Salmon River (fig. 2.2). Channel fills of arkosic
arenites (classification from Dott, 1964) are common
near the top of the lower volcanic facies and along
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the Salmon River near its confluence with the Snake
River; these channel fills are grouped with the argil-
lite-sandstone facies.

Rocks of this facies are gray, thin- to medium-bed-
ded volcaniclastic sandstones and siliceous argillites.
Sandstone beds are commonly graded and have sharp
basal contacts. Quartz and plagioclase crystals and
felsic volcanic lithic fragments are concentrated at
the bases of the beds. Several beds grade upward
from devitrified ash and pumice into finely laminated
siliceous argillite. Rarely, pumice is concentrated near
the tops of the beds. Not only are individual beds
graded, but sequences of approximately 20 to 40 beds
thin and fine upward.

Channels are common in this facies and in the low-
er volcanic facies. Thick amalgamated sandstones fill
channels within the argillite-sandstone facies, and
conglomerates at the bases of these channels are de-
rived from the felsic volcanic rocks of the lower vol-
canic facies. The channels are filled by lenticular
volcaniclastic sandstone between 50 and 150 m thick
and are increasingly common in the upper part of the
lower volcanic facies.

Rare horizontal worm traces, load casts, soft-sedi-
ment slump folds, and minor interbeds of fossilifer-
ous limestone suggest marine deposition. Overall, the
argillite-sandstone facies fines upward into laminat-
ed argillite and minor amounts of impure carbonate
lithologies.

The argillite-sandstone facies represents eruption-
generated turbidity-current deposits similar to those
described by Fiske and Matsuda (1964) and Busby-
Spera (1986). During eruptions, pyroclastic debris
was either erupted directly into the marine environ-
ment or settled to the ocean surface, if the eruption
was subaerial. Dense crystal and lithic fragments
settled rapidly back to the flanks of the volcano and
were sloughed into deeper water as turbidity cur-
rents. The finer, less-dense fractions of the eruptive
column (ash and pumice) settled out later and were
deposited over the denser turbidites. The finely lami-
nated argillites and local bioturbation indicate quies-
cence between eruptions.

As the lower volcanic facies was building the volca-
no, topographic lows served as channels for pyroclas-
tic-flow deposits. These early channels filled in with
sediment and were eventually covered by lava flows.
As volcanic flows migrated to other areas, thick accu-
mulations of volcanic turbidites were deposited in ba-
sins on the flanks of the volcano. The abundance of
argillite and impure limestone in the upper part of
the facies indicates that the basin had filled to the
point that turbidity sedimentation had nearly ceased
or overflowed into another basin.
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UPPER VOLCANIC FACIES

The upper volcanic facies is the most voluminous
unit in the study area; it is characterized by
abundant mafic, amygdaloidal pillows and massive
flows with associated breccias. Breccias and flows are
interbedded with limestone and are less abundant in
the uppermost part of the Wild Sheep Creek Forma-
tion, where carbonate and siliciclastic sedimentation
dominated. To the south, the upper volcanic facies is
in fault contact with the Imnaha intrusion. In the
north, this facies is overlain by the Coon Hollow
Formation.

Abrupt lateral and vertical facies changes within
this facies make stratigraphic correlation difficult.
However, two laterally continuous limestone units
that crop out on the Oregon side of the Snake River
serve as marker units within the upper volcanic fa-
cies (see “Limestone Facies” section). Four strati-
graphic sections were measured (fig. 2.4), all on the
Oregon side. In the Cook Creek drainage, a 550-m
section was measured (fig. 2.4). The upper limestone
marker unit is exposed 0.4 km northeast of the meas-
ured section, but it is covered by the Columbia River
Basalt Group in the measured area. Therefore, ap-
proximately 200 more meters of section can be corre-
lated from the second column shown in figure 2.4.

Petrographic analyses suggest that basalt is the
most abundant rock type in the upper volcanic facies.
Stratigraphically higher in the section, basaltic ande-
site is more common, but basalt is also present. Col-
ors range between dark green and purple. Textures
in these lavas include porphyritic, glomeroporphyrit-
ic, amygdaloidal, hyalophitic, hyalopilitic, pilotaxitic,
trachytic, and microcrystalline. The flows are either
thickly bedded pillows or massive lavas but include
some thinly bedded pahoehoe lava.

Massive flows are very thickly bedded or are amal-
gamations of numerous thinner flows. Amygdules are
common near the tops of the massive flows. Some
massive flows grade laterally into pillow lavas. Pil-
lows average 1 m in diameter, but larger pillows (2 to
3 m) and welded megapillows (Dimroth and others,
1978) are also common. Smaller pillows are sub-
spherical or ellipsoidal and larger pillows are more
elongate. Isolated pillows are commonly amygdaloi-
dal and surrounded by green palagonite. Pillow brec-
cias consist of complete pillows and pillow fragments
set in a hyaloclastic matrix. Breccias are common at
the tops of flows and where flows intrude sediments
(shale or limestone). Massive breccia beds probably
represent the distal facies of flows and grade into
more proximal pillows and massive flows (Dimroth
and others, 1978).



Plagioclase is the most common phenocryst in the
porphyritic basalt. Although most plagioclase is
albitized, compositions between Ang and Ang, were
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sine is the most common unaltered plagioclase.
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Augite is the dominant mafic mineral in the lower
part of the facies but disappears at the transition be-
tween basalt and basaltic andesite. In the upper part
of the section, amphibole is the major mafic mineral.
Hematite is a major component of a large number of
the volcanic rocks in the upper volcanic facies, either
as an alteration product of mafic minerals or in the
groundmass. Rocks with hematite in the groundmass
are recognized in the field by their dark purple and
red colors.

Nonwelded crystal-lithic tuff is interbedded with
flows and breccias of the upper volcanic facies and is
more common in the upper sections. The predomi-
nant crystal component is andesine; the lithic materi-
als consist of microlitic, hyalopilitic, and pilotaxitic
voleanic rock fragments. Scoriaceous lapilli are abun-
dant in these units.

Interbedded with the flows and flow breccias of
the upper volcanic facies are numerous epiclastic
shale, sandstone, and conglomerate units. The
thickest section of epiclastic sedimentary rocks was
measured in the Cherry Creek drainage (fig. 2.4).
Commonly the epiclastic units are 10 to 20 m thick
and structureless to very thickly bedded. Volcanic
clasts are round to subangular and are supported
in a matrix of poorly sorted sandstone. Scoria clasts
are common in these units. Clast imbrication with-
in these units indicates paleocurrent flow to the
north and west (fig. 5A, diagrams A and B). Rarely,
density-current sequences of volcaniclastic sand-
stone and shale are present. They were deposited
in topographic lows formed in the upper volcanic
facies.

The upper volcanic facies is a thick series of lava
flows and sedimentary deposits that formed on the
flanks of a submarine volcano. The transition from
pyroxene basalt to amphibole basaltic andesite
records increasingly silicecous magma composition.
The lateral transition from massive to pillowed lavas
indicates the transition from proximal to distal flow
facies (Dimroth and others, 1978), and massive pillow
breccia may represent the most distal part of these
flows.

Epiclastic sediments were deposited throughout the
upper volcanic facies in topographic lows along the
flanks of the volcanic island. Sediment was trans-
ported by density currents resulting from volcanic
eruptions or debris flows. Clastic sedimentation con-
tinued until the depositional depressions were inun-
dated by lava flows or covered by carbonate
sediment. The petrology and northwesterly paleocur-
rent suggest a volcanic source terrane to the south
and east (fig. 2.54, diagrams A and B).
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LIMESTONE FACIES

The limestone facies consists of gray to purple, me-
dium- to thickly bedded micrite, pelmicrite, and vol-
caniclastic-rich limestone. Undifferentiated carbonate
rocks crop out on both sides of the Snake River in
the upper parts of the Wild Sheep Creek Formation.
However, two thick limestone marker units crop out
on the Oregon side from Cherry Creek to north of
Coon Creek (fig. 2.2) and are the only stratigraphic
marker units in the Wild Sheep Creek Formation.

The lower marker unit is between 40 and 130 m
thick, and volcaniclastic-rich limestone is concentrat-
ed in its upper half. An 8-m-thick, thinly bedded tuff
unit is interbedded with limestone in the Cook Creek
area and thins laterally. The lower marker unit is
thickest in the Cook Creek area and thins to the
north and south (fig. 2.4). The upper marker unit is
between 50 and 110 m thick and thickens to the
north (fig. 2.4). The upper part of the unit grades up-
ward from volcaniclastic-rich limestone into interbed-
ded tuffs and epiclastic rocks. Scoriaceous lapilli are
the dominant clasts in the volcaniclastic-rich lime-
stone.

These two limestone marker units are important in
delineating the lateral facies changes within the Wild
Sheep Creek Formation. Below the lower unit, the
upper volcanic facies changes from massive flows in
the south (near Cherry Creek) to pillow basalt and
pillow breccia (near Cook Creek) to breccia in the
north (1 km south of Cook Creek, fig. 2.4). This
marker unit is overlain by a thick section of volcani-
clastic sediments in the south, which thins to the
north. In the northernmost section, these carbonate
rocks are overlain by pillow lavas. Blocks of the un-
derlying limestone are locally incorporated into the
base of the lava flows. Rare pillowed flows intrude
the limestones; their intrusion caused disruption of
the bedding and resulted in their brecciation.

The upper marker unit overlies volcaniclastic rocks
to the south, breccia in the Cook Creek area, and
massive flows to the north. The upper part of this
unit generally grades upward from limestone to vol-
caniclastic sandstones in the south and is overlain by
pillow breccia in the north (fig. 2.4).

The limestone facies is the most fossiliferous unit
in the Wild Sheep Creek Formation. Crinoids, bi-
valves, brachiopods, and corals are locally abundant.
In situ corals(?) were found in several locations, but
no reef complexes were recognized. Silicified, branch-
ing organisms collected from the upper marker unit
are too poorly preserved to be positively identified. If
corals, they may be Retiophyllia or Pinnacophyllum
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(George D. Stanley, written commun., 1987). Paleo-
current measurements on solitary coral and crinoid
stem orientations indicate a north-south current di-
rection in the limestone facies (fig. 2.5A, diagrams C
and D). The association with in situ framework
organisms, shell-lag deposits, and bimodal crosslami-
nations suggests wave orientation of these fossils
rather than unidirectional density-current orienta-
tion (Jones and Dennison, 1970).

The presence of branching coral(?) and biogenic de-
bris in a micritic matrix suggests a shallow-marine
platform environment (Milliman, 1974; Wilson, 1974)
for the limestone facies. The presence of scoriaceous
lapilli tuff and vitric tuff interbedded in this facies
indicates that the eruptive center was either subaerial
or near the surface. Paleocurrent data for the upper
volcanic and the limestone facies suggest a landmass
to the southeast. The presence of coral, shell-lag de-
posits, and wave-oriented fossils in this facies indicate
a shallow-marine depositional environment, within
the photic zone and above the storm-wave base.

Several times during the evolution of the volcanic
island, lava flows inundated the fringing carbonate
platform. Some flows sank into the unconsolidated
carbonate muds, while other lavas flowed over more
cohesive limestones, ripped up carbonate blocks, and
incorporated the blocks into the bases of the flows. As
lava flows migrated to other regions on the volcano,
the platform environment was reestablished.

SANDSTONE-BRECCIA FACIES

On the Idaho side of the Snake River is a discontin-
uous sequence of green volcaniclastic sandstone and
breccia. This sedimentary unit overlies both the lime-
stone and upper volcanic facies and, in contrast, is a
slope-forming unit. This facies is overlain by undiffer-
entiated, stratified volcaniclastic-rich limestone. In-
terbedded lava flows are concentrated near the base
of this unit. This facies has a maximum thickness of
approximately 400 m south of Cottonwood Creek and
has been divided into lower, middle, and upper units
on the basis of its sedimentary structures.

The lower unit of this facies consists of very poorly
sorted sandstone and breccia. Breccia clasts (as much
as 0.6 m in diameter) are green, angular to subangu-
lar, aphanitic or amygdaloidal pillow lava fragments
supported in an epiclastic matrix. These volcanic
lithic sandstones weather spheroidally and contain
rare limestone clasts. No imbrication or other sedi-
mentary structures were observed in the lower unit
of the sandstone-breccia facies.

The lower unit fines upward into the middle unit, a
poorly sorted volcanic breccia and sandstone that is
stratified into 2-m-thick beds. Higher in this unit, in-
versely and normally graded sandstones are common.
Several thin beds of vitric tuff are present in the
middle unit, and scoriaceous rock fragments are com-
mon. Imbricated clasts in the middle unit suggest
flow to the west (fig. 2.5A, diagram E).

The upper unit consists of thinly bedded, green
sandstone; pebbly conglomerate; and minor amounts
of shale. Trough cross-stratification, small channels,
and shell-lag deposits are common. Fossils include bi-
valves, belemnites, and rare ammonite fragments, all
of which show signs of reworking. Belemnite orienta-
tion, cross-stratification, and the trends of troughs in-
dicate paleocurrent directions to the northwest,
north, and northeast in the upper unit of the sand-
stone-breccia facies (fig. 2.54, diagrams F, G, and H).

The lower unit of the sandstone-breccia facies may
have been deposited as submarine debris flows. The
angular, matrix-supported clasts; poor sorting; and
the lack of internal structure indicate debris flow
deposition (Mitchell, 1970; Pickerill and Pajari, 1981;
Tasse and others, 1978). The interbedding of the
sandstone-breccia facies with lava flows indicates
several different debris flows, possibly generated by
eruptive events. The abundance of pillow-basalt
clasts in the facies suggests that the debris flows
originated below sea level.

The thick beds in the middle unit are inversely
graded and poorly sorted; these characteristics indi-
cate deposition as a series of debris flows, although
smaller in volume than the flows of the lower unit.
These debris flows originated to the east and were
transported westward. The absence of wave-generat-
ed structures suggests that the middle unit was de-
posited below storm-wave base.

The abundance and character of sedimentary struc-
tures and shell-lag deposits in the upper unit
indicates that it was deposited in a shallow-marine
environment. Trough cross-stratification, channels,
shell debris, and pebbly conglomerates of the upper
unit suggest deposition in a nearshore environment
(Bourgeois, 1980; Howard and Reineck, 1981; Busby-
Spera, 1984), and a landmass source presumably lay
to the south.

DOYLE CREEK FORMATION

The Doyle Creek Formation crops out on the Ore-
gon side of the Snake River and discontinuously
overlies the Wild Sheep Creek Formation (fig. 2.2).
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Approximately 200 m of epiclastic conglomerate, sand-
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ured in the Cook Creek drainage (fig. 2.6). The
sedimentary rocks are red and purple and thin to me-
dium bedded. Pebble conglomerates grade upward
into sandstone and shale. Pumice clasts and shale
rip-up clasts are common. Although the provenance
of the Doyle Creek Formation is largely volcanic,
subrounded to subangular quartz diorite clasts are
present.

Concentrated near the base of the formation are
several white vitric tuff beds that range in thickness
from 0.5 m to multiple beds as much as 4 m thick.
Minor amounts of plagioclase and euhedral and em-
bayed quartz are present in these tuffs. Interbedded
with red shale and sandstone higher in the formation
are several crystal tuff beds 1 to 3 m thick. The
crystals consist of plagioclase and anhedral quartz
fragments. Rare devitrified pumice fragments are
also present in the tuff. A slumped tuff bed is inter-
bedded with other stratified rocks (in the Cook Creek
drainage) and suggests gravity movement to the
northwest.

The Doyle Creek Formation was deposited in one or
more well-oxygenated basins. The lack of primary sed-
imentary structures in the interbedded tuff beds sug-
gests deposition below storm-wave base. The normal
grading, thin to medium bedding, and rip-up clasts
indicate turbidity-current transport. The slumped tuff
bed suggests a paleoslope dipping to the northwest.
The red and purple color of the rocks suggests that
the basins were well oxygenated. Ash either settled
out of the water column or was transported into the
basins by turbidity currents caused by the rapid accu-
mulation and subsequent slumping of volcanic debris
during eruptive events. Volcanic quartz in the tuff
suggests silicic eruptions. The presence of quartz dio-
rite clasts indicates uplift and erosion of a plutonic
terrane by Karnian time. These subangular clasts in-

<« Ficure 2.5.—Paleocurrent data for Wild Sheep Creek and
Coon Hollow Formations of northern Oregon and western
Idaho and index map showing data collection locations. A,
Rose diagrams (in 30° segments) showing paleocurrent for
Wild Sheep Creek Formation and Coon Hollow Formation A
and B: clast imbrication, upper volcanic facies of Wild
Sheep Creek Formation; C and D: fossil orientation, lime-
stone facies of Wild Sheep Creek Formation; E: imbrication;
F: trough axes; G: cross-stratification; and H: belemnite ori-
entation, sandstone-breccia facies of Wild Sheep Creek For-
mation; I: belemnite orientation; J: cross-stratification; K:
tabular cross-stratification; and L: cross-stratification, sand-
stone-conglomerate facies of Coon Hollow Formation; M:
groove casts, flysch facies of Coon Hollow Formation. n,
number of measurements. Paleocurrent data not corrected
for tectonic rotation. B, Index map showing data collection
locations.
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dicate little transport (Abbott and Peterson, 1978) and
a close spatial relation between the plutonic terrane
and the depositional basin.

COON HOLLOW FORMATION

The Coon Hollow Formation crops out between the
Washington-Oregon border at Cougar Rapids (Morri-
son, 1963, 1964; this report) and in the Pittsburg
Landing area (White, D.L., 1974; White, J.D.L., 1985;
White, J.D.L., chap. 4, this volume). In the Pittsburg
Landing area, these rocks are Callovian in age (White
and Vallier, chap. 3, this volume) and in the northern
Wallowa terrane they are Callovian and Oxfordian in
age (T. Vallier, oral commun., 1989). An angular un-
conformity separates the Middle and Upper Jurassic
Coon Hollow Formation from the Middle and Upper
Triassic Wild Sheep Creek and Upper Triassic Doyle
Creek Formations. In the northern Wallowa terrane,
two lithofacies are recognized in the Coon Hollow For-
mation: a (lower) sandstone-conglomerate facies and
an (upper) flysch facies.

SANDSTONE-CONGLOMERATE FACIES

The sandstone-conglomerate facies crops out on
both sides of the Snake River near Cougar Rapids,
where it is well exposed (fig. 2.2). The facies is typi-
cally 20 to 60 m thick but appears to be missing in
one section on the Idaho side. Poor exposure and dis-
ruption by sills intruding along the contact between
the facies and the Wild Sheep Creek Formation prob-
ably obscure the facies in this area.

The sandstone-conglomerate facies was deposited
on the tilted and irregularly eroded topographic sur-
face of the volcanic and carbonate rocks of the Wild
Sheep Creek Formation and on the volcaniclastic
sediments of the Doyle Creek Formation. This ero-
sional topographic surface (with tens of meters of re-
lief at the time of deposition) may account for the
variable thickness of the facies.

Generally, the sandstone-conglomerate facies fines
upward from a basal boulder conglomerate to medi-
um- and fine-grained sandstones and then into the
overlying flysch facies. However, lateral facies chang-
es are abrupt in this unit. Although the basal con-
glomerate is present in most of the exposures, on the
Oregon side 1 km north of Coon Creek the sand-
stone-conglomerate facies consists of sandstone and
shale directly overlying the limestone facies of the
Wild Sheep Creek Formation (fig. 2.7).

The basal conglomerate consists of poorly sorted
boulder and cobble conglomerate derived from the
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underlying strata. Limestone clasts are well rounded | trough cross-stratified sandstone grades upward into
and as much as 1.5 m in diameter; volcanic clasts are | medium-grained sandstone with oscillation ripples
rounded and as much as 1 m in diameter. The con- | and hummocky cross stratification. The hummocky
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graded sandstone and minor amounts of laminated
shale overlie the cross-stratified sandstone. They
grade upward into the shale of the flysch facies.

Oxfordian ammonites previously collected from the
Coon Hollow Formation (Morrison, 1963) are from
the overlying flysch facies. The upper sandstone of
the sandstone-conglomerate facies locally contains bi-
valve biocenoses. Accordingly, these bivalves were not
transported into the basin after death. Other fossils
contained in this facies include belemnites and plant
fragments. Bioturbation is locally abundant in the bi-
valve-bearing sandstone. The abundance of horizon-
tal burrows in the well-sorted sandstone suggests a
Skolithos ichnofacies where these trace fossils occur
(Frey and Pemberton, 1984).

Paleocurrent data collected from cross-stratified
units, tabular crosslaminations, ripples, and belem-
nite orientations indicate a general current direction
to the northwest and a secondary component to the
southwest at Cougar Rapids on the Oregon side of
the Snake River (fig. 2.5A, diagrams I, J, K, and L).

The petrology of the sandstone-conglomerate facies
varies greatly between locations and is related to the
different depositional environments, source areas, and
amount of transport and reworking. Boulder, cobble,
and pebble conglomerates containing volcanic and car-
bonate clasts dominate. Quartz and hornblende dio-
rite clasts are also abundant. In the sand-size
fraction, undulose quartz, plagioclase, and volcanic
lithic materials generally dominate. Limestone lithic
grains are locally abundant, as are plutonic fragments
of undulose quartz and plagioclase. Rarely, plutonic
grains show myrmekitic intergrowths.

The sandstone-conglomerate facies represents a
transgressive nearshore and offshore (outer shelf),
wave-dominated environment. The basal conglomer-
ate and trough cross-stratified sandstones that di-
rectly overlie the unconformity formed in a nearshore
environment. No beach facies were recognized, but
the basal conglomerate and sandstone was probably
deposited in relatively shallow water. Directly overly-
ing the basal conglomerate and sandstone are sand-
stones showing hummocky cross-stratification and
oscillation ripples, structures indicative of transition-
al (inner shelf) environments (Bourgeois, 1980;
Howard and Reineck, 1981; Busby-Spera, 1984).
These sandstones were deposited below fair-weather
wave base during the waning stages of large storms
(Hunter and Clifton, 1982).

Hummocky cross-stratified sandstone gives way to
locally fossiliferous and bioturbated sandstone
(Skolithos ichnofacies) and then into graded fine
sandstone and shale, which represent an offshore-
outer shelf depositional environment (Howard and

Reineck, 1981; Frey and Pemberton, 1984). The grad-
ed sandstone was deposited on the outer shelf by
storm-induced density currents, and the thin shale
interbeds were deposited during fair-weather sedi-
mentation (Busby-Spera, 1984).

The distribution of environments and the paleocur-
rent directions suggest that the coastline trended
approximately northeast-southwest and that the land-
mass was to the southeast. The paleocurrent direction
to the southwest (fig. 2.5A4, diagram J) may have
resulted from a longshore current. Because of the
different environments of deposition, source areas,
transport, and abrasion histories, the petrology of
these sandstones varies significantly. Rocks exposed
at Cougar Rapids were derived from the underlying
volcanic and carbonate rocks of the Wild Sheep Creek
Formation. Quartz and hornblende diorite clasts in
these rocks indicate a plutonic source as well. There-
fore, the source areas for the sandstone-conglomerate
facies were the Wild Sheep Creek Formation and a
quartz diorite to hornblende diorite terrane to the
southeast.

FLYSCH FACIES

The flysch facies consists of more than 520 m of
shale, sandstone, minor amounts of conglomerate,
and intrusive sills. Two sections were measured on
the ridge north of Little Cougar Creek and correlated
by walking out small cliff-forming sandstone beds
(fig. 2.8). The total combined thickness measured for
this report is approximately 460 m. An estimated 60
m of sedimentary rocks stratigraphically overlies the
highest measured section. When combined with the
maximum thickness of the sandstone-conglomerate
facies, the overall thickness of the Coon Hollow For-
mation is approximately 580 m, which is close to the
610 m Morrison (1964) estimated.

Overall, the facies thickens and coarsens upward.
Its base consists of thinly laminated black shale and
minor amounts of sandstone. Bouma (1962) divisions
B and D are common in the lower sections. Bouma E,
if present, is obscured by pencil structures developed
in the shales. The sedimentary rocks thicken and
coarsen upward into channeled sandstone and con-
glomerate. Both normally and inversely graded sand-
stone is present, and Bouma (1962) divisions A
through D are common. Channels are between 10
and 50 m deep and 100 m wide, and they are filled
with amalgamated sandstone and conglomerate.
Beds are thickest near the channel axis and thin lat-
erally to medium- and thinly bedded sandstone.

Petrographic analysis and pebble-count data indi-
cate three sources for this facies: volcanic, plutonic,
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and chert-metasedimentary. Volcanic lithic grains are
common throughout the facies, and plutonic lithic
fragments are rare except in the Downey Gulch area.
Approximately 90 m above the base of the facies, ra-
diolarian chert and microcrystalline, siliceous meta-
sedimentary lithic fragments are present, which
increase in abundance up-section.

The poor exposure hampers measurements of paleo-
current data in the flysch facies. However, groove
casts from two beds suggest a northwest-southeast
current direction (fig. 2.5A, diagram M). Locations of
data shown in diagrams A-M of figure 2.5A are shown
in figure 2.5B.

No fossils were found in this facies during this
study, but Oxfordian ammonites were collected by
Morrison (1963; 1964) in the lower part of the flysch
facies. Radiolarians extracted from the chert clasts in
the upper part of the flysch facies were identified by
C.D. Blome of the U.S. Geological Survey. Fauna
identified include Canoptum browni Blome, Canop-
tum sp., Capnodoce sp., Corum speciosum Blome, La-
tium paucum, Triassocampe sp., Xipha pessagnoi
Nakaseko and Nishimura, and Xipha striata Blome.
These fauna belong to either the Xipha striata or La-
tium paucum subzone (Blome, 1984; Blome, written
commun., 1987). These subzones indicate a late Kar-
nian to middle Norian age for the chert source
(Blome, 1984; Blome, written commun., 1987).

The flysch facies represents a progradational se-
quence of turbidity-current deposits in an oxygen-poor
basin. The sequence coarsens and thickens upward
from outer fan to midfan channeled sandstone and
conglomerate. The lower part of the flysch facies con-
sists of abundant shale and minor amounts of fine-
grained sandstone (facies D of Mutti and Ricci-Lucchi,
1978), which grade upward into nonchanneled, thinly
bedded shale and fine- to medium-grained sandstone
(facies D and C of Mutti and Ricci-Lucchi, 1978).
These deposits represent distal fan to outer fan tur-
bidites (Mutti and Ricci-Lucchi, 1978). The black
shales and lack of bottom-dwelling organisms suggest
an oxygen-poor basin. The presence of channel depos-
its above the nonchanneled shale and sandstone is
used as the boundary between outer fan and midfan
environments (Mutti and Ricci-Lucchi, 1978; Busby-
Spera, 1985). In the upper part of the flysch facies,
channeled sandstone and conglomerate belong to fa-
cies A, B, and C (Mutti and Ricci-Lucchi, 1978). These
channeled deposits are often overlain by shale; this
characteristic indicates the abandonment of the chan-
nel as a result of lateral migration, and it also sug-
gests midfan deposition (Busby-Spera, 1985). Deposits
of inner fan and slope environments are missing be-
cause of erosion or are covered by younger rocks.
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The northwest-southeast paleocurrent directions
when compared with the proposed paleogeography for
the underlying sandstone-conglomerate facies suggest
that the flysch facies submarine fan prograded to the
northwest. The chert-metasedimentary source terrane
was probably exposed to the southeast.

The presence of chert and metasedimentary lithic
fragments in this facies is important for the interpre-
tation of the tectonic history of the terrane. The
sandstone petrology suggests that the provenance of
the flysch facies differs significantly from that of the
other sedimentary units in the study area. The prov-
enance of the argillite-sandstone and sandstone-con-
glomerate facies and the Doyle Creek Formation is
predominantly volcanic, although the Doyle Creek
Formation and sandstone-conglomerate facies have
an additional plutonic source (fig. 2.9). The flysch fa-
cies is divided into two petrofacies (an upper and
lower petrofacies). The lower petrofacies has sand-
stone compositions similar to the underlying units
(fig. 2.9) and was derived from an arc-orogenic source
(the Wallowa arc).

The upper petrofacies of the flysch facies contains
more polycrystalline quartz (Qp, fig. 2.9) and sedi-
mentary lithic fragments (Ls, fig. 2.9) as a result of
the influx of chert and metasedimentary lithic mate-
rials from a different provenance than those of the
underlying sedimentary rocks. The source for the up-
per petrofacies may be either a subduction complex or
collisional orogenic provenance (fig. 2.9). A collisional
orogenic source can be ruled out, because sands de-
rived from collision zones have distinctive signatures
(Suczek and Ingersoll, 1985). Cenozoic sands derived
from the Himalayan collision zones have plagioclase/
feldspar (P/F) ratios of 0.66, volcanic lithic/total lithic
(Lv/L) ratios of 0.10, and mean quartz-feldspar-lithic
(QFL) percents of 43-30-27 (Suczek and Ingersoll,
1985). The upper petrofacies has a P/F ratio of nearly
1.0, an Lv/L ratio of 0.44, and a QFL mean of 46-13-
41 (Goldstrand, 1987). The petrology of the upper
petrofacies of the flysch facies is influenced by volcan-
ic detritus from the Wild Sheep Creek Formation, but
it may also reflect the uplift and erosion of a subduc-
tion complex. Paleocurrent and fossil data indicates
that the source is Late Triassic in age and was ex-
posed to the southeast.

DIKES AND SILLS

Dikes and sills are common in the Wild Sheep
Creek, Doyle Creek, and Coon Hollow Formations.
They are probably Late Jurassic in age, because they
intrude the Callovian and Oxfordian sediments of the

Coon Hollow Formation and show a slight metamor-
phism that may be related to Late Jurassic metamor-
phism.

Sills are common in the Coon Hollow Formation,
and their feeder dikes can be followed into the Wild
Sheep Creek Formation. The sills occur singularly or
in complexes as thick as 35 m. The sills are parallel
or subparallel to bedding, and they have chilled mar-
gins and baked zones both on their upper and lower
contacts. Vertical cooling fractures are common. A
thick sill complex intrudes the upper part of the Wild
Sheep Creek and Doyle Creek Formations. However,
dikes are more common in these formations and
range in thickness from 0.5 to 3 m.

Qp

Subduction
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*

Arc orogen source

A2 A3 A\

Lv 50 Ls
EXPLANATION
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FiGURE 2.9.—Ternary diagram for Coon Hollow, Doyle Creek, and
Wild Sheep Creek Formations of northern Wallowa terrane,
northern Oregon and western Idaho. Means plotted for upper
petrofacies of the flysch facies of Coon Hollow Formation, low-
er petrofacies of flysch facies of Coon Hollow Formation, sand-
stone-conglomerate facies of Coon Hollow Formation, Doyle
Creek Formation, and argillite-sandstone facies of Wild Sheep
Creek Formation. Tectonic source fields from Dickinson and
Suczek (1979).
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All dikes and sills sampled, except one, are green,
porphyritic, and hyalophitic or hyalopilitic diorite. Eu-
hedral hornblende is the dominant mafic phenocryst,
and quartz is a minor or trace component. One dike is
a white microcrystalline aplite with greater than 20
percent quartz. This aplite cuts the diorite dikes in
the upper part of the Wild Sheep Creek Formation
and forms a sill in the basal part of the Coon Hollow
Formation. Geochemical data from a sill in the Cou-
gar Rapids area indicates that it is calc-alkaline in
composition (T. Vallier, written commun., 1987).

Hornblende diorite dikes intruded the Wild Sheep
Creek and Doyle Creek Formations during the Late
Jurassic. As a result of textural differences between
the volcanic rocks of the Wild Sheep Creek Forma-
tion and the sedimentary rocks of the Coon Hollow
Formation, the dikes intruded across bedding in the
Wild Sheep Creek Formation and intruded parallel
or subparallel to bedding in the flysch deposits of the
Coon Hollow Formation. The crosscutting aplite dike
may represent the most differentiated magma that
supplied the dike and sill complexes.

PLUTONS

IMNAHA INTRUSION

The (informal) Imnaha intrusion is exposed along
the Snake and Imnaha Rivers south of the study area
and is in fault contact with the upper volcanic facies
of the Wild Sheep Creek Formation 1.9 km south of
the Salmon River confluence (fig. 2.2). A minimum age
of emplacement of the intrusion is between 226 Ma
(Walker, 1986) and 219 Ma (Balcer, 1980). The Imna-
ha intrusion shows a general zonation from quartz
diorite near its northern margin to diorite and gabbro
in the Imnaha River drainage. Gabbroic rocks typical-
ly contain 71 percent plagioclase (Angg), 20 percent
pyroxene, 3 percent hornblende, 3 percent quartz, and
lesser amounts of accessory minerals and alteration
products (Morrison, 1963). Dioritic rocks contain ap-
proximately 56 percent plagioclase (Ang3), 40 percent
hornblende, 1 percent pyroxene, and minor amounts
of magnetite and quartz (Morrison, 1963). Samples
collected near the northern margin of the intrusion
are coarse grained, equigranular, holocrystalline leu-
co-quartz diorites. Plagioclase (65 percent) is serici-
tized and subhedral, quartz (25 percent) is slightly
undulose and anhedral, and hornblende constitutes 5
percent of the rock. Granophyric textures of quartz
and potassium feldspar are locally present.

North-south-trending pyroxene diorite dikes are
abundant near the northern margin of the Imnaha
intrusion. These dikes intrude the quartz diorite and
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do not appear to continue into the Wild Sheep Creek
Formation at its northern boundary; they are proba-
bly cut by a fault in this region. The dikes are medi-
um grained and porphyritic. Plagioclase constitutes
70 percent of the rock, and augite and magnetite are
present in minor amounts.

The Imnaha intrusion may represent two stages of
magmatic evolution during the Middle(?) and Late
Triassic. The quartz diorite and hornblende diorite
may have been the first magmas and were later in-
truded by pyroxene diorite dikes. These dikes may
have originated from a second magma, the pyroxene
gabbro.

DRY CREEK STOCK

The (informal) Dry Creek stock and its associated
dikes are exposed in the Cook Creek-Dry Creek
drainage. This stock is the only unmetamorphosed
pre-Tertiary unit in the study area and has a K-Ar
age of 139.5+2.1 Ma, based on biotite. This diorite
stock intrudes the Wild Sheep Creek, Doyle Creek,
and Coon Hollow Formations (fig. 2.2). The sedimen-
tary units near the stock show varying amounts of
contact metamorphism. A sample of the stock collect-
ed at the confluence of Cook and Dry Creeks is a me-
dium-grained, hypidiomorphic pyroxene hornblende
diorite. Subhedral plagioclase makes up approxi-
mately 75 percent of the rock and shows oscillatory
and sector zoning. Unzoned plagioclase has a compo-
sition of Ang;. Anhedral hornblende (10 percent) is
either intersertal or forms corona textures around cli-
nopyroxenes. The clinopyroxenes (augite) are subhe-
dral, embayed, and constitute 10 percent of the rock.
Some clinopyroxenes form corona textures around
deeply embayed hypersthene. Anhedral biotite makes
up approximately 5 percent of this sample.

Associated with the Dry Creek stock are several
large diorite dikes, which have been mapped collec-
tively with the stock. These dikes surround and radi-
ate outward from the stock and differ from other
dikes in the study area by their lack of metamorphic
alteration. Baked zones within the sedimentary rocks
that the dikes intrude are generally less than 1 m
thick. The dikes are green hornblende diorite with
glomeroporphyritic or porphyritic textures. The plagi-
oclase is slightly sericitized and shows the s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>