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SEISMICITY AND LATE CENOZOIC FAULTING IN THE BROWNLEE DAM AREA --
OREGON - IDAHO: A PRELIMINARY REPORT

ABSTRACT

At least 17 separate small to strong earthquakes have occurred tn a relatively small area tn or adja-
cent to part of the Snake River Canyon south of Hells Canyon, on the Idaho - Oregon border. Earth-
quake locations prior to 1964 are based on intensity data and the accuracy s poor. At least one shock
tn 1988 is well located and intensily paiterns sirongly reinforce the confidence tn the accuracy of the
tnstrumented location. The epicenter s tn Idaho about 10 km south-southeast of Brownlee Dam. A
cluster of well located microsessmic earthquakes recorded sn 1984 fall within 5 km of Brownlee Dam. In
addition, large normal faults with a significant amount of Late Cenozotc displacement are located in this
area. Moderate levels of seismicity and regional structural relations suggest that the area west,
southwest, and around the dam stte 1s an active pull-apart bastn. Instrumented epscenter locations and
tntensity date from the 1981 - 1984 earthquake sequence suggest that two or more arecas of subsurface
faulting are active. This earthquake-prone area rematns unmonstored by e local sessmic net and further
studies are necessary to evaluale the potential hazards of earthquakes and faulting to Brownlee Dam.

INTRODUCTION

The Cuddy Mountains of west-central Idaho are unique because four Paleozoic - Mesozoic tecto-
nostratigraphic terranes (Brooks, 1979a; Dickinson, 1979; Silberling and others, 1984; Vallier, in press)
of the accreted Blue Mountains Island Arc (BMIA) are juxtaposed in fault-bounded belts in a narrow
eight-km-wide area. The terranes strike northeast along the west side of the Cuddy Mountains and are
subsequently covered by the middle Miocene Columbia River Basalt Group. These terranes are highly
metamorphosed and tectonized where they reappear at the West Idaho Suture Zone (WISZ) which
forms the border between the Idaho Batholith and the accreted BMIA. The narrow and well-exposed
belts along the western side of the Cuddy Mountains contain the most easterly exposures of rocks that
are characteristic of the terranes. These exposures hold keys to unlocking many of the complex strati-
graphic and structural problems encountered in the WISZ and other parts of the BMIA.

Original work in 1986 and 1987 focused on Mesozoic structural, stratigraphic, and petrologic inves-
tigations. During the 1987 field season it was recognized that a major terrane-bounding thrust fault,
named the Cuddy Mountain fault in this report, had as much as 700 m (2000+ ft) of retrograde dip-
slip offset of the Miocene basalt section, and could be a regionally extensive structure. Earthquake epi-
center data for the area was obtained in early 1988 in an attempt to correlate the Cuddy Mountain
fault reactivation with recent local seismicity. A suprising number of moderate to strong shocks have
occurred in and adjacent to the Pine Valley - Cuddy Mountain area, which is surrounded by otherwise
regional seismic quiescence. Furthermore, recent seismological investigations of Zollweg and Jacobson
(1986), describe a discrete seismic zone in the area. Gaps in geologic mapping, coupled with
deficiencies in regional and local Cenozoic structural relationships, rendered any specific correlations
from seismicity to faulting inconclusive in their study. The focus of this research, therefore, was
shifted to provide geologic data on the Late Cenozoic deformation which could help narrow structural
correlations to patterns of seismicity. The Brownlee Dam and Cuddy Mountain 7.5 minute quadran-
gles (plates 1 and 2) were mapped in some detail, with attention focused on Late Cenozoic structure.
Structural and seismicity data have been compiled for a broad area in an effort to isolate possible tec-
tonic influences on the complexly deformed local area.

REGIONAL GEOLOGY

The location of this investigation is within the Blue Mountains physiographic subprovince of
northeastern Oregon and west-central Idaho near the mutual boundary of the Basin-and-Range Pro-
vince, the Snake River Plain, The Idaho Batholith, the Columbia Plateau, and the Blue Mountains
Uplift (fig. 1). This area is also part of the Columbia Embayment, a postulated paleo-cratonic bight
into which the allochthonous Blue Mountains Island Arc terranes were accreted.

The Paleozoic and Mesozoic rocks within the Blue Mountains province are divided into five tecto-
nostratigraphic terranes (Brooks, 1979a; Dickinson, 1979; Silberling and others, 1984), four of which
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Figure 1 : Generalized phsiographic boundary map of the Pacific Northwest. Boxed area encloses
region of this investigation. (modified from Hill, 1972)



are exposed in the Brownlee area. Rocks in these terranes evolved in an oceanic island arc and were
subsequently accreted to North America in the Early Cretaceous. Rocks of the terranes crop out in
broad east trending zones in eastern Oregon, and gradually thin and bend more northerly as they
approach the WISZ (fig. 2). The terrane thinning phenomenon has been variously attributed to: (1)
strike-slip slivering and northwest tectonic escape along an oblique convergence (Wernicke and
Klepacki, 1988); (2) progressive eastward overthrusting during accretion approaching the region of
greatest compression (Vallier, pers. comm., 1987), and (3) original arc morphology, possibly coupled
with some combination of the above. Perhaps all of these factors played roles in the evolution of the
present terrane morphology.

The Cuddy Mountains and Sturgill Peak-Hitt Mountain area of western Idaho are geographically
and geologically independent from the Idaho Batholith and mountainous region to the east (fig. 3).
The Long Valley fault system marks the transition zone between the BMIA accreted terranes and the
Idaho Batholith, east of the Cuddy Mountain-Hitt Mountain area (plate 4). The ERTS satellite image
(fig. 3) shows the location of the Cuddy Mountains, Pine Valley, Brownlee Reservoir, and other princi-
pal geographic entities referred to in this text.

The Tertiary Columbia River Basalt Group is extensive throughout the area, and is locally as
much as 700 m (2000+ ft) thick. The older Mesozoic rocks are largely exposed by Late Cenozoic nor-
mal faulting and regional uplift, resulting in unroofing of the basalt cover, and subsequent exhumation
of the underlying older strata. These basalts belong to the Weiser embayment (Fitzgerald, 1983), and
are part of the southeasternmost extension of the Columbia Plateau (fig. 1).

The pattern of Late Cenozoic faulting in northeastern Oregon and extreme west-central Idaho is
dominated by northwest-trending faults (plate 4). Lawrence (1976) proposed that strike-slip faulting
on the Brothers Fault Zone and the Vale Zone terminated the Basin-and-Range Province (fig. 4, plate
4). These approximately N 50°W trending fault zones are typically manifested by discontinuous
swarms of subparallel en echelon normal faults. A broad and somewhat segmented northwest-trending
zone of fault-bounded pull-apart basins, en echelon normal faults, and intervening areas of uplift were
found to strike into the study area (plate 4). This structural zone is referred to in this report as the
Grande Ronde-Pine Valley zone (GPZ) (fig. 4, plate 4). The GPZ parallels other major northwest-
trending fault zones in southeastern Oregon, western Nevada, and northeastern California that have
been described as right-lateral strike-slip fault zones (Donath, 1962; Wise, 1963; Stewart and others,
1968; Pease, 1969; Lawrence, 1976; Walker and Nolf, 1981; Anderson and Hawkins, 1984). Similar tec-
tonic mechanisms probably are involved in the Late Cenozoic deformation and recent seismicity in the
Pine Valley-Cuddy Mountain area.

REGIONAL STRATIGRAPHY

The most inboard or northwesterly terrane is the Wallowa Terrane (plates 1, 2 and 3). It is an arc-
axis igneous massif with a thick sedimentary and volcanic veneer. The igneous massif is largely com-
posed of Permian to Triassic age plutons similar to those in the Sparta Complex (Vallier, in press). In
the study area, diorite and quartz-diorite outcrops (PTrqd) occur in a small inlier in the Snake River
Canyon below Brownlee Dam. These diorites are intruded by numerous fine-grained diabase dikes. In
Wildhorse River Canyon, very similar plutonic rocks are in tectonic contact with Wallowa(?) Terrane
carbonates and volcaniclastic breccias to the north, and Baker Terrane metasediments to the south
(plate 1).

Locally, the Wallowa(?) Terrane sediments are comprised of a basal volcanic tuff with minor lime-
stone lenses and conglomerate (Trvs) gradationally overlain by an approximately 350 m (1000 ft) thick
limestone and carbonate flysch unit (Trl). These carbonate rocks are, in turn, depositionally overlain
by a thick sequence of volcaniclastic breccia and conglomerate (Trvb) primarily composed of extrusive
andesite and basalt clasts. Fossils (Halobia sp.) collected from the limestones indicate a Triassic
(Norian) age (Silbering, written comm. to Vallier, 1986). This Triassic sedimentary sequence is infor-
mally referred to in this report as the Wildhorse Formation. These same three units comprising the
Wildhorse Fm. are present as chaotic  olistostrome in the inlier below Brownlee Dam, but are well
exposed and relatively undeformed in Wildhorse River Canyon.
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Figure 2 : Tectonostratigraphic terranes of the Blue Mountains Island Arc and adja-
cent North America cratonic rocks. Boxed area encloses region of this investigation.
(from Vallier, in press)
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The rocks of the Baker Terrane (PzMzu) (plates 1 and 2) are among the most deformed and
metamorphosed of the four terranes. This terrane has a very complicated history; some parts may be
related to accretionary wedge and forearc sedimentary-basin deposits. Based on fossils collected in
similar rocks in eastern Oregon, its age ranges from Devonian to Late Triassic (Mullen and Wardlow,
1986). In eastern Oregon, there are several areas of serpentinite-matrix melange, tectonized green-
stones, and other deformed strata within the Baker Terrane. However, in the Cuddy Mountain area
the internal structure is less chaotic, with deformation mainly restricted to low-angle bedding-plane
faults, small-scale isoclinal folding, or slump folds. Some individual chert beds can be followed for
about a mile.

The Baker Terrane rocks in the Cuddy Mountains are dominantly composed of massive chert, rib-
bon chert, cherty phyllite, phyllitic argillite, and cherty argillite. Recrystallized limestone and cherty
limestone are common, although they tend to be laterally discontinous or lensoid in outcrop. Metagab-
bro has been identified in some locations. Because of the highly siliceous composition of the metasedi-
mentary rocks the effects of metamorphism are not always pervasive; however metamorphic grade is
typically of the greenschist facies in the less silicic units.

The Baker Terrane is in tectonic contact with the Weatherby Fm. (Izee Terrane of eastern Ore-
gon) along a high-angle Mesozoic thrust fault (Cuddy Mountain fault). The Cuddy Mountain fault has
experienced significant Late Cenozoic retrograde dip-slip displacement. A Jurassic age for the Weath-
erby Fm. (Js), is based on regional and local fossil identifications, especially ammonite fauna (Brooks,
1979b). This formation is composed primarily of sandstone and shale, some with flute casts and
grooves suggesting deposition by turbidity currents. Sandstones frequently contain a large percentage
of chert detritus suggesting erosion from the Baker Terrane. These rocks are postulated to be rem-
nants of an intra-arc basin between the Baker (and Wallowa?) and Olds Ferry Terranes (Vallier, in
press).

Several conglomerate units are present, particularly in the lower part of the Weatherby Fm. One
conglomerate unit exhibits stretched clasts and much shearing in the matrix, which may be the result
of low-angle faulting along its contact. This same horizon has been mapped approximately ten miles
to the south in the Sturgill Peak area in a similar stratigraphic position (Hendricksen, 1975).

A recrystallized light-green andesitic tufl unit (Jv) was mapped within the Weatherby Fm. (plate
2). Some contacts are gradational and the lack of thermal alteration in bounding sediments suggests
subageous deposition of an ash-fall tuff. Near the base of the Weatherby Fm. a rhyodacite crystal tuff
unit is regionally extensive. It has been isotopically dated at 200 m.y. (C. Field, Oregon State Univ.,
written comm., 1988). Parts are both welded (ash-flow), and non-welded (air-fall).

A distinctive red and green conglomerate lies unconformably below the rhyodacite crystal tuff (Fan-
khauser, 1969; Bruce, 1971). Clasts are mainly of extrusive basaltic and andesitic composition, and
were eroded from the underlying Huntington Fm. The tuffaceous matrix is in places highly sheared
and talc-rich as a result of low-angle faulting and shear metamorphism along bedding planes. This
unit is most likely correlative with the Jett Creek Member described near Lime, Oregon (Brooks,
1979c), although in Oregon according to Brooks (1979c¢) the Jett Creek Member is overlain by sedimen-
tary Weatherby Fm. rocks. The rhyodacite crystal tufl and the basal red and green conglomerate are
included in the Weatherby Fm. in this study.

The Weatherby Fm. overlies the Triassic Huntington Fm. in the southeast corner of the region
(Brooks, 1979b), and is well exposed in the southeast corner of the Cuddy Mountain quadrangle (plate
2). Mapping by Slater (1969) and Bruce (1971) identified repeated sections along contacts of these two
formations in the upper No Business Creek area (Cuddy Mtn. quad). They attributed these repeti-
tions to low-angle reverse faulting adjacent to and along the unconformity between the two forma-
tions. This contact was described as a thrust fault during early regional reconnaissance (Livingston,
1932).

'I)‘he Huntington Fm. as identified by Brooks (1979b) in eastern Oregon is essentially identical to
the rocks in the same structural-stratigraphic position in the Cuddy Mountains and Sturgill Peak area.
The Huntington Fm. is composed mainly of metasedimentary and metavolcanic rocks. Volcanic
conglomerate and sandstone are most abundant in the Cuddy Mountain area; less common are lime-
stone, chert, and bedded barite. The metavolcanic rocks consist of tuff, flow breccia, spilite, andesite,



keratopyhere, and dacite porphyry (Fankhauser, 1969; Slater, 1969; Bruce, 1971; King, 1971; Skurla,
1974; Hendricksen, 1975; C. Field, written comm., 1988). These rocks are in places intruded by quartz
diorites, porphyritic granodiorite, and other more mafic bodies. They were altered to the greenschist
facies by hydrothermal, contact, and incipient regional metamorphism (C. Field, written comm., 1988).

All of the BMIA rocks are unconformably overlain by basalt flows of the Columbia River Basalt
Group. The angular unconformity is a product of original moderate to rugged Miocene relief, with
subsequent flow onlap against and over the irregular topography. The thickest sequence of flows
encountered is about 700 m (2000+ ft) in the vicinity of Black Canyon on the Oregon side of the
Snake River (plate 1). The maximum Miocene relief, before normal faulting and monoclinal flexure
was about 1000 m (3000 ft) in the Cuddy Mountains.

Two distinct Miocene basalt formations are present in the region. The lower is the Imnaha Fm.
(originally referred to as Picture Gorge Fm.). Flows in the Imnaha Fm. are typically porphyritic and
easily weathered; however some of the lower canyon-filling flows are more aphyric and resistant. The
upper Grande Ronde Fm. (originally referred to as Yakima Fm.) flows are more dense, aphyric, and
are commonly cliff formers. These formations were mapped separately by some workers (King, 1971),
however the distinction is not made in maps accompanying this report. The basalt flows in the
western Cuddy Mountains are dominantly of the Imnaha Fm.

Tuff and flow breccia are abundant in both basalt formations. Channel breccia and tuffaceous sedi-
ments are also common, and diatomite beds occur locally. Numerous dikes of the Columbia River
Basalt Group are present throughout the area, and may have been feeders for local fissure eruptions.
Most of these intrusions are oriented nearly north-south, and in a few cases follow small vertical nor-
mal faults.

STRUCTURAL GEOLOGY

Mesozoic Structure

The tectonic juxtaposition of accreted terranes and formations in the Cuddy Mountains was mainly
achieved by thrust faulting, although strike-slip faulting may have been responsible for various
amounts of translation along some structures. Wernicke and Klepacki (1988) proposed both right-
lateral and left-lateral tectonic escape of BMIA fragments away from the Columbia Embayment. Ave
Lallemant and others (1985, in press) present evidence for left-lateral motion in the Triassic period on
major shear zones within the Wallowa Terrane based on detailed field measurements, isotopic age
determinations, and oriented petrofabric investigations.

The major Mesozoic shear zones and structural grains trend approximately N 40°E, and bend
more northerly as the terranes approach the West Idaho Suture Zone (fig. 2). A regional strike of bed-
ding with the same general trend occurs in rocks of the Weatherby Fm., and is also well expressed in
the Baker Terrane rocks. Huntington Fm. and Wildhorse Fm. rocks were deformed by folding prior to
thrust faulting, and exhibit less uniform bedding attitudes. Because the unconformably overlying
Weatherby Fm. is relatively undeformed at Cuddy Mountain compared to the complexly deformed
Huntington Fm., a considerable depositional hiatus is inferred. The surface of the unconformable con-
tact was later subjected to thrust faulting. The rupture surface is only partially coincident with the
surface of the unconformity, and in places passes into the bounding formations (plates 2 and 3). From
geologic mapping in the Huntington quadrangle in eastern Oregon, Brooks (1976) suggested that the
total amount of movement is undefinable. However, in the overlying Weatherby Fm. there is evidence
of imbricate thrusting to the southeast, and the total displacement is likely very large (Brooks, 1976).
On the basis of evidence such as vertical separation of beds and repetition of a rhyolite tufl unit, Hen-
dricksen (1975) suggests that movement of 1000 feet or more was possible (along a single structure). A
similar range in Mesozoic displacement is probable at Cuddy Mountain, but may be as much as 5000
feet in the vicinity of No Business Canyon, with many other small low-angle thrusts likely throughout
the Weatherby Fm.

The Weatherby Fm.-Baker Terrane tectonic contact in the Dukes Creek and No Business Canyon
areas (plates 2 and 3) is a large Mesozoic thrust fault. This structure is referred to as the Connor



Creek Fault in eastern Oregon (Brooks, 1979b), the Cuddy Mountain fault (Mann, 1988) in this report,
and as the Lick Creek Fault (Fitzgerald, 1983). Unlike the presumed limited displacements along the
Huntington Fm.-Weatherby Fm. contact, the Paleozoic-Triassic Baker Terrane was thrust over the
Jurassic Weatherby Fm. for possibly tens of miles. A zone (approximately 50-500 feet wide) of ser-
pentinite, serpentinized fault gouge, and remobilized Baker Terrane and Weatherby Fm. rocks is
present in the fault zone (MzCzum) (plates 1 and 2). The Cuddy Mountain fault was reactivated in the
Late Cenozoic as a normal fault.

Another major Mesozoic structural discontinuity exists between the Baker Terrane and rocks of the
Wildhorse Fm. (Wallowa Terrane?) in the vicinity of Wildhorse River Canyon (plates 2 and 3). Unlike
the Cuddy Mountain - Connor Creek faults, this fault system is composed of several anastomosing and
subparallel shear zones which juxtapose a wide variety of rock types. This zone, referred to here as
the Wildhorse shear zone, includes a belt of dismembered igneous rocks composed mostly of cataclastic
quartz diorite (PTrqd), and mylonite (PzMzm) (plates 1 and 2). It probably is the sole (duplex?) of a
major thrust that brought (Wallowa Terrane?) igneous basement into tectonic contact between two
very different terranes.

Rock units of limited areal extent such as a silicic tuff (PTrv), and a chert conglomerate (PTrc),
are believed to be tectonic fragments related to the Baker Terrane (plate 2). On the north side of the
sole a tuffaceous unit with thin limestone and ribbon chert beds (PTrvs) is of unknown terrane affinity
(plate 2). A fusulinid of unknown genus was identified in thin section and indicates a Paleozoic age for
part of the unit. Ribbon cherts suggest a relationship to the Baker Terrane, although its tectonic jux-
taposition on the north side of the inferred sole places it in tectonic contact with the Wildhorse Fm.
Just east of Brownlee Dam in lower Dukes Creek, an isolated outcrop of garnet mylonite (PzMzm) is in
tectonic contact with rocks of the Baker Terrane (plate 1). Silicic tuff (PTrv?) may occur between the
Baker Terrane rocks and the mylonites at this location. The mylonite was originally a clinopyroxene
gabbro. The euhedral garnet crystal habit interspersed in the mylonitic fabric indicates post-mylonite
metasomatic alteration. This mylonite body is on strike with the mylonite-bearing dismembered igne-
ous sole in the Wildhorse shear zone, and is probably related to it. This structural trend and related
lithologies are projected along strike under Miocene basalt cover to the line of section for the accom-
panying cross-section (plate 3).

Cenozoic Structure

Lawrence (1976) interpreted the pattern of faulting in southeastern Oregon as consisting of four
major zones of right-lateral strike-slip faults that separate blocks broken by basin-and-range normal
faulting (fig. 4). He proposed that the sum total of east-west extension decreased in the block north of
each strike-slip fault zone, and that these dextral-slip fault zones formed to compensate for the
decrease in extension across them. The two southernmost zones, the Eugene-Denio Zone and the
McLoughlin Zone, offset the Pliocene-Holocene trend of the High Cascades some 10 to 20 km.

Lawrence (1976) also correlated clustered seismicity in eastern Oregon to locations along these
northwest-trending zones (fig. 5) including the seismic zone described in this report. Strongly clustered
seismicity in the Milton-Freewater area and the Brownlee Dam area, with several events scattered in
between, indicates that this is an active northwest-trending seismic belt (fig. 5). This seismic belt is
separated by a vast nearly aseismic area to the south from the Basin-and-Range Province of
southeastern Oregon, and appears to be related to a different stress regime. Algermissen and others
(1982) referred to this regional northwest-trending zone (zone P005) of seismicity, and noted that it
appears to be only part of a more regional belt of moderate strain release that extends to the southeast
into the western Snake River Plain.

Possibly the best studied and most conspicious of these fault zones is the Brothers Fault zone (fig.
4). This zone is mainly a series of discontinuous en echelon fractures trending about N 40°W. These
fractures are mostly normal faults, about 10-20 km long, with intervening minor horsts and grabens
(Lawrence, 1976). A second subordinate trend striking about N 30°E is composed of less abundant
faults about 5 km long. This pattern is well demonstrated along strike-slip shear zones on many scales
(Tchalenko, 1970). The geometric relationship of the faults suggests that the en echelon fractures are



Figure 5 : Map of Oregon showing locations of major northwest-trending right-lateral
strike-slip fault zones (fig. 4), with locations of earthquake epicenters between 1841
and 1970. W = Warner Valley sequence, MF = Milton-Freewater group, and PC =
Pine Valley-Cuddy Mountain group (Oregon events only-approximately located).

(slightly modified from Lawrence, 1976)



Riedel shears and the shorter fractures are conjugate Riedel shears (Tchalenko, 1970). The acute angle
between the overall shear zone (N 60° W) and the en echelon fractures is consistent with right-lateral
motion.

Walker and Nolf (1981) noted that, at the surface, the Brothers Fault zone is dominated by closely
spaced en echelon normal faults of moderate to small displacement (mostly 10-100 meters) that local-
ized many basaltic and rhyolitic vents of Late Miocene through Pleistocene age. The abundance and
age distribution of these vents indicate that recurrent crustal breaking has taken place along the zone
for a considerable span of time (Walker and Nolf, 1981). Walker and Nolf (1981) suggested that these
normal faults and volcanic vents along the Brothers Fault zone represent only the surface manifesta-
tion of deformation on a large deeply buried structure with some lateral sense of displacement, most
likely right-lateral. Walker (personal comm., 1989) believes that the pattern of surface faulting in the
Brothers Fault zone (and similar zones) may be largely the result of brittle unloaded fracture response
in the Late Cenozoic volcanic carapace which mantles the older, more ductile metasedimentary base-
ment.

Many faults with a northwest trend similar to the trends in southeast Oregon are located in this
study area. Figure 6 is a compilation of known and suspected Late Cenozoic faults in this area over-
lain on topography. Figure 7 is also a compilation of Late Cenozoic faults at a different scale, utilizing
the same goegraphic window as the seismicity compilation shown later. The most prominent feature is
a regional complex graben trending approximately N 55°W. This extensive graben has two distinct
components; the Pine Valley pull-apart basin to the northwest (in Oregon), and the Brownlee-Salubria
graben to the southeast (in Idaho) (fig. 7), which together constitute the Pine Valley graben (plate 4).
Two areas of extensive uplift are also recognized (Fitzgerald, 1983) and referred to as the Cuddy
Mountain uplift, and the Sturgill Peak uplift. The intervening complex Pine Valley graben may be
coincident with a wide zone of deep-seated right-lateral strike-slip shear similar to others in eastern
Oregon.

Most Late Cenozoic faults on the Oregon side were mapped by Brooks and others (1976), Walker
(1977), and Brooks (1979a, 1979¢c). Much of the Late Cenozoic structure compiled in this report for
the Pine Valley-Richland area relied on air-photo interpretation and limited reconnaissance (Walker,
personal comm., 1989). Late Cenozoic structure in the Sturgill Peak-Hitt Mountain area and the
southeast and northeast Cuddy Mountains area are compiled from several Oregon State University
theses completed under the direction of Cyrus Field, and the mapping is in good detail, with important
identifications of large Late Cenozoic faults (King, 1971; Skurla, 1974; and Hendricksen, 1975).
Detailed fault mapping on the southeastern side of the Cuddy Mountains and Salubria Valley is pro-
vided by McIntyre (1976). Additional regional fault mapping in Idaho is compiled from Mitchell and
Bennett (1979), and Fitzgerald (1983). Other faults along the west and northwest Cuddy Mountains of
Idaho, and extreme eastern Pine Valley, Oregon are compiled from Mann (1988), and this report.

There is some confusion among workers regarding which side of the Wallowa Mountains the
Olympic-Wallowa Lineament (OWL) is located. Zollweg and Jacobson (1986) stated that their 1981-
1984 earthquake locations are coincident with the OWL, and refer to Lawrence (1976, fig. 3).
Lawrence, however, does not refer to this group of northwest-trending faults as the OWL. The north-
ern segments in the vicinity of the Milton-Freewater area are coincident with the OWL as originally
proposed by Raisz (1945). He interpreted the lineament to pass into the Grande Ronde Valley and
then bend or step northeast to form the northern rim of the Wallowa Mountains, obliquely chopping
off the north-south trending ridges and valleys of the Wallowa Mountains. This segment of the OWL
is coincident with the extensive Wallowa Fault system on the north side of the Wallowa Mountains.
However, no significant northwest trending fault system can be found projected southeast along strike
in the Snake River Canyon just north of the Oxbow Dam area. In this report, the lineament along the
south side of the Wallowa Mountains noted (but unnamed) by Lawrence (1976) is referred to as the
Grande Ronde-Pine Valley zone (GPZ), named after the pull-apart basins found along trend. The
GPZ may then be related to the southeastern extension of the OWL.

The structural style of the GPZ is not identical to the other northwesterly trending zones of
Lawrence (1976). The southern end of this zone is dominated by the extensive Pine Valley graben,
described in this report to be of pull-apart basin origin. At its northern end it is dominated by the
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however several people interviewed in 1988 in this area had no recollection of that quake. The ”inten-
sity center” suggests that the epicenter may have been about two miles northwest of Zollweg and
Jacobson’s replotted epicenter, although the deviation is not too significant (T. Toppozada, Cal. Div.
Mines & Geol, written comm., 1989). This intensity center is very near the intersection of the Cuddy
Mountain and Brownlee faults. The good instrumental epicenter location coupled with the intensity
patterns clearly shows that this earthquake occurred on the Idaho side of the reservoir, and not in the
Pine Valley-Richland area. Figure 23 shows the original NEIS locations and the redetermined epi-
centers for the 1981-1984 main shocks, and the 95 percent error bounds for each event.

On August 10, 1984, at 0726 (UTC), a magnitude 3.8 M, earthquake occurred, preceeded by a
magnitude 2.7 event at 0750 (UTC) on August 9 and by magnitude 2.8 events at 0337 (UTC) and 0614
(UTC) on August 10 (Zollweg and Jacobson, 1986). The foreshocks were not locatable, and no aft-
ershocks were recorded. Only the main shock was reported felt, with most reports coming from the
Richland-Halfway area. On September 19, 1984, at 0132 (UTC), a second magnitude 3.8 M; quake
occurred in the same general vicinity as the August 10 main shock. Felt reports again are from the
Halfway-Richland area (Zollweg and Jacobson, 1986). It is uncertain how these reports were collected
or if residents in the Brownlee area were interviewed. These earthquakes were felt west of Richland,
Oregon by crews monitoring the Hole-In-The-Wall Gulch landslide (Jacobson and others, 1985).

Zollweg and Jacobson (1986) stated that the seismograms of the 1984 earthquakes are so similar as
to suggest sources within a few kilometers of each other. The 1984 recordings share only very general
characteristics with the 1981 and 1983 quakes. They also concluded that all of the events recorded
regionally came from a relatively small source area. The 1983 event is the best-located of this group,
with the major horizontal axis of the 95 percent confidence ellipsoid having a half length of about 5
km, roughly corresponding to the location accuracy (Zollweg and Jacobson, 1986). The 1981 location is
more intermediate in accuracy, being accurate to about 20 - 25 km; the 1984 events are poorly located
and are accurate to about 20 - 50 km (Zollweg, oral comm., 1988). Focal depths could not be deter-
mined with any reliability for these earthquakes.

Recording with up to five portable seismographs was maintained from October 3-7, 1984, during
Zollweg and Jacobson’s microseismic aftershock survey. A station was installed at Sparta, Oregon, on
October 9, and was run an additional 3 weeks. Thirty four tectonic earthquakes were recorded.
Phases of 15 events were recorded on three or more stations, with magnitudes ranging from M; -0.8 -
1.8. Focal depths tended to be between 5 and 11 km below the datum of +1 km above mean sea level,
with ninety-five percent confidence limits on these depths between 1 - 2 km (Zollweg and Jacobson,
1986).

The better located events clustered in three areas (fig. 24) that are too far apart too be due to
hypocentral uncertainties (Zollweg and Jacobson, 1986). The most active area was group A, account-
ing for about half of the located epicenters. Other events with S-P signatures comparable to group A
were noted throughout their survey, but were unlocatable. Group B had the largest event (M;) 1.8,
and represents a sequence of earthquakes lasting only 14 minutes. Group C represents another earth-
quake sequence lasting 37 minutes.

FAULT PLANE GEOMETRY AND PATTERNS OF SEISMICITY

The main shocks of 1981-1984 were not sufficiently well recorded at regional stations to justify
independent or composite fault-plane solutions. Also, the small number of stations in the portable net-
work prevented single-event, fault-plane solutions for any of the microseismic events (Zollweg and
Jacobson, 1986). However, a composite fault-plane solution can be determined if it is assumed that all
of the events were generated by the same applied tectonic stress field. Figure 25 shows such a compo-
site fault-plane solution using the portable network data and regional data from three of the larger
events. This solution appears to be fairly well controlled, indicating nearly pure normal faulting on a
plane oriented about N 30°W (Zollweg and Jacobson, 1986).

Because of the independent clustering of the microseismic events on the Oregon side, coupled with
good evidence that at least the 1983 event was centered on the Idaho side, it appears unlikely that
there is only one causative fault. The microseismic event groups A and B are located very near the
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first motions, open circles represent dilitations, and larger circles represent better-quality polarity deter-
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Normal faulting is indicated along a plane orientated N29°W dipping at 70°. (adapted from Zollweg

and Jacobson, 1986)
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northwest-trending group of faults between Richland and Halfway proposed to be pull-apart basin
bounding transfer faults in this report (fig. 6 and 13). Zollweg and Jacobson (1986) stated that these
could only be the causative faults if their dips were high at the surface and much lower to the east (if
the faults planes were listric at depth). It is assumed that Zollweg and Jacobson were referring to the
epicenter locations for the larger events, as well as the microseismic events. However, all of the events
in groups A and B (fig. 24) are 2 km or less from the most easterly location of the proposed west
transfer fault zone (fig. 6 and 13). These transfer zone faults could therefore be the causative faults for
the microseismic aftershocks in groups A and B even if they had moderately steep easterly dips (about
70°-80°).

It is known that the Cuddy Mountain fault dips at about 65° NW at the surface to the northeast
of these faults (plates 2 and 3). It is unlikely that the west transfer zone faults would have listric east
dipping planes at depth because the very heterogenous northwest dipping Mesozoic basement rocks
would present strong structural and lithologic barriers to low angle faulting cross-cutting at that orien-
tation (plate 3). A fault plane geometry requiring both the east and west transfer zone faults to be lis-
tric or shallow normal faults may be contradictory to deep-seated lithospheric extension expected
below pull-apart basins. It is therefore more likely that the west transfer zone faults, as well as the
east transfer zone fault(s) (i.e., Brownlee fault) are high to moderate-angle dipping (70°-80°) normal
faults.

The development of the Pine Valley pull-apart basin at its particular location may be related to
controlling lithologic and structural elements in the Paleozoic-Mesozoic basement {abric. The greatly
heterogeneous lithologic belts in the northeast trending basement fabric are nearly perpendicular to the
proposed northwest trending basement strike-slip fault zones related to the Pine Valley pull-apart
basin (figs. 2, 13). This strong structural-lithologic trend may be related to the right-step in the right-
lateral strike-slip fault zone (GPZ)-- perhaps directly contributing to mechanical barriers and asperities
which have resulted in a refraction or stepping of the basement dextral strike-slip fault zone. Indeed,
clustered zones of seismicity have been directly related to boundaries between "suspect” or tectonos-
tratigraphic terranes in the southwestern United States (Wheeler and Bollinger, 1984), and the possible
reactivation of Mesozoic basement structures. It is notable that the strike-slip—transfer zone junctions
(fig. 13) are located approximately along the tectonic contact between the rocks of the Wildhorse Fm.
(Wallowa Terrane?) and the hard and brittle cherty rocks of the Baker Terrane (fig. 2). Microseismic
earthquake locations are also approximately coincident with these junctions (figs. 21 and 24). It is also
interesting to note that this same tectonostratigraphic terrane boundary swings west and then north
(fig. 2) under Baker Valley and Grande Ronde Valley.

Microseismic earthquake group C (fig. 24) is several kilometers east of the group A events and does
not appear to be related to the same group of faults. Group C is located in the extremely deformed
area shown in figure 8 that is proposed to be an area of structural transition between the terminus of a
basement right-lateral strike-slip fault and right-stepping dip-slip transfer zone faults. The ends of
strike-slip faults probably play an important role in the concentration of stresses and in the consequent
formation of secondary structures (Aydin and Page, 1984). It is therefore possible that groups C and A
correspond to such areas of concentrated stress. It is also possible that this group could be related to
faulting at seismogenic depths on the Brownlee fault, whose surface exposure is about 5 km east.
Again, for this fault to be the causative structure, the dip of the Brownlee fault would have to become
increasingly low-angle at depth, about 45° for a hypocenter at 10 km depth. While this is possible, it
is not the most simple explanation.

Based on intensity patterns and instrumental epicenter locations for the 1981 and 1983 earthquakes
it appears that these events were located on fault(s) on the Idaho side of the reservoir. Instrumental
location error boundaries and uncertainties in intensity patterns for the two main 1984 shocks raise
questions about which side of the reservoir these events actually were located. Felt reports come
mainly from the Richland-Halfway area, whereas the instrumentally determined epicenters are well to
the east in Idaho. Microseismic earthquake groups A and B are very proximal to the west transfer
fault zone between Halfway and Richland. It is possible that these groups are aftershocks of the 1984
main shocks that may have been located on these same faults (or in Idaho), while the 1981 and 1983
events may have been located on a northwest trending fault(s) on the Idaho side (i.e., Brownlee fault?).
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This would explain why the fault-plane solution appears well controlled for the N 30°W trend,
whereas intensity data and instrumental epicenter locations strongly suggest at least two source areas
on opposite sides of the reservoir.

CONCLUSIONS

Recurrent and recent moderate levels of seismicity have occurred in the vicinity of Brownlee Dam.
Large Late Cenozoic normal faults have been mapped and described on the Idaho side of the reservoir.
Other significant Late Cenozoic structures have been identified by several workers in the region and
are compiled on maps in this report. A tectonic model is proposed that explains the regional fault
geometry within a plausible framework, and raises important questions regarding possible correlations
to patterns of seismicity.

A limited search of readily available historical accounts of some of the earlier earthquakes was
attempted. Intensity data from accounts of the 1913 and 1916 events were used to relocate their
approximate epicenters. These relocations should be recognized as still poor in relative accuracy, and
these events could actually have been larger events in less populated areas. No new information was
found regarding the earthquake sequences of 1927 and 1941-1942 in the Pine Valley - Richland area.
These earthquakes may have been located on a northwest-trending group of faults located between the
towns of Halfway and Richland.

Local earthquakes assigned Richter magnitudes in 1965 and 1966 are probably overestimates.
Body-wave (Mp) formulas used to compute magnitudes may have resulted in inflated magnitudes.
Based on tentative reexamination of some regional records for these two earthquakes, the epicenters
have been slightly relocated.

General observations regarding the 1981-1984 earthquake sequence have been summarized and some
new data has been presented. Intensity data acquired for the 1983 M 3.4 earthquake clearly show
that this shock was on the Idaho side of the reservoir. This event has the best instrumented location
of any of the larger events recorded regionally. Together, the intensity data and the instrumented epi-
center offer compelling evidence for active faulting on the west or southwest side of the Cuddy Moun-
tains. The two available compressional first motions for this quake are compatible with normal fault-
ing on the northeast trending Cuddy Mountain fault, as well as the northwest trending Brownlee fault
(T. Toppozada, written comm., 1989), (when considered independently of the rest of the composite
solution). The choice of fault planes is therefore not constrained. It should be emphasized that these
two faults are large and proximal structures.

The 1913 earthquake is too remote to be associated with seismicity in the Brownlee Dam area.
This was a strong earthquake of apparent long duration. This earthquake is poorly located and could
have occurred farther north in the Hells Canyon area or more easterly in the Seven Devils Mountains.
It is also possible that the source may have been more local, perhaps associated with the Indian Creek
fault. There should be some concern should such an earthquake strike in that vicinity in the future.
Also, earthquakes in 1949 and 1955 (and others to the east) suggest seismicity on the east side of the
Cuddy Mountains, in the vicinity of the towns of Council and Cambridge, Idaho. Large Cenozoic
faults with appreciable displacements have been identified in these areas. If these faults were capable
of producing strong shocks, then there would be some geohazard implications for a populated area.

It has been noted that earthquakes in this area occurring between 1927 and 1984 may have a tem-
poral pattern of recurrence. Zollweg and Jacobson (1986) described a historical record suggesting
periodicity with intervals of 11 to 21 years between cycles of events consisting of several main shocks
within a 3 year span. While it may be tempting to speculate that this pattern could hold in the
future, the historical record is too short to begin to define a periodicity with reliability. However,
based on the short historical record, the earthquake recurrence interval in this area is one of the
highest in the region.

Some workers have suggested that pull-apart basins tend to have recurrent or frequent moderate
levels of seismicity, typically without strong or large earthquakes (ML >5.0) (Koide and Bhattacharji,
1977; Mann, 1983). However, the Cuddy Mountain uplift is a horst block not directly related to pull-
apart development, but probably to the same broad zone of right-lateral strike-slip faulting. The
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Brownlee fault borders the east side of the Pine Valley pull-apart basin, and bounds the Cuddy Moun-
tain uplift east of the Cuddy Mountain fault. This dual-character makes fault classification difficult,
and renders any attempt at suggesting possible magnitudes that could be generated a dubious proposi-
tion. Also, possible syntectonic relationships with secondary structures, such as the Cuddy Mountain
fault, further complicate the interactions. Although historically intensities have apparently not
exceeded V in the Pine Valley - Richland area, there is evidence that activity may now have shifted to
faults on the Idaho side of the reservoir. It is therefore unclear if historical patterns of seismicity will
persist, or if large faults in Idaho have passed into an active phase.

Only a limited field search of some segments of a few faults has been conducted for evidence of
Holocene surface rupture. Conclusive evidence of Holocene rupture along the Brownlee fault and
Cuddy Mountain fault, if it exists, probably can not be established without more detailed examination,
such as trenching. Steep to nearly vertical gradients on local fault scarps and footwall scarps in soft
Mesozoic sedimentary and metasedimentary rocks may be evidence of vigorous Late Quaternary
activity along both of these structures. Large Late Quaternary displacements in analogous regional
structural settings such as Baker Valley and Grande Ronde graben (Holocene) have been reported. ,

The lack of identification of Holocene rupture may be largely the result of the near absence of
recognizable Holocene deposits in the area, and may also be related to the magnitude of Holocene
seismic events. Bonilla (1988) concluded that faults that only produce infrequent earthquakes having
magnitudes less than 6 may be very hard to identify using near-surface geologic methods. Shaking
from earthquakes having magnitudes between 5 and 6 can damage structures, particularly if the struc-
tures are near the seismogenic fault (Bonilla, 1988), and shaking from earthquakes in this range can
cause landslides (Keefer, 1984). Shaking from earthquakes in the lower end of this range can cause
high horizontal accelerations, especially if near the source and the focus is shallow. Peak horizontal
accelerations for an earthquake of magnitude my 5.0 and M, 5.4 have been recorded at 0.72 g and 56
cm/sec respectively (Shakal and others, 1986).

Based on evidence from the 1981-1984 earthquake sequence, it is shown that seismic events of
moderate strength can occur proximally to Brownlee Dam. If the Pine Valley basin is indeed an active
pull-apart basin, then all faults related to the pull-apart are potentially active.
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