AN ABSTRACT OF THE THESIS OF

Jim E Essman for the degree of Master of Science in Geology presented on
February 18, 2003.
Title: The Case for NE-SW Extension in Northeast Oregon
Abstract Approved:

Andrew J. Meigs

A zone of diffuse deformation -600 km-wide extending from northern California to
Washington has developed resulting from the oblique subduction of the Juan de
Fuca plate beneath North America, and the northwestward migration of the Pacific

plate. This zone is marked by a change in structural style from transtension in the
southern Oregon and western Nevada to transpression in southern and western

Washington. The transition occurs across a relatively inactive zone in northeastern
Oregon.

New geologic mapping near the northern edge of this transitional zone

suggests that extensional deformation persists into northeastern Oregon. The study
area on the Oregon-Idaho border, is a complex zone characterized by NNWtrending primarily sinistral-oblique normal faults linking the NW-trending Halfway
and Sturgill Peak (both down to the NE) normal faults to the NW and SE,

respectively. The Halfway fault, -20 km-long - 730 m dip-slip separation, marks
the southern boundary of a half-graben; whereas the Sturgill Peak fault, - 10 to 15
km long and not associated with a half-graben, has a minimum dip-slip separation

of - 660 m. In contrast, the transfer zone informally named the Powder River

Peninsula Fault Zone, or PRPFZ, houses numerous -NNW-striking, 2 to 3 km-long
normal and sinistral-oblique normal faults with dip-slip separations of < 130 m.
Evidence of late Pleistocene-Holocene deformation within the transfer zone is
found in at least four places, and at two of those involves sinistral-oblique normal

faults (-10-15 m vertical separation on a bedrock scarp) cutting late Pleistocene
Bonneville flood gravels, -14 ka, with flood gravels both entrained in the fault
plane and interbedded with Holocene colluvium implying significant activity in the

late Pleistocene and possibly the early Holocene. Additionally, one fault in the
PRPFZ cuts Holocene (?) soils/clays and deforms Pleistocene ash beds. Slip rates
calculated from slickenlines and separations in the PRPFZ range from 0.01 mm/yr

to possibly as high as 2.8 mm/yr to. This detailed slip data for the PRPFZ can be
used as a proxy for the more regional deformational styles. Although the Halfway
and Sturgill Peak faults have been interpreted to represent the southeastern
extension of the Olympic-Wallowa Lineament (OWL), the tectonic and structural
significance of the OWL remains poorly understood.
It is suggested here that these structures reflect the continuation of Basinand-Range style deformation into northeastern Oregon, and western Idaho, and any
connection to the OWL to be circumstantial. Furthermore, the presence of these
structures poses a potential seismic hazard to local hydroelectric facilities.
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The Case for NE-SW Extension in Northeast Oregon

Introduction
Deformation of the western United States is characterized by a broad zone

-600 km wide that extends from northern California and Nevada to southern
Washington (Fig. 1). It is widely believed that this deformation is the result of the
oblique motion of the Juan de Fuca and Pacific Plates with respect to North
America [Hooper and Conrey, 1989; McCaffrey et al., 2000; Pezzopane and
Weldon, 1993; Reidel et al., 1989; Wells et al., 1998; Wise, 1963]. The northwest
motion of the Pacific Plate relative to North America is responsible for a broad
zone of dextral shear at and inboard of the Pacific/North American Plate boundary,
principally manifested as the San Andreas Fault system and the Eastern California

Shear Zone. The change in deformation style from dextral slip in California to
transtension in western and northern Nevada, southern Oregon, and finally to
transpression in southern Washington can be attributed to the component of dextral
shear introduced by the oblique subduction of the Juan de Fuca Plate beneath the

North America, and Basin and Range extension. Both processes are likely
responsible for the clockwise rotation observed in the Oregon and Washington

Coast Range block [Wells and Heller, 1988]. This change in deformation style is
coincident with a northward decrease in the magnitude of crustal extension, the
direction of which rotates from WNW-ESE to WSW-ENE from south to north
respectively (assuming extension direction is approximately normal to fault strike)
(Fig. 1).
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Two dominant fault populations accommodate extensional deformation in

northern Nevada and southern Oregon. The more conspicuous of the two are the
NNE-striking graben-bounding normal faults, which accommodate minor dextral-

oblique motion [Crider, 2001; Pezzopane and Weldon, 1993]. Less conspicuous are
the faults belonging to the second population, which include numerous NW striking
structures several of which form diffuse zones including the Eugene-Denio fault
zone (EDZ), Vale fault zone, McLoughlin fault zone, and Brothers fault zone (BFZ)

(Fig. 1) [Lawrence, 1976; Pezzopane and Weldon, 1993]. Where the two fault
populations intersect, the topographically pronounced, NNE striking faults are
disrupted and in several places apparently offset by faults of the NW trending set.
Dextral megashears are present throughout the Basin and Range and include Walker
lane [Oldow et al., 1994; Stewart, 1988], the Garlock fault [Davis and Burchfiel,
1973], and the Las Vegas Valley shear zone [Davis and Burchfiel, 1973;

Duebendorfer and Black, 1992; Guth, 1981; Liggett and Childs, 1977]. Walker
Lane and the other fault zones are thought to either transfer slip between adjacent
normal fault systems or separate highly extended terranes from relatively

unextended terranes [Faulds and Varga, 1998; Gibbs, 1984]. Moreover, it has been
argued that the larger megashear zones, such as the Eastern California Shear Zone,
Walker Lane, and subordinate zones in Nevada and Oregon, may accommodate as
much as 20-25% of the transform shear generated by the Pacific/North American
plate boundary to the west [Oldow et al., 1994; Pezzopane and Weldon, 1993].
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Figure 1. Generalized map of late Cenozoic faults of the northwestern United
States east of the Cascade Volcanic arc. Note the two dominant fault trends,
NNE, NNW and the associated NW trending zones of strike-slip deformation.
Arrows indicate the inferred direction and relative magnitude of farfield extension (contraction) relative to the plate boundary. BFZ= Brothers Fault Zone,
OWL= Olympic-Wallowa Lineament, LFZ= Long Valley Fault Zone, YFB=
Yakima Fold Belt. Inset: generalized regional stress ellipse for the Columbia
Plateau inferred from structures found in Columbia River Basalt flows
(modified from Pezzopane & Weldon, 1993, and Hooper and Conrey, 1989).
Locations of figures 3 and 5a are indicated.
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The Olympic Wallowa Lineament is a prominent northwest-trending
lineament that crosses northeastern Oregon and is thought to be the northern most

of the northwest trending dextral megashears. The OWL was first recognized by
Raisz (1945) as a pronounced northwest trending topographic lineament stretching

from the Olympic Peninsula in western Washington to the Wallowa Mountains of
northeastern Oregon (Fig. 2), possibly continuing into central Idaho [Wise, 19631.

The OWL has been inferred by previous workers to be a right-lateral megashear,
similar to the BFZ in central Oregon, which separates areas of greater crustal
extension to the south, from areas of lesser crustal extension to the north [Hooper

and Conrey, 1989; Lawrence, 1976; Wise, 1963]. Mann and Meyer (1993)
suggested that northwest trending grabens within the southeastern portion of the

OWL are pull-apart basins, which represent successive right steps in the proposed
dextral megashear. Additionally, Mann and Meyer (1993) suggest a long term slip

rate for the Wallula Fault Zone (WFZ), a subdivision of the OWL in southern
Washington, (Fig. 3) of -0.3 mm/yr. If correct this should produce a minimum

offset of 2.1 km in the Martindale linear vent system of Columbia River Basalt
Group Dikes which crosses the WFZ perpendicular to its strike. However,
previous workers [Keinle, 1979; Keinle, 1980; Kendall et al., 1981; Swanson et al.,
1981], have shown that dikes belonging to the Columbia River Basalt Group can be
mapped across the WFZ with no offset. Investigations of the Martindale linear

vent system of CRB dikes indicate that there is no discernible offset (< 0.2 km)

across the Wallula Fault Zone [Reidel and Tolan, 1994]. Moreover, no through-
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going fault with significant dextral offset has been documented and estimates of
strike slip movement along the OWL range from a few meters up to 20 km [Hooper

and Conrey, 1989; Mann and Meyer, 1993]. Geophysical surveys in the Pasco
Basin have failed to identify any variances in crustal composition across the OWL

[Hooper and Conrey, 1989]. Thus, understanding the style and magnitude of
deformation in northeast Oregon is critical to describing regional deformation.
This study was undertaken in an attempt to evaluate the kinematics of
deformation along what has been argued to be the southeast continuation of the

OWL to address the following questions. Does the OWL project into northeastern
Oregon? Is regional deformation accommodated by strike-slip faulting, if so is that
faulting related to the OWL? To what extent does Basin and Range-style extension
account for regional deformation? Have local structures been active in the Late
Pleistocene? Do those structures pose a threat to local hydroelectric facilities?
A north trending sinistral-oblique fault zone, informally named the Powder
River Peninsula fault zone (PRPFZ), has been identified by this study near the

southern boundary of the Pine Valley Graben (Fig. 3). This fault zone is
interpreted by the author to act as a transfer zone that links major NW trending
(sinistral?) normal faults to the northwest and southeast, the Halfway and Sturgill
Peak faults, respectively [Mann and Meyer, 1993; Pezzopane and Weldon, 1993;

Skurla, 1974; Walker and MacLeod, 1991; Zollweg and Wood, 1993]. New data
discussed below show that as many as four faults within the PRPFZ cut Late

Pleistocene and possibly Holocene surficial deposits. Slickenline lineations on
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Figure 2. Digital Elevation Model of the Pacific northwest showing
the pronounced topography of the Olypmic-Wallowa Lineament,
extending from the Wallowa Mountains (WM) in northeast Oregon,
through the Yakima Fold Belt (YFB) in southern Washington( east
trending ridges formed above N and S verging thrust faults), to the
Olympic Peninsula (OP). Also shown are the Blue Mountains (BM)
in north central Oregon (modified from Thelin & Pike, 1991). Location
of figure 5 is shown.
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these faults indicate sinistral-oblique normal motion during the most recent surface
rupturing event consistent with composite focal mechanisms for local earthquakes

that indicate sinistral-oblique normal faulting [Zollweg and Wood, 1993]. The
close spatial association of these newly discovered active faults to areas of
observed historic seismicity may suggest a previously unrecognized or
underestimated seismic hazard for major hydroelectric facilities including
Brownlee, Oxbow, and Hells Canyon dams.

Methods
This study is based on detailed geologic mapping during the late summer

and fall of 2000 and 2001. Mapping was conducted on 1:24,000 USGS topo base
enlarged to 1:12,000 scale, field data were subsequently drafted onto a 1:24,000

USGS topo base. Field mapping was supplemented by both high and low altitude
air photo interpretations coupled with field checking near the borders of the map

area. The winters and springs of 2000, and 2001 were spent drafting the final map
and cross sections, and performing air photo interpretation.

Regional Tectonic Framework
The Pacific Northwest is characterized by three major tectonic events
during Cenozoic time; 1) the beginning of Cascade arc volcanism during the Early
to Middle Cenozoic [Priest, 1990], 2) the onset of Basin and Range extensional

tectonics in the Middle to Late Cenozoic [Wernicke, 1992], and 3) the eruption of
the Columbia River Basalts and formation of the Columbia Plateau in Late

Cenozoic time [Reidel et al., 1989]. These events were accompanied by the
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formation of smaller scale inboard tectonic features such as the Yakima Fold belt,

northwest trending zones of implied dextral shear (OWL, BFZ, EDZ), and the
uplift and subsidence of relatively stable crustal regions such as the Blue
Mountains of northeast Oregon and Palouse Slope of central Washington, and the

clockwise rotation of the Oregon and Washington Coast, resulting from oblique
subduction to the west and Basin and Range extension to the south [Reidel et al.,

1989; Wells and Heller, 1988].

The OWL transects four different structural provinces, 1) crustal extension
in northeastern Oregon and western Idaho; 2) conjugate sinistral/dextral strike-slip
faulting in northeast Oregon and southeast Washington; 3) crustal shortening in
southern and western Washington, and 4) the Cascade Volcanic Arc (Fig. 1)
[Hooper and Conrey, 1989; Mann and Meyer, 1993; Pezzopane and Weldon, 1993;

Reidel et al., 1989; Wise, 1963]. Crustal extension in western Idaho is localized

along north-striking faults that define the Long Valley fault zone. Crustal
extension in northeast Oregon occurs on northwest-striking faults including the
Wallowa fault and faults bounding the Grande Ronde and Baker grabens

[Fitzgerald, 1982; Hooper and Conrey, 1989; Mann, 1988; Mann and Meyer, 1993;
Pezzopane and Weldon, 1993]. The northwest-striking LaGrande, Baker, and
Wallowa fault systems are thought to represent the dextral component of a

conjugate system that includes regional northeast-striking sinistral structures such

as the Hite Fault (Fig. 3) [Hooper and Conrey, 1989; Kendall et al., 1981; Mann
and Meyer, 1993].
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Figure 3. Regional tectonic map showing proposed tectonic model
of Mann & Meyer (1993). The trace of the OWL proposed by
Mann & Meyer (1993) is shown in purple. Proposed northwest trending
dextral shear zones shown in blue, and proposed oblique-normal
transfer faults associated with step-overs shown in pink. Also shown,
location of figure 5, and major oblique slip faults associated with the
PRPFZ; H = Halfway fault, P = Posy Valley fault, and SP = Sturgill Peak
fault.
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To account for the lack of a through-going structure in Washington,
northeast Oregon, or western Idaho, Mann and Meyer (1993) argued that the
northwest-striking faults and associated grabens of northeast Oregon are pull apart
basins resulting from the successive right stepping of the OWL (Figs 1 & 3). Mann

(1989) noted that the Long Valley fault zone was transected by a northwest
trending "disrupted zone" on strike with the OWL, which he interpreted to be the

surface manifestation of a deep seated right-slip fault zone. The structural grain of
northeast Oregon is clearly dominated by several northwest trending faults with
large (> 250 m) amounts of dip slip separation (i.e. the Wallowa fault, Eagle fault,

Halfway fault, and the Posy Valley fault, Figs. 1 & 3). Farther to the northwest
into southern and central Washington, these faults converge into a relatively narrow
zone known as the Wallula Fault Zone (Fig. 3) and eventually form the "Cle Elum-

Wallula deformed zone" (CLEW) to the northwest. The CLEW transects a diffuse
zone of N50° W trending anticlines in south-central Washington known as the
Yakima fold and thrust belt (YFB) (Figs. 1 & 2) and is characterized by < 200m of

dextral slip [Reidel et al., 1989; Reidel and Tolan, 1994]. It is widely believed that
the CLEW represents the northwest continuation of the OWL. However, the fate of
the OWL as it passes through northeast Oregon and approaches western Idaho
remains uncertain. Although Mann and Meyers' right stepping pull-apart model
seems to fit the observed fault geometry, displacement vectors determined from

fault plane lineations and separations reported later in this paper do not support
their interpretation.
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The tectonic features of northeastern Oregon are consistent with a stress
field in which a3 is oriented ENE-WSW resulting in NW-SE striking normal faults

where al is more or less vertical. The tectonic features of the Columbia Plateau
indicate a stress field in which al oriented - N 5° W resulting in roughly E-W
striking reverse faults of the Yakima Fold belt (YFB), and a set of conjugate NNWSSE dextral (OWL, BFZ) and NNE-SSW sinistral faults (Fig. 1, inset) [Hooper and

Conrey, 1989]. Two competing hypothesis for regional deformation can be
developed for the fault systems of east-central Washington, northeast Oregon, and

western Idaho: 1) northwest-striking structures are predominantly the result of
northwest oriented dextral shear, wherein extension and graben formation along
north-striking faults is restricted to stepovers, and 2) northwest-striking structures
are predominantly the result of northeast-southwest oriented extension resulting
from oblique rifting (+/- dextral slip), wherein northwest trending structures are
linked by north trending oblique slip faults.

Fault Topology in Oblique/Normal Rifts
Oblique rifting involves a combination of normal and strike-slip faulting.

The different styles and geometries of rift-related faulting are a function of
differences in the relative contribution of extension and shear present during rifting.
Withjack and Jamison (1986) demonstrated that the orientation and style of faults

formed in oblique rifting is related to the angle (a) between the orientation of the
rift (R), analogous to a pre-existing structural weakness, and the relative
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displacement direction on either side of the rift [Withjack and Jamison, 1986].
Using experimental and analytical models of combined sinistral shear and

extension, a range of fault slip vectors and trends resulting from different values of

a were constrained (Fig. 4). For values of a << 30° they noted that deformation is
dominantly sinistral strike-slip and the majority of faults strike approximately N

25° W of the rift trend. For values of a -30°, normal-oblique-slip faults were
dominant. The oblique-slip faults consisted of two populations, one striking within
5° of the rift trend and another striking between 50° and 60° counterclockwise from

the rift trend. The normal faults were moderately dipping and exhibited a wide
range of strike, anywhere between 5° and 50° counterclockwise from the rift trend.

For values of a >> 30° the principle style of deformation was normal faulting
where the trend of the faults approached the rift trend as a approached 90°.
The Withjack and Jamison (1986) model for oblique rifting has been
applied to continental and ocean basin rift settings in attempt to infer observed fault

geometries and the pre and syn-rifting stress regime with respect toa, R and the
relative displacement direction adjacent to the rift. Pezzopane and Weldon (1993)
used this model to interpret the map pattern of faults within the northwestern Basin
and Range province in central and southeastern Oregon, where the magnitude of
oblique dextral shear on faults is not well constrained [Crider, 2001; Lawrence,

1976; Pease, 1969; Stewart et al., 1975]. They concluded that the two dominant
fault geometries in central Oregon (NW and NNE striking) indicate that the relative
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Figure 4. Surface tracings of faults produced
by oblique rifting in clay by Withjack and
Jamison (1986). The value of a ranges
from 0 to 90 degrees form A (pure strike-slip) to G
(pure dip-slip). R represents the trend of the rift,
and the arrows indicate the direction of maximum
extension relative to the rift trend.
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displacement direction, or direction of oblique rifting, lies between a = 0° and 30°
counterclockwise, somewhere between N 0° and 30° W of a NNE trending rift.
The large population of northwest trending sinistral-oblique, and minor north

trending sinistral faults, within the study area suggests a value of a - 30° to the
northeast of the rift trend (R) (Fig. 4). Both calculated and measured displacement
vectors on local faults agree with this interpretation.

Regional Faults
Mapping

In an attempt to test the two competing hypotheses for oblique rifting in
northeast Oregon, a north trending fault zone extending south from the Posy Valley
fault to the Snake River just north of the Sturgill Peak fault, was mapped in detail

(Fig. 5). The position of the fault zone between three major regional structures (the
Halfway-Posy Valley system and Sturgill Peak fault), excellent geologic and
geomorphic expressions of the fault zone, easily identifiable bedrock units, and
historic seismicity data and composite focal mechanisms make this area ideal for
study of the kinematic relationships between local and regional structures critical
for constraining regional models for active deformation.
Faults observed in the study area can be divided into three populations; 1)
northwest-striking normal faults, 2) generally north-striking left-oblique-normal
faults, and 3) northeast striking left-lateral strike-slip faults with negligible normal

offset (Figs 3 and 5a & c). Only the first two sets were encountered in the study
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area, the third is inferred to be related to major pre-Tertiary fault zones responsible
for the linear northeast path of the Snake River through the study area and may
correspond to the Snake River Fault System [Fitzgerald, 1982; Zollweg and Wood,

1993]. Existing mapping is based on several Masters and PhD theses, limited
detailed mapping, and a significant amount of air-photo interpretation and field
checking [Brooks, 1979, Hooper, 1989; Fitzgerald, 1982; Mann, 1988; Mann and
Meyer, 1993; Skurla, 1974; Swanson et al., 1981; Zollweg and Wood, 1993].
Northwest Striking Faults

The northwest trending normal faults within the study area include the
Halfway and Posy Valley faults [Mann and Meyer, 1993; Pezzopane and Weldon,
1993; Walker and MacLeod, 1991; Zollweg and Wood, 1993], and the Sturgill

Peak fault to the southeast (Fig. 3) [Skurla, 1974]. These faults range in length
from 10 to 30 km, generally strike between N 40°W and N 70°W, dip -65°- 76° to
the NE and all exhibit down to the northeast normal motion. Minimum vertical
separations for the Halfway and Posy Valley faults, calculated from the faulted
contact between the Imnaha and Grande Ronde basalts of the Columbia River
Basalt Group, are 660 in and 697 in respectively, and both faults are associated

with half-grabens (Plate 1). Topographic relief is pronounced across the two faults,
which suggests that these faults are dominated by dip-slip motion. The Sturgill
Peak fault [Skurla, 1974], has a similar orientation to that of the Halfway and Posy

Valley faults, with a minimum vertical separation of 640 in. Although the Sturgill
Peak fault has similar vertical throw it is not associated with a half-graben. Half-

Figure 5. A) Geologic neap of activ e faults in the PRPFZ.
Location of figure 6 also shown. B) Fault map of PRPFZ with
individual faults named.
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grabens associated with northeast dipping normal faults are distributed throughout
northeast Oregon (Fig. 3) [Fitzgerald, 1982; Hooper and Conrey, 1989; Kendall et
al., 1981; King, 1971; Mann, 1989; Mann and Meyer, 1993; Skurla, 1974; Zollweg
and Wood, 1993]. The prominent topographic relief across the Posy Valley and
Halfway faults and their association with Quaternary fill basins suggests that they

may have been active during the Quaternary. Whether or not these range front
faults cut Quaternary deposits remains unknown. The lack of a graben on the
Sturgill Peak fault and the lack of mapped Quaternary deposits makes its

paleoseismology is much harder to pin down. However, if the Halfway, Posy
Valley and Sturgill Peak faults are linked kinematically by the Powder River
Peninsula Fault Zone (PRPFZ), then they are likely to be active structures.

North Trending Faults (Powder River Peninsula Fault Zone)

Faults mapped in this family constitute a -3 km wide fault zone that passes
through the center of the study area, informally named the Powder River Peninsula

Fault Zone (PRPFZ) (Fig. 5). Lengths of the more northerly trending set of faults
range from a few hundred meters to 5 km, strikes range between N 0°W and N
30°W, and dips vary from moderate to steep to both the east and west (Figs. 3 and

5a & c). The faults exhibit vertical separations up to 125 m across individual
strands (Fig. 19). The PRPFZ is composed of 5 faults each of which is -1 km in
length and 12 faults that are < 0.5 km. The PRPFZ does not continue to the north
of the Posy Valley fault (Figs. 3 & 5 and Table 1).
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Slip sense and vertical separations on faults within the PRPFZ are revealed

by field observations. Subhorizontal lineations found on the Coyote and Tarter
Gulch faults (Fig. 5), with a trend and plunge of 182°, 25° and 355°, 18°
respectively, indicate that faults within this zone are oblique-slip with a large

strike-slip component. Vertical offsets on individual fault range from -26 m up to
125 in with varying magnitudes of strike-slip. Net extension values were derived
using the line-length measurement technique on the Imnaha/Grande Ronde basalt

contact (Fig. 19 a & b and Plate 1).

Quaternary Activity
Quaternary faulting in the study area is not well documented. The relatively
high rate of erosion combined with the steep topography and apparently low slip
rates on Quaternary faults are not conducive to the deposition and/or preservation

of surficial deposits and fault related geomorphic features. The Quaternary
deposits that are present are so scarce that the probability of them being affected by

active faults is very low. Mann (1988) mapped several northwest-trending
structures in the Brownlee Quadrangle just north and east of the study area and

argued that several had been active in the Quaternary. However, the Quaternary
faulting suggested by Mann (1989) is not widely accepted [Madin, 2000].
Offset of Quaternary deposits across the Halfway and Posy Valley faults

has not been documented. Their prominent geomorphic expression and inferred
minimum slip rate estimates of 0.02 mm/yr for the Posy Valley fault, and 0.03
mm/yr for the Halfway fault (estimated from escarpment height [Zollweg and
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Wood, 1993]) suggest that each structure may have been active in the Quaternary.
Observations outlined below demonstrate that at least two faults located within the
Powder River Peninsula fault zone (Coyote and Tarter Gulch faults) offset deposits
of latest Quaternary age (< 15 ka), and two faults (Juniper and Peninsula faults)

offset deposits of mid to late-Quaternary age (< 125 ka ?) (Fig. 5). Stratigraphic
evidence of Quaternary faulting will be discussed for individual fault strands
progressively from southwest to northeast.
Quaternary Stratigraphy

The local Quaternary stratigraphy is dominated by debris flow deposits,
landslide deposits, and gravel deposits of the Bonneville flood, interbedded with
clays, silts, sands, and ash beds. The youngest Quaternary units unconformably
overlie both the Tertiary Columbia River Basalts and the pre-Tertiary melange
rocks, as well as older Quaternary units. The Quaternary units will be discussed
from oldest to youngest.

Quaternary Colluvium (Qc) is thought to be Pleistocene in age and is
characterized by widespread high energy deposits of poorly sorted colluvium and

debris flows with sub-rounded to angular clasts consisting predominantly of
Columbia River Basalt. The Qc unit is unconformably overlain locally by Qfgl,
which is only located in the hanging-wall of the Juniper fault (Fig. 5). Qfgl is
composed of Pleistocene age deposits of well bedded clay, silt, sand and
subordinate gravel, and several volcanic ash beds, two of which have been dated

between 65 72 ka and 46 + 5 ka [Sarna-Wojcicki, 1998]. This package of

20

conformable sediments is greater than 20 m thick, composed of at least 40-50%
clays, and is characterized by a coarsening upward sequence from clay to silts,

sands, and minor gravels. Due to its coarsening upward nature, dominantly low
energy depositional environment and well-bedded fabric, the sediments comprising
Qfgl are interpreted to have been deposited in a lacustrine environment.
Unconformably overlying Qfgl are the Pleistocene Bonneville flood gravels, Pfg.
The Bonneville flood gravels mapped in the study area consist of oblate to elliptical

clasts, -1-2 cm in diameter, of chert, phyllite, marble, and various metamorphic
lithologies. The provenance for this unit is pre-Tertiary, possibly Permian,
melange exposed upriver in Hells Canyon. This unit has been dated in Hells
Canyon at -14 ka and correlated with the catastrophic draining of Pleistocene lake
Bonneville in northwestern Utah [O'Connor, 1993]. Pfg is stratigraphically
overlain by Quaternary landslides (Qls) and undifferentiated surficial Quaternary
deposits (Qs) both are believed to be Holocene in age [Swanson et al., 1981;
Zollweg and Wood, 1993].
Structural and Stratigraphic Evidence for Late Quaternary Faulting

The bedrock trace of the Peninsula fault is located 1.4 km southwest of
Tarter Gulch on the north shore of Brownlee Reservoir (Fig. 6). The Peninsula
fault, orientation 121 °, 90° NE, truncates a caliche horizon formed in a colluvial

deposit. The caliche horizon and associated colluvium are undated and presumed
to be Holocene in age based on their unconsolidated texture and hillside location,
suggesting relatively recent movement on the Peninsula fault of Holocene (< 10 ka)
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(Fig. 7). The trend and plunge of slickenlines, 121°, 53°, suggests sinistral obliquenormal motion. The Juniper fault, orientation 164°, 70° SW, cuts and deforms
latest (?) Quaternary soils and truncates an ash bed of unknown age on the south
shore of Brownlee Reservoir about 1 km southwest of Cottonwood Creek (Figs. 6

& 8). Subhorizontal slickenlines, orientation 177°, 32°, developed in fault clays
observed at this location indicate a component of strike-slip. In addition, a >20 m
thick section of late Pleistocene fine grained clastic sediments, interpreted to be
lacustrine deposits, and interbedded ash layers are located in the hangingwall of the

Juniper fault on the south shore of Brownlee Reservoir, about 1.5 km southwest of
Cottonwood Creek (Fig. 6). The lacustrine deposits contain at least three ash beds
two of which have been correlated to the Mount Mazama Llao Rock East tephra

(65-72 ka) and the St. Helens set Cw (46 ± 5 ka) [Madin, 1999]. The lacustrine
sediments are tilted 25-30° to the northeast presumably resulting from slip on the
Juniper and/or Peninsula faults (Fig. 5a & 6). This relationship suggests that the
most recent age of faulting on the Peninsula and/or Juniper fault(s) is late
Quaternary (< 46 ka). Where the lacustrine sediments are exposed in a wave cut

cliff they are folded into a roughly east-west trending syncline (Fig. 9). However,
surface trenching below the high-water line, and investigation of pre-reservoir air
photos, suggests that mass movement promoted by the filling of Brownlee
Reservoir has accentuated the folding by an unknown amount. The geomorphic
expressions of both the Peninsula and Juniper faults are limited to isolated knobs of

Faults
\ well located
`,approximately located
buried

Quaternary faults

\

Coyote fault
Juniper fault

\

Peninsula fault

Tarter Gulch fault

to

Locations of figures
7-11 shown at right

0 Figure 7 Figure
0 Figure 10 0 Figure 11

Major bedrock units
Tgn - Miocene Grande
Tib - Miocene Imnaha Fm.
Ronde Fm.
of CRB's with local
normally
interbeds of hyaloclastite,
Tivc and tuff, Ttss.

Pt - Pre-Tertiary melange
rocks of greenschist
facies.

magnetized.

Tgr - Miocene Grande
Ronde Fm. of CRB's
reverse magnetization.

Figure 6. Location map for figures 7-11.

Figure 7. Peninsula fault in outcrop at reservoir level located
approximatelyl.4 km southwest of Tarter Gulch on the north shore of
Brownlee Reservoir, showing truncated caliche horizon in Holocene(?)
colluvium. View is looking to the northwest, into the hillside. The bedrock
hanging-wall has moved out of the hillside relative to the foot-wall allowing
for the preservation of the colluvium. Tib is the Imnaha Basalt belonging
to the Columbia River Basalt Group.
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Figure 8. (A) Outcrop of Juniper fault and related soil/colluvium
deformation, located - 1 km southwest of Cottonwood Creek.
Note the ash bed in lower left corner. The color variations in the
coarse soil/colluvium are most likely related to migrating fluids
along the fault plane. View is to the southeast. B) Magnetic
survey across the Juniper fault. Warm colors represent magnetic
rock (basalt) close to the surface in the foot-wall, cool colors
represent less magnetic rock near (colluvium/soil, and
fanglomerate) the surface in the hanging-wall. The linear nature
of the transition between magnetic and non-magnetic rock near
the surface is further evidence for the presence of a fault with
moderate offset. Magnetic data collected with a portable
magnetometer and hand held GPS.
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bedrock on ridges in the up thrown footwall block, and faults that offset basalt
flows in the canyon walls.

Approximately 1 km southwest of Tarter Gulch (Fig. 5a) on the north shore
of Brownlee Reservoir, the Coyote fault, orientation 165°, 58° SW, cuts a distinct

gravel horizon. The gravel horizon is composed of small (-1-2 cm long) oblate,
sub-rounded clasts of mainly chert and phyllite derived from the pre-Tertiary

melange rocks exposed up canyon to the south. The gravel horizon correlates well
with the Bonneville flood gravels exposed elsewhere in Hells Canyon. The gravels
were deposited in slack water embayments and eddies during the Bonneville flood;
the gravels have been dated elsewhere in Hells Canyon at c.a. 14 ka (Figs. 6 & 10)

[O'Connor, 1993]. These gravels are preserved where the component of sinistral
slip has brought the hangingwall out of the hillside in effect sheltering the gravels
from erosion (Fig. 10). The Coyote fault forms a small, -10-15 m high and -1-kmlong escarpment in the Miocene Columbia River Basalt Group bedrock where its
surface trace crosses the plateau above Hells Canyon west of Tarter Gulch (Fig.

12). Slickenlines on the Coyote fault are oriented 183°, 25° suggesting sinistral
oblique-normal motion.

The Tarter Gulch fault, orientation 166°, 62° NE, also offsets Bonneville
flood gravels which overlie poorly bedded colluvium located on the south shore of

Brownlee Reservoir about 0.9 km southwest of Cottonwood Creek (Fig. 6). The
Tarter Gulch fault is covered by an unfaulted modern soil horizon which overlies
both the colluvium deposits and Bonneville gravels in the footwall and the bedrock,

N
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strike and dip of beds

plunging synclinal axis
Quaternary debris flow and
colluvium deposits
Meta-sedimentary rocks, marble,
chert and phyllite

Figure 9. Aerial view of tilted Pleistocene lacustrine deposits and
interbedded ash horizons in the hanging wall of the Juniper fault.
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Figure 10. Offset late Pleistocene Bonneville flood gravels on Coyote fault.
(A) Bedrock trace of Coyote fault exposed at reservoir level approximately
1 km SW of Tarter Gulch on the north shore of Brownlee Reservoir. Slickensides
on the fault plane have a rake of 30 southeast (out of photo)
suggesting sinistral movement of the hanging-wall out of the hillside
bringing bedrock over the Bonneville gravels allowing them to be
preserved. Tib is the Imnaha Formation belonging to the Columbia River
Basalt Group. (B) Close up of fault plane and Bonneville gravels. Note the
well bedded nature of the gravels and the clasts of Bonneville material
entrained in the fault plane itself. In both photos the view is to the
northwest. Both A and B are views looking W-NW.
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Figure 11. Outcrop of the Tarter Gulch
fault located approximately 0.9 km
southwest of Cottonwood Creek on the
south shore of Brownlee Reservoir.
Fault plane lineations with a rake of 20
to the NW (out of photo) indicate
sinistral-oblique normal motion bringing
Miocene Imnaba basalt out of the
hillside and over poorly bedded
Quaternary colluvium (Qc), while
truncating the Pfg unit. This relationship
places the age of latest faulting
on the Tarter Gulch fault at < 14 ka.
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Figure 12. Bedrock scarps of the Coyote and Tarter Gulch faults. Each
scarp is approximately 10-15 no high.
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map unit Tib, in the hangingwall. These field relationships suggest that both the
Coyote and Tarter Gulch faults have been active since the latest Quaternary (<15

ka) (Fig. 11). Slickenlines observed on the Tarter Gulch fault oriented 355°, 18°
indicate sinistral oblique-normal motion. The Tarter Gulch fault also forms a
bedrock scarp - 10-15 in high and - 45 in long, adjacent to the Coyote fault (Fig.
12).

Seismicity
Some of the recent seismicity in the region may be related to the PRPFZ.

Zollweg and Jacobson (1986) identified a seismic zone near the mouth of the
Powder River within which they located four earthquakes between ML 3.4 and 3.8
since 1981 and approximately 15 similar sized events since 1915. Composite focal
mechanisms were constructed based on three groupings of recent seismic events

(Fig. 13) [Zollweg and Jacobson, 1986; Zollweg and Wood, 1993]. The composite
mechanisms indicate normal mechanisms on northwest striking faults and sinistral-

oblique normal events on N 0° to 30° W striking faults located in the vicinity of the

Powder River Peninsula fault zone [Zollweg and Wood, 1993]. Moreover, Zollweg
and Wood (1993) noted a northwest striking zone of seismicity, recorded between
1961 and 1967. This seismic zone, which they termed the Western Pine Valley
Seismic Zone (WPVSZ), is located 14 km southwest of Brownlee Dam and

corresponds well with the PRPFZ mapped in this study (Fig. 14) [Zollweg and
Wood, 1993]. Both the field relationships and historic seismicity suggest that faults
within the Powder River Peninsula fault zone are active.
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Transfer Zone Model for the Powder River Peninsula Fault Zone
The north-striking PRPFZ is situated between the northwest striking,
northeast dipping Sturgill Peak fault to the southeast and the Halfway and Posy

Valley faults to the northwest (Figs. 3 & Plate 1). All three faults are major normal
faults with prominent escarpments and are inferred to be dominantly normal-slip

faults (Fig 19 a & Plate 1). The sense of slip on faults within the PRPFZ is
predominantly sinistral with a minor normal component based on the orientation of

slickenlines, fault outcrop relationships and relative offset of Tib/Tgr contact. The
orientation of the PRPFZ, with respect to the larger basin bounding faults to the
northwest and southeast, and the slip sense, amount and age of separation observed
on faults within the PRPFZ suggest that this zone transfers slip between the Sturgill

Peak fault to the southeast, and the Posy Valley and Halfway faults to the
northwest.
Physical Arrangement of Faults within Transfer Zones

Morley (1988) and Morley et. al. (1990) divided transfer zones into three

categories based on the geometry of the faults linked via a transfer zone. Transfer
zones that link opposing, or oppositely dipping, normal faults are termed conjugate
transfer zones, whereas transfer zones linking synthetic normal faults are termed

synthetic transfer zones (Fig. 15). Conjugate transfer zones can be subdivided into
two categories (1) convergent: transfer zones accommodating contraction between
a pair of inward dipping normal faults, and (2) divergent: transfer zones
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Figure 14. Map showing location of major faults
within the study area, historic seismicity, and
nearby hydroelectric facilities. The events
shown were recorded at the Blue Mountain
Observatory between 1961 and 1967. The linear
zone of events that crosses the study area was
called the Western Pine Valley Seismic Zone

(WPVSZ) by Zollweg and Wood, 1993. The
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River Peninsula fault zone. Seismicity data
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accommodating divergence between a pair of outward dipping normal faults

[Morley, 1988; Morley et al., 1990]. Morley et. al. (1990) further subdivided each
category of transfer zone into one of four groups based on the relationship of the
boundary normal faults to one another: approaching, overlapping, parallel, and co-

linear (Fig. 15). Approaching transfer zones are located between the tips of two
approaching normal faults [Morley, 1988; Morley et al., 1990]. Faults whose tips
have propagated past one another are termed overlapping. Overlapping faults tend
to produce transfer zones in the area between the overlapping fault tips. These
transfer zones are sometimes called relay-ramps, when they are associated with

synthetically dipping faults, and accommodation zones when associated with

antithetically dipping faults [Faulds and Varga, 1998; Morley, 1988; Morley et al.,
1990]. Transfer zones occurring between parallel, or completely overlapping,
normal faults act to transfer slip from areas of maximum displacement on one fault

to areas of maximum displacement on the adjacent fault. With co-linear, or in-line,
faults strain transfer is manifested as a zone of strike-slip deformation which
separates the hanging-wall block from the footwall block of two oppositely dipping
normal faults.

The faults within the Powder River Peninsula fault zone strike between
3450 and 355°, and lie between the more westerly striking, northeast dipping

Sturgill Peak, Halfway, and Posy Valley faults to the southeast and northwest,

respectively (Fig. 16). The more northerly strike of the PRPFZ, relative to the
Sturgill Peak, Halfway, and Posy Valley faults, and its location between the
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Figure 15. Transfer zones are subdivided into groups based on the
surface traces of the basin bounding normal faults and their relative dip

directions. Faults dipping towards each other are convergent, faults
dipping away from each other are divergent, and faults dipping in the
same direction are synthetic. Transfer zones are further subdivided based
on the relative positions of the fault tips; approaching: fault tips have not
propagated past one another, overlapping: fault tips have propagated
past one another, parallel: transfer zone occurs between two completely
overlapping faults, and co-linear: transfer zone occurs between two faults
that are in line with each other (modified from Morley et. al. 1990).

southeast tip and northwest tip of each fault suggests that displacement on these
three faults would be accommodated as sinistral-normal slip in the PRPFZ.
Therefore, in the classification of Morley (1990) the PRPFZ would fall in the
category of synthetic approaching transfer zone (Fig. 15).
Strike-slip in the PRPFZ

The amount of strike slip displacement within a transfer zone is a function
of the displacement direction and the amount of extension on the normal faults

linked by the zone (Fig. 17). For the case of two pure dip-slip normal faults linked
by a transfer zone perpendicular to their strike the amount of strike-slip
displacement within the zone (SStz) is equal to the amount of extension on the

normal faults (Eb), which in this case equals the net horizontal displacement. If the
amount of extension across the linked normal faults is known, the amount of strikeslip displacement within the transfer zone can be estimated from the difference in
strike between the transfer zone and the displacement direction on the normal faults
(OS) by the formula:
SSt = Eb*cos(AS)

(1)

For the case of two oblique normal faults linked via a transfer zone, where
the displacement direction is not normal to fault strike and Eb # the net horizontal
displacement, the amount of strike-slip in the transfer zone will be underestimated.
Using this formula the amount of strike-slip in the PRPFZ can be estimated (Fig.

16). A value of Eb = - 396 m for the normal faults calculated from slip data shown
in table 1, vertical displacements determined from cross sections (Fig. 19) and
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Figure 16. Proposed models for the local deformation styles, and types of
transfer zones. A) Sinistral synthetic transfer zone linking extended
terranes parallel to the extension direction. B) Sinistral-oblique transverse
transfer zone linking synthetic approaching normal faults. C) Generalized
map of major faults in the study area interpreted in the context of the
model in figure 16 b. A and B (modified from Faulds and Varga, 1998,
and Morley et. al. 1990).

reported by Skurla (1974) and Zollweg and Wood (1993), and a 50° value for AS,

place the value of strike-slip displacement within the PRPFZ at - 255 m since the
Miocene.

Alternatively, the extension measured across the PRPFZ derived from
cross-sections and field data, also shown in table 1, can be used to calculate the
amount of strike-slip within the zone:

SSa = (Ea/cos D)/(tan R)

(2)

Where E,, is the amount of extension across the transfer zone, D is the average dip

of faults within the PRPFZ, and R is the average rake of measured fault plane

lineations (Fig. 18). If we use formula # 2 with a value of E,, = 208 m (Fig. 19), an
average fault dip (D) of 65°, and an average rake of 34°, the amount of strike-slip
within the PRPFZ is calculated to be 730 m, which is approximately 3 times that

estimated by formula # 1. Some possible sources for this discrepancy are;
1) paleotopography and unconformities between basalt units could allow for
overestimates on fault displacements, 2) underestimated displacement on Halfway

fault due to an unknown thickness of Quaternary basin fill in Pine Valley adjacent
to the fault, 3) the HW, PV, and SP faults are oblique-slip faults, 4) the PRPFZ may
not transfer 100% of the displacement between the HW-PV and SP fault systems,
or 5) displacement of PRPFZ is accommodated by structures in addition to the
HW-PV and SP faults.

We can use the detailed slip data for the PRPFZ to further asses the faulting

kinematics of the Halfway, Posy Valley and Sturgill Peak faults. In order to
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F igure 17. Schematic di-agram representing possible orientations of AS with re spect to the extension
d irection and associated formula used to calculate the strike slip in the PRPFZ based on the relative
geometries of the PRPFZ and Halfway, Posy Valley, and Sturgill Peak faults.
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reconcile the two estimates of strike-slip in the PRPFZ, and account for the 475 m
of "missing slip" two assumptions are required: 1) the PRPFZ accommodates 100
% displacement transfer between the HW-PV, and SP fault systems, and 2)

paleotopography and unconformities are a negligible source of error. The amount
of normal separation across the Halfway fault is based on a basin fill thickness of

-100 m of Quaternary basin fill in Pine Valley. Analysis of boreholes in the Grand
Ronde valley have revealed Quaternary sediment thicknesses > 680 [Van Tassell,

2002]. Basin fill sediments in other similar valleys in northeast Oregon, such as the
Baker and Richland valleys (Fig. 3) are at least 150 m thick [Walker and Robinson,

1990]. If we assume the basin fill in Pine Valley is at least 250 m thick, (a
reasonable value based on the thicknesses of similar valleys in the region) thereby
increasing the extension on the Halfway fault from 308 m to 424 m, we can
account for 292 m of strike-slip in the PRPFZ by increasing the previous estimate

from 255 to 547 m. The second possibility is that the HW-PV and SP faults are not
purely dip-slip structures. If we assume this is true, we can force the component of
oblique slip required on each fault system to produce 730 m of strike-slip in the

PRPFZ. If the HW-PV and SP fault systems are oblique slip, and the PRPFZ
accommodates 100% displacement transfer between them, then the strike-slip
component of slip on the HW-PV and SP systems would be transferred directly to

the PRPFZ in the form of strike-slip. Given this relationship we can use formula
#2 from above to solve for the rake needed on the HW-PV and SP systems to
produce the necessary strike-slip component to account for all 730 m of strike-slip
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in the PRPFZ. We can use the amount of extension across the HW-PV system (Eb
= 750 m) adjusted for 250 m of basin fill in Pine Valley, the amount of "missing
slip" in the PRPFZ (ms =183 m) and fault dip (D = 65°) to solve for the required
rake on the Halfway-Posy Valley fault system.

rake = tan i [(Eb !cos * D)/ms]
rake = 84°
similarly for the Sturgill Peak fault where Eb = 160 m, ms = 183, and D = 76° ....

rake = tad' [(Eb /cos * D)/ms]
rake = 74°
The 730 m of strike-slip (estimated in formula 2, pg. 20) in the PRPFZ
requires that the Halfway-Posy Valley faults and the Sturgill Peak fault
accommodate approximately 183 m of strike-slip, assuming the PRPFZ

accommodates 100% displacement transfer. The resulting sinistral oblique-normal
slip on the Halfway-Posy Valley faults yields a rake of 84° to the NW, and 74° to

the NW on the Sturgill Peak fault. These estimates suggest that the Halfway, Posy
Valley, and Sturgill Peak faults accommodate a component of sinistral slip, which
is consistent with field observations and regional earthquake focal mechanisms.
All of the above relationships indicate that if the PRPFZ acts as a transfer zone
between the Halfway, Posy Valley, and Sturgill Peak faults then the Halfway, Posy
Valley and Sturgill Peak faults must be sinistral oblique-slip faults.

4

dip slip

Dip-slip = E/(cos dip)
Strike-slip = (E/cos dip)/tan rake

Figure 18. Block diagram illustrating derivation of the formula used
to calculate strike slip in the PRPFZ based on the amount of
extension, or dip-slip motion across the PRPFZ, and fault plane
lineations measured in the PRPFZ.
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Slip rates

Minimum and maximum slip rates were calculated for local faults (Table

1). The minimum slip rates were calculated from the net-slip offset of the Tib/Tgr
contact c.a. 15 Ma. Maximum slip rates were calculated using either the bedrock
scarp height or offset of Quaternary units with relatively well-known ages,

specifically the -14 ka Bonneville flood gravels, where applicable. Due to the lack
of mapped or documented offset Quaternary deposits, the maximum slip rates for
the Halfway and Posy Valley faults are based on the assumption that fault growth is

the same age or older than the oldest sediments in adjacent half grabens. The
range-front escarpment associated with the Halfway fault, for example, is assumed
to be younger than the oldest basin fill sediments in Pine Valley which are
estimated here to be of mid to late Pliocene in age c.a. 2 Ma, based on similar
basins in northeast Oregon in which the oldest sediments are Pliocene age [Van
Tassell, 2002].

Seismic Hazard
Previous studies

Previous geological analysis of fault activity and seismic hazard studies in
the Hells Canyon area were based principally on high altitude air-photo
interpretation, field checking, and a review of geological mapping for the Hells

Canyon area [Zollweg and Wood, 1993]. Zollweg and Wood (1993), estimated
the surface wave magnitude and peak ground accelerations of maximum credible
earthquakes for three structures in the Hells Canyon area, and one floating or
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random earthquake assuming a 16 km thick seismogenic layer and 45 degree
dipping fault (Table 3).
Activity

Data presented herein of Quaternary age faulting suggests that at least 4
local structures, the Tarter Gulch, Coyote, Peninsula, and Juniper faults are active.
The historic seismicity recorded within the WPVSZ, which is spatially coincident
with the PRPFZ, implies the PRPFZ is an active fault zone that poses a potential

threat to the local hydroelectric facilities (Fig. 13). Evidence of Quaternary activity
on the larger structures, Halfway, Posy Valley, and Sturgill Peak faults, is much

less clear. If the regional structural model is correct their association with active
faults in the PRPFZ may suggest that they too are active structures, albeit with low
slip rates.
New Calculations

The seismicity data and field relationships presented here suggest that the
most seismically active area is the Western Pine Valley Seismic Zone, identified by
Zollweg and Wood (1993), corresponds to the Powder River Peninsula Fault Zone

mapped in this study. Given that this study provides new data on the specific fault
dimensions within the WPVSZ and slip, new maximum earthquake magnitude

values can be estimated for the zone. In table 4a the seismic moment (Mo= µAD,
where µ is the shear modulus - 3 * 10^t 1 dyne/cm2, A = rupture area (assuming a

16 km thick seismogenic layer), and D = average slip per event of 50 cm), moment
magnitude (Mw = (log Mo -16.05)11.5), and surface wave magnitude (Ms = log A
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+ 4.15), have been calculated for each fault within the PRPFZ with known
Pleistocene and/or Holocene activity [Hanks and Kanamori, 1979; Wyss, 1979].
Also shown, in table 4b, are the possible moment magnitudes and surface wave
magnitudes resulting from different rupture scenarios within the PRPFZ.

The calculations of maximum credible earthquakes based on the fault
dimensions from newly mapped faults of the Powder River Peninsula Fault Zone

generally agree with those calculated for the Western Pine Valley Seismic Zone by

Zollweg and Wood (1993). The documentation of Pleistocene and/or Holocene
faulting in the WPVSZ/PRPFZ presented in this study further substantiates the
interpretation that faults within this zone are capable of producing damaging
earthquakes and thus pose a threat to local hydroelectric facilities.

New Data
Slip styles

The geologic data, composite focal mechanisms, and inferred orientation of

the regional stress field suggest that structures in the study area are capable of
generating three different types of slip events. The northwest trending structures,

Halfway, Posy Valley, and Sturgill Peak faults are likely to generate events during

which the dip-slip component is greater that the strike-slip component. In contrast,
the north trending faults of the PRPFZ are capable of producing a wider variety of
slip events, ranging from normal to sinistral oblique-normal to sinistral strike-slip.

A third type of event, given the regional stress field, is a sinistral strike-slip event
on a northeast trending structure such as the Hite fault or other northeast trending
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structures. Recent seismicity and composite focal mechanisms [Zollweg and
Jacobson, 1986; Zollweg and Wood, 1993], suggest that local deformation is
predominantly normal faulting associated with minor sinistral oblique-normal
faulting occurring along northwest trending structures (Fig. 12).

Discussion
Implications for regional tectonics

New mapping along the southern boundary of the Pine Valley graben does
not support the interpretation of Mann and Meyer (1993) that northwest-trending
normal faults and grabens are the result of the successive right stepping of a major

through going dextral shear zone such as the OWL. Rather, these new data suggest
that regional deformation is dominated by northeast-southwest directed crustal
extension resulting from oblique rifting oriented between N 0°E and N 30°E.
Furthermore, the large dip-slip/strike-slip ratio on the Halfway-Posy Valley,
PRPFZ, and Sturgill Peak fault system casts further doubt on the interpretation that
these structures are part of a through-going dextral shear zone. Northwest-striking
normal faults dominate the faulting regionally and other tensional features such as
Columbia River Basalt Group dikes imply that ENE-WSW directed extension may

have persisted since Miocene time. The implied stress field is similar to that
inferred for the northern Basin and Range province near the Brothers Fault Zone in
central Oregon [Hooper and Conrey, 1989; Lawrence, 1976; Pezzopane and
Weldon, 1993].
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The OWL step over model is also inconsistent with the geometry of the

Halfway, Posy Valley, PRPFZ, and Sturgill Peak faults. The OWL step over model
predicts dextral oblique-normal motion on these major graben-bounding faults,
which implies that the faults within the PRPFZ should also be dextral oblique-slip

faults given their strike. The observation that the faults in the PRPFZ have a large
component of sinistral slip suggests that the major graben bounding faults spatially
associated with the PRPFZ, such as the Halfway, Posy Valley, and Sturgill Peak

faults, likewise accommodate a component of sinistral slip. Another possibility is
that the OWL is not a dextral shear zone but rather sinistral shear zone. Previous
workers have noted that the limited evidence for offset along the OWL seems to

suggest "the wrong direction" or sinistral shear [Raisz, 1945; Wise, 1963]. The
northwest trending graben bounding faults and associated north trending sinistral
fault zones such as the PRPFZ are consistent with a stress field in which maximum

extension occurs in a NE-SW direction. Thus, it is concluded that the regional
deformation in northeast Oregon is related to the northward continuation of Basin

and Range style deformation. If the OWL is a tectonically significant structure, it
does not extend into northeast Oregon or western Idaho.
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Conclusions
1) Quaternary Activity

This study provides the first conclusive evidence of Quaternary activity on

4 faults within the PRPFZ. The north-northwest striking Tarter Gulch and Coyote
faults have been active since the late Pleistocene as evidenced by offset of the c.a.

14 ka Bonneville flood gravels by each fault. Both the Tarter Gulch and Coyote
faults exhibit 10-15 m high bedrock scarps which along with slickenlines of
orientation 18°, 336° and 26°, 148° respectively, suggesting a sinistral oblique-

normal slip sense. The measured net offset of the Tib/Tgr contact (87 m) and the
offset of Bonneville gravels across the Tarter Gulch fault coupled with scarp height
(10 m) indicates a minimum net slip rate of 0.06 mm/yr, and a maximum net slip

rate of 1.5 mm/yr. A net offset of 75 m for the Tib/Tgr contact and the offset of
Bonneville gravels coupled with scarp height (10 m) on the Coyote fault suggests a
minimum net slip rate of 0.01 mm/yr and a maximum net slip rate of 1.5 mm/yr.
The maximum slip rates for the Tarter Gulch and Coyote faults were calculated
based on the assumption that scarp development occurred after the deposition of
the Bonneville flood gravels, therefore, the calculated slip rates are most likely
much greater than the actual slip rates. The Juniper fault also shows evidence of
movement since the late Pleistocene in the form of tilted and deformed lacustrine

clays, fanglomerate deposits, and interbedded water lain Pleistocene ash beds. A
net offset of the Tib/Tgr contact across the Juniper fault of 97 m suggests a

minimum slip rate of 0.01 mm/yr and an estimated maximum slip rate of -1 mm/yr
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based on the age of the youngest unit cut by the fault. Slickenlines oriented 176°,
32° indicate sinistral oblique-normal motion on the Juniper fault. The Peninsula
fault truncates a caliche horizon formed in Quaternary (?) colluvium suggesting this

fault has been active during the Quaternary. Offset of the Tib/Tgr contact by 158 m
across the Peninsula fault suggests a minimum slip rate of 0.01 mm/yr and an

estimated maximum slip rate of -1 mm/yr based on the age of the youngest unit cut
by the fault. Slickenlines observed on the Peninsula fault, orientation 114°, 52°,
indicate sinistral oblique-normal slip.

Historic seismicity shows a northwest trending band of earthquakes near the
mouth of the Powder River which previously could not be attributed to a structure,

however now can be attributed to seismic activity in the PRPFZ. Composite focal
mechanisms constructed for selected local events indicate dominantly normal
faulting events, accompanied by minor sinistral oblique-normal events, which
agrees with sense of displacement observed within the PRPFZ.
2) Tectonic Model

The data presented herein supports a regional tectonic model where crustal
deformation has been dominated by northeast-southwest extension resulting from
oblique rifting oriented between N 0° E and N 30° E, possibly since Miocene time.
The dominant regional northwest strike of major normal faults and CRB dikes of

Miocene age, is the basis for this interpretation. Whereas the geometry and spatial
association of the major faults within the study area (Halfway, Posy Valley and
Sturgill Peak) are similar to the northwest trend of the OWL, new detailed geologic
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mapping demonstrates that the slip sense on associated, and probably linked,
structures is sinistral and opposite of dextral sense of displacement proposed for the
OWL by previous studies
3) Transfer Zone Hypothesis

The more northerly strike of the PRPFZ with respect to the Halfway, Posy
Valley, and Sturgill Peak faults, the sinistral oblique sense of displacement within
the PRPFZ, and its location between the tips of two approaching synthetic
normal/oblique faults all suggest that the PRPFZ acts as a transfer zone between the
Halfway-Posy Valley and Sturgill Peak fault systems. It is unlikely that the PRPFZ
accommodates 100% displacement transfer between the Halfway-Posy Valley and

Sturgill Peak fault systems. The degree to which true displacement transfer is
accommodated in the PRPFZ is uncertain. At most the PRPFZ could accommodate
60-70% of the total displacement transfer and the remaining 30-40% of
displacement transfer is accommodated along other local structures in addition to
the PRPFZ.
4) Seismic Hazard

The results of this study generally agree with the findings of Zollweg and
Wood (1993), in so far as identifying the Western Pine Valley Seismic Zone
(PRPFZ this study) as the possible source of a damaging earthquake possibly as
large as Mw = 6.7 or Ms = 6.2. Faults within the PRPFZ have slip rates potentially
as high as 1.5 mm/yr on the Tarter Gulch and Coyote faults, however, a slip rate
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< 0.7-0.8 mm/yr on these structures seems more likely. Additionally, the moderate
slip rates calculated for the HW-PV and SP faults coupled with their spatial
association with the active PRPFZ suggests that these faults are active and may

have a low recurrence interval for large, Mw > 6, events. This interpretation of the
data identifies the Halfway-Posy Valley fault system and Sturgill Peak fault as the
more likely source for a large, Mw > 5, earthquake.
Structures within the study area are capable of producing three types of slip events,
pure normal, sinistral oblique-normal, and strike slip. Given the spatial association
of historic seismicity in the WPVSZ and the PRPFZ the most likely event would

appear to be a sinistral oblique-normal event. While it has little effect on the
probabilistic seismic hazard assessment and determination of maximum credible
earthquakes, this study further highlights the need for intensive monitoring and
further geologic investigation of local and regional structures and the related
seismic hazard.

Table 1

Fault slip data for major northwest striking faults and active faults in the PRPFZ

Fault

Halfway *
Posy Valley *
Sturgill Peak *
Tarter Gulch +
Coyote +

Peninsula +Juniper +-

Rake

Fault Extension Dip-Slip Strike-slip Net-slip
(m)
(m)
(m)
(m)
dip

84
84
74
20

65
65
76
62

30
53

58

34

85
65

308
325
160
14
20
11

23

729
769

77

661
30

190
82

733
773
688
87

38

65

75

126
54

81

95

158

81

97

(a) minimum slip rates determined from total offset
of Tib/Tgr contact c.a. 15 Ma
(b) maximum slip rates determined from scarp height and rake,
and a max age of 2.0 Ma for scarp development, or age
of youngest unit cut by fault
(-) no scarps present
(*) calculated rake
(+) measured rake

Slip rate (mm/yr)
Min (a)

Max (b)

0.05
0.05
0.05
0.06

0.22
0.14
0.30
2.85

0.01

2.03

0.01
0.01

< 3??
< 2??
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Table 2
Estimation of Surface Wave Magnitudes of Maximum Credible Earthquakes
Fault or Feature

Length of fracture
or segment (km)

Posy Valley

18

Rush Peak

12
21

WPVSZ

Estimated fault

Surface magnitude

area (km2)
407
271
475

of MCE (Wyss, 1979)
6.76
6.58
6.83

Table 3.

Estimation of Peak Ground Accelerations for Maximum Credible Earthquakes (from Zollweg and Wood, 1993)
Controlling faults and associated earthquakes for Brownlee Dam

Fault or Feature
Posy Valley
Rush Peak
WPVSZ
Random earthquake

Surface Wave
Magnitude
MS

Moment
Magnitude

6.8
6.6
6.8

6.8

MW

6.6
6.8
6.6

Distance to closest
hydroelecteic facility
D (km)
10
18
14

25

Peak horizontal ground
acceleration (g)
PGA
0.35
0.19
0.27
0.14

Controlling faults for and associated earthquakes for Oxbow Dam
Posy Valley
Rush Peak
WPVSZ
Random earthquake

6.8
6.6
6.8

6.8
6.6
6.8
6.6

24
32
27
25

0.16
0.11
0.14
0.14

Controlling faults for and associated earthquakes for Hells Canyon Dam
Posy Valley
Rush Peak
WPVSZ
Random earthquake

6.8
6.6
6.8

6.8
6.6
6.8
6.6
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59
59
25

0.06
0.05
0.06
0.14

WPVSZ = Western Pine Valley Seismic Zone, * =Surface wave magnitude calculated by method of Wyss (1979).

Table 4

Estimation of seismic moment magnitudes and surface wave magnitudes from fault parameters
Table 4a
Fault

Tarter Gulch
Coyote
Juniper
Peninsula

Rupture scenarios

fault with largest area
two faults with largest area
three faults with largest

Length (km)

A = area (cm^2)

7.9
4.2

1.43E+12
7.92E+11
1.04E+12
9.48E+11

5.9
5.9

Length (km)

A = area (cm^2)

7.9
13.8
19.7

1.43E+12
2.47E+12
3.42E+12

23.9

4.21E+12

Ms
Mw
D = estimated average
(Hanks et. al., 1979) (Wyss, 1979)
slip per event (cm)
6.31
50
6.19
6.05
50
6.02
6.17
50
6.10
6.13
50
6.07

Table 4b
D = average slip
per event (cm)

Mw

Ms
Hanks et. al., 1979 (Wyss, 1979)
6.31

200

6.19
6.55
6.84

300

7.02

6.77

50
100

6.54
6.68

area

all faults
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