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ABSTRACT

Aftershock hypocenters of the 1984 Devil Canyon, Idaho earthquake
indicate the sequence was associated with conjugate normal faulting on two
northwest-striking normal faults that bound the Warm Spring Creek graben.
The M, 5.8 mainshock occurred on August 22, 1984 and is considered a late
aftershock of the M, 7.3 Borah Peak earthquake of October 28, 1983, which
ruptured portions of the Lost River and Lone Pine faults. Focal
mechanisms and the distribution of aftershock hypocenters suggest that the
seismogenic part of the Challis segment of thé Lost River fault has a
planar geometry which strikes N 25° W and dips 75° SW, and the Lone Pine
fault has a planar geometry which strikes N 39° W and dips 58° NE. Focal
mechanisms indicate that the earthquakes on the Challis segment and Lone
Pine fault were caused by predominantly normal faulting with minor
components of left-lateral strike-slip. Their T-axes are consistent with
the northeast-southwest extensional direction of the Tocal Basin and Range
province.

The mainshock nucleated at a depth of 12.8 + 0.7 km on the Challis
segment where the conjugate faults merge. The largest aftershock, M 5.0
on September 8, 1984, nucleated at a shallower depth of 7.1 + 1.9 km on
the Lone Pine fault. The Devil Canyon mainshock is interpreted to have
ruptured unilaterally upward and to the northwest along the Challis

segment of the Lost River fault system. Rupture dimensions inferred
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from the aftershock distribution indicate the mainshock had a static
stress drop of 14 bars. The largest aftershock may have ruptured upward
and to the northwest along the Lone Pine fault. It is suggested that
stress changes resulting from the rupture of the M, 5.8 mainshock along the
Challis segment increased shear stresses on the Lone Pine fault which was
probab1y close to its yield stress. This increase caused the M 5.0
primary aftershock and most of its subsequent aftershocks to occur along
the Lone Pine fault.

Characteristics of the conjugate normal faulting observed in the
Devil Canyon sequence consist of normal faults that have their own
orientations and sense of slip, but are mechanically coupled Teading to a
cause-and-effect relationship for contemporaneous slip along each fault.
Similar characteristics are observed in other conjugate normal
faulting sequences, as well as strike-s1ip and thrust conjugate faulting
sequences worldwide. Comparison to these other conjugate faulting
sequences suggests that the direction of rupture, Tocation of the
initiating earthquake, and the stress Tevel on pre-existing fauTtS may be

important'factors as to whether the conjugate fault becomes active.
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CHAPTER 1. INTRODUCTION

Conjugate normal faults are widely observed in the geologic
record, but are not well understood. Improved capabilities of acquiring
detailed earthquake data and the fortuitous occurrence of some conjugate
fault sequences have made it possible to identify and_study cqnjugate‘
normal faults and other conjugate fault pairs. One question that has
been raised is whether the conjugate faults move independently or
simultaneously. On one hand, it does not seem geometrically possible
that two conjugate faults can operate simultaneously because they would
interfere where they cross each other (Freund, 1974), and in some
examples, fault geometries do indicate that one fault consistently
offsets the other (Horsfield, 1980). On the other hand, Horsfield
(1980) has demonstrated through sand box experiments that conjugate
normal fault pairs can operate contemporaneous1y by small scale faulting
near their intersections. He further suggests that the same can happen
in large-scale structures. Two recent earthquake sequences, the 1980
| Irpinia, Italy and the 1982 North Yemen, Arabian Peninsula, provided
seismological evidence that conjugate normal faults can move
contemporaneously (Crosson et al., 1986; Langer et al., 1987).

The 1984 Devil Canyon earthquake sequence provides a rare
opportunity to investigate conjugate normal faulting. Well-constrained

hypocenters and focal mechanisms provide evidence for contemporaneous
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activity along two northwest-striking conjugate normal faults. The 1984
- Devil Canyon sequence is arguably the best seismolegical example of
conjugate normal faulting observed to date. Characteristics of
conjugate normal faulting observed in the Devil Canyon sequence have
application to the tectonics of the Basin and Range and extensional
settings worldwide.

“The 1984 Devil Canyon earthquake sequence began on August 22, 1984
when a M_ 5.8 earthquake occurred south of Challis, Idaho, about ten
months after the 1983 M, 7.3 Borah Peak, Idaho earthquake (Figure 1).
The Borah Peak mainshock was associated a maximum of 2.7 m of
predominantly normal slip along the central segment of the Lost River
fault (Crone et al., 1987). The 1984 Devil Canyon earthquake is
considered an aftershock of the Borah Peak earthquake since it occurred
along a northern segment of the Lost River fault and within a trend of
aftershock epicenters that migrated northward beginning ten days after
the Borah Peak mainshock (Zollweg and Richins, 1985). The 1984 sequence:
was named for Devil Canyon which is located near the epicenter of the M,
5.8 event. The M_ 5.8 earthquake occurred on the Challis segment of the
Lost River fault and its largest aftershock, M, 5.0, occurred 17 days
later on the Lone Pine fault (Figure 2). |

In this study,' the term "conjugate" refers to faults that occur
in two intersecting sets and coordinated kinematically, with each set
being distinctive in both orientation and sense of shear (Davis, 1984).
Contemporaneous activity along the conjugate faults is defined as
occurring within the time frame of the mainshock-aftershock sequence

(three weeks for this sequence and generally less than one month in
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other observed cases). Detailed recordings of microearthquakes from a
dense array of temporary analog seismic stations are analyzed. The
focal mechanisms and hypocenter spatial and temporal characteristics are
combined with geological information to assess the style, geometry,
’timing, kinematics, and mechanics of conjugate normal faulting. The
characteristics of conjugate normal faulting observed in the Devil
Canyon sequence are compared to other conjugate normal faulting

- sequences, andrstrike-s1ip and thrust conjugate sequences worldwide.




CHAPTER 2. SEISMOTECTONIC SETTING

Tectonic and Geologic Framework

The 1984 Devil Canyon earthquake sequence occurred south of
Challis, Idaho in the northern Basin and Range tectonic province, near
the Idaho Batholith (Figure 1). The northern Basin and Range lies
northwest of the eastern Snake River Plain, a northeast-trending
Tertiary and Quaternary bimodal-volcanic track of the Yellowstone
hotspot (Pierce and Morgan, 1992), and southeast of the trans-Challis
fault system, a northeast-trending Eocene extensional feature (Bennett,
1986). Basin and Range extensional faulting began sometime between late
Oligocene and mid-Miocene time, and has continued into the Holocene
(Hait and Scott, 1978; Ruppel, 1982; Hobbs et al., 1991). Three major
mountain ranges in this region include the northwest—trending Lost
River, Lemhi, and Beaverhead mountains which extend about 140-150 km
from the eastern Snake River Plain to the trans-Challis fault system.
The rahges,are bounded on their southwest flanks by major normal fault
systems, resulting in a half-graben fault style (Figure 1).

The Devil Canyon epicentral area is situated within the Warm
Spring Creek graben, which is bounded on the east side by northwest-
striking segments of the Lost River fault and on the west side by the
northwest-striking Lone Pine fault (Figure 2) (McIntyre et al., 1982;
Hobbs et al., 1991). Uplifted blocks of Paleozoic sedimentary and




metamorphic rocks are exposed in the mountain ranges bounding the
graben. Geologic cross-sections through the graben show a down-dropped
block of Paleozoic basement rock overlain by Quéternary sedimentary and
Tertiary volcanic rocks (Baldwin, 1951; Hobbs et al., 1991).

The northern portion of the Lost River fault consists of two fault
segments, the Warm Spring and Challis segments (Scott et al., 1985).
The Warm Spring segment extends from the Willow Creek Hills to Devil
Canyon. This segment is characterized by a prominent range front,
several steep fault scarps, and minor surface faulting along some
Holocene scarps that occurred during the Borah Peak eafthquake sequence
(Crone and Haller, 1991). The 1983 surface faulting along this segment
has been interpreted to be secondary in nature (Ward and Barrientos,
1986; Barrientos et al., 1987; Crone et al., 1987). Paleoseismic
inVestigations'a1ong this segment suggest that prior to 1983 the most
recent offset occurred 5500-6200 years ago (Schwartz and Crone, 1988).

Devil Canyon is located at the segment boundary between the Warm
Springs and Challis segments. The segment boundary is interpreted from
a 0.5 km left step in the Lost River fault, several subsidiary
ndrthwest-striking normal faults, and changes in the age of faulting and
. geomorphic expression of the Warm Spking and Challis segments (Hobbs et
al., 1991; Crone and Haller, 1991).

The primary or central strand of the Challis segment strikes N 25°
W from Devil Canyon to Challis, Idaho. Its fau1ting history is poorly
known (Crone et al., 1987). Crone and Haller (1991) report that the
fault scarp is subdued, suggesting a lower long-term siip rate.

Reconnaissance studies by Scott et al. (1985) indicate very little
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evidence for late Quaternary faulting. The geomorphic expression of the
valley and range indicate the fault may separate into two diverging
strands (central and western strands; Figure 2) (Crone and Haller,
1991). There may also be a third strand of the Challis segment located
to the east which has an average strike of N 14° W (Figure 2) (Hobbs et
al., 1991). No detailed information is current]y available on the age
of most recent offset or amount of displacement along the eastern
strand. However, the fault displaces Eocene Challis volcanic rocks and
is concealed beneath Quaternary ]éndé]ide deposits (Hobbs et al., 1991).

The Lone Pine fault strikes approximately N 39° W from the Willow
Creek Hills to Bradbury Flat, about 2 km south of the Salmon River
(Figure 2) (Baldwin, 1951). Minor surface faulting associated with the
Borah Peak earthquake was observed along the southern end of the Lone
Pine fault near the Willow Creek Hills (Crone et al., 1987). Limited
field reconnaissance indicates that there may be evidence of Holocene
movement pribr to 1983 (C. Waag, personal communication, 1993).
Segmentation of this fault has not been investigated in detail, but a
change in the strike of the Lone Pine fault north of Spar Canyon and the
presence of several short northwest-striking subsidiary normal faults at
Spar Canyon (Hobbs et al., 1991) suggest the presence of a segment
boundary (Figure 2).

Contemporary Seismicity

The Devil Canyon sequence as discussed here began with a M, 5.8
earthquake on August 22, 1984 at 09:46 UTC, ten months after the Borah

Peak mainshock. The sequence occurred about 15 km north of the northern




terminus of immediate aftershock zone of the Borah Peak earthquake
(Figure 3). The Devil Canyon maiﬁshock was one of the three largest of
the Borah Peak aftershocks, all of which had M_ 5.8.

Modeling of long-period body waves by Doser and Smith (1985)
indicate that the rupture of the Borah Peak earthquake consisted of a
single event which began at the southern end of the Thousand Springs
segment and propagated unilaterally northwestward toward the surface.
Richins et al. (1987) show that the‘majority of aftershock hypocenters,
within a three-week time window, are located along the Thousand Springs
segment (Figure 3). Hypocenters for these aftershocks define a
northwest-striking normal fault dipping to the southwest along the
Thousand Springs segment (Richins et al., 1987; Shemeta, 1989). Very
few aftershocks were observed south of the mainshock epicenter along the
Mackay segment (Richins et al., 1987). Susong et al. (1990) suggested
that the intersection zone or segment boundary between the Mackay and
Thousand Springs segments arrested the spread of rupture to the south
along the Mackay segment either by rupture branching or interiocking of
subsidiary faults (King, 1983; Bruhn et al., 1987, 1990), thus directing
unilateral rupture to the northwest a]ong the Thousand Springs segment.
They also propose that the intersectjon zone was the site of the rupture
nucleation for the Borah Peak mainshock. Based on the pattern of
surface faulting in the Willow Creek Hills near the Thousand Springs
segment and along the Warm Springs segment, fault rupture may have

terminated at this location due to a barrier (Boatwright, 1985; Crone et

al., 1987).
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_Zo]lweg and Richins (1985) noted that aftershock epicenters
migrated northwest along the Lost River fault from the immediate
aftershock zone to the trans-Challis fault system near Twin Peaks
beginning about ten days after the Borah Peak mainshock. They also
showed -a concehtration of epicenters in the area of the Devil Canyon
sequence prior to the M_ 5.8 on August 22, 1984 (Figure 3).

After the M_ 5.8 earthquake, aftershocks continued until at least
late September, 1984. There were 50 aftershocks exceeding M, 3.0,
including five that exceeded M 4.0 and one that had M,=5.0. Sixteen of
these small to moderate size aftershocks are analyzed in this study,

including the primary aftershock, M 5.0.

Reqjona1 Stress Field

Stress data indicate that the Basin and Range province northwest
of the eastern Snake River Plain is characterized by an extensional
stress field oriented northeast-southwest. Figure 4 shows a compilation
of minimum principal stress orientations from: 1) Zoback ahd Zoback
(1989) for the region; 2) Zollweg and Richins (1985) near Twin Peaks; 3)
Stickney (1993) near the Beaverhead fault; and 4) Jackson et al. (1993)
for the eastern Snake River Plain. The focé] mechanism for the M 5.8
August-22, 1984 earthquake shows a T-axis consistent with the

surrounding northeast-southwest extensional stress orientation (Zollweg

and Richins, 1985).
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CHAPTER 3. DATA COLLECTION AND ANALYSES

Data Collection for the 1984 Microearthquake Survey

Within a day of the M_ 5.8 earthquake on August 22, 1984, the U.
S. Geological Survey (USGS), University of Utah Seismograph Stations
(UUSS) and Idaho National Engineering Laboratory (INEL) began installing
twenty-three portable analog seismographs in and around the aftershock
zone. The seismographs operated from August 23, 1984 to September 14,
1984. A total of thirty sites were occupied covering an area 40 x 60 km
with an average station spacing of about 10 km and providing good
azimuthal coverage (Figyre 5). Up to twenty-two stations operated at
one time and the closest stations were within 1-2 km of the epicentral
area, providing good focal depth control. Table 1 lists the code, name,
and location of each temporary station. Locations for the INEL, USGS,
and one UUSS stations were determined using a Magellan NAV PRO 1000
portable global positioning system receiver. The remainder of the UUSS
station locations were obtained from topographic maps. A1l GPS
locations were reduced to the topographic map datum (1927 North American
datum). Elevations were measured from the topographic maps.

The USGS and UUSS operated Sprengnether MEQ-800 portable
~ seismographs and the INEL operated Teledyne Geotech Portacorders. The
INEL and USGS used Mark Products model L4-C seismometers and the UUSS

used Teledyne Geotech model S-13 and Kinemetrics Ranger seismometers.
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Figure 5. Location of temporary seismic stations for the 1984 Devil

Canyon microearthquake survey.

Also shown are the epicenters of the

master events used to assess station delays.
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TABLE 1.

Station Tocations for 1984 Devil Canyon microearthquake survey.
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Location '
Station Latitude Longitude Elevation
Code Name  (deg-min)  (deg-min) (m)
Idaho National Engineering Laboratory®
SuB Substation 44 26.457 114 6.347 1732
- WMS Warm Springs Ranch 44 26.773 114 9.630 1632
U.S. Geological Survey?®
AIL Trail Creek 44 32.357 113 58.263 1682
AND Anderson Spring 44 37.973 114 1.730 1564
ANT Antelope Flat 44 24.157 114 3.330 1890
BRA Bradbury Gulch 44 26.073 114 12.113 1600
CHS  Challis Hot Springs 44 31.390 114 10.313 1516
CNF Challis National Forest 44 30.423 114 13.280 1574
DBS Doublespring Creek 44.20.957 113 46.980 2012
ELK Elkhorn Creek 44 4.457 113 49.297 2097
MAL Malm Gulch 44 21.140 114 14.963 1670
MIL Mill Creek 44 27.307 113 51.830 1841
MOR Morgan Creek : 44 39.857 114 13.897 1792
RED Red Rocks 44 31.207 114 6.880 1878
SHE Sheep Creek , 44 16.773 113 56.947 2269
SPB Sheep Pen Basin 44 23.723 113 50.997 2216
SPR Spar Canyon 44 17.857 114 6.597 2012
WGR Wine Glass Ranch 44 34.140 114 16.163 1713
University of Utah®
BAH Bayhorse 44 23.891 114 20.145 2073
BSG Bradshaw Gulch 44 20.000 114 16.661 1634
DAG Daugherty Gulch 44 29.738 114 20.256 2139
GVC Grandview Canyon ‘ 44 22.256 114 3.642 1853
LEG Leaton Gulich 44 30.270 114 8.273 1652
LPP Lone Pine Peak 44 23.435 114 9.337 1757
MCP McNabb’s Point 44 35.433 114 10.932 1536
- MCG McGowan Creek 44 20.699 114 0.384 2152
RCI = Road Creek 44 11.367 114 16.115 1774
SCG Shotgun Creek 44 38.186 114 6.195 1512
SPC Spar Canyon 44 17.950 114 6.469 1999
THO Thousand Springs?® 44 11.190 113 57.280 2036

a - Locations measured with a portable global
accuracy of + 30 m. Locations are reduced to
by subtracting 15 m from the latitude, and 71

positioning system with an
the topographic map datum
m from the longitude.

b - Locations measured from topographic maps have an estimated error of
+ 30-60 m.
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A1l of the portable seismographs operated at gains ranging from 72 to 96
dB with filters set at 0-10 or 5-10 Hz. The majority of seismographs
produced two-day records, although a few generated one-day records. In
both tases, drum rotation rates were 60 mm/min. Dates of the
seismograms that were evaluated for each station in this study are

Tisted in Appendix A.

~ Earthquake Analyses

P-Wave Arrival Times

P-wave arrival times and polarities of two-hundred-forty-eight
aftershocks were measured from seismograms for the time period of August
27, 1984 to September 14, 1984. Arrival times were read to + 0.02 s
using an ocular. Station polarities were determined from comparing six
Cyprus mine blasts, eight teleseisms, and several squat tests (see
Appendix A). Before locations were determined, corrections were made to
the P-wave arrival times to account for errors due to time drifts in the
seismograph clocks. To minimize relative errors in the hypocentral
Tocations, corrections were also applied to the arrival times to account
for differences in elevations between the stations and imperfections in

the velocity model.

Time Corrections

Time corrections were made by comparing portable WWV radio
receivers to the internal clocks of the seismographs. WWVY and internal-
clock time codes were recorded simultanecusly on the UUSS and INEL

seismograms so that the.internal-clock error could be measured. The
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UUSS and INEL set their seismograph clocks to lag behind WWV time by 2.0
to 4.0 s. The USGS used an oscilloscope to measure the difference
between the WWV radio receiver and internal clock, and set the internal
clocks to match WWV time; the observed time error was\noted on the
seismogram. Appendix A lists the time differences as measured from the
INEL and UUSS seismograms. Time differences listed in Appendix A for
USGS stations are opposite the time errors noted on their seismograms.

For each earthquake, Eduation [1] was used to correét the observed
P-wave arrival time using the time differences. Equation [1] is based
on the assumption that the drift rate of the seismograph clock is linear

between time comparisons.

(T..-T,)
T, =T, +[—22 1
ol P : -7,

X(Atz"‘Atl)] + Atl [l]

where Tp is the corrected P-wave arrival time (s); Top 13 the observed
P-wave arrival time (s); At, and At, are the time differences (s)
measured between WWV and seismograph clock at times T, and T,,
respectively (see Appendix A); and T, and T, are the times (s) when WWV
and seismograph clock codes were compared. T, is the closest time of
At, before and T, is the closest time of At, after T.

Time comparisons before or after obsefved P-wave arrival times
were missing from several seismograms due to seismograph clock failures.
Time corrections for these P-wave arrival times were estimated by using
the average drift rate computed from the other time differences for that

station. Because the drift rate for WMS was erratic, time corrections

could not be estimated for P-wave arrival times from September 7, 1984
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at 18:39 UTC through September 10, 1984 at 19:40 UTC. These P-wave

arrival times were not included in the hypocenter determinations.

Velocity Model

Initially, the 1-D Borah Peak velocity models developed by Richins
et al. (1987) and Shemeta (1989) were used to locate the Devil Canyon
aftershocks (Figure 6). When compared to the Devil Canyon velocity
model finally adopted, the Borah Peak velocity models resulted in larger
RMS errors and caused P-wave arrivals that had the character of
refracted waves to be modelled as direct waves. The latter problem had

a major effect on the angle of incidence which caused difficulties in
determining focal mechanisms. Thus, two complementary methods using
blast and earthqdake data were empioyed in an analysis to develop a
better 1-D velocity model (see Appendix B for details). The overall low
resolution of the seismic data only permitted evaluation of 1-D velocity
models.

The Devil Canyon velocity model shown in Figure 6 was developed

from this analysis. It ha§ an intermediate layer of 5.9 km/s at depths
"of 8.5 to 11.0 km which is not present in the Borah Peak velocity
models. This infermediate Tayer was required to provide a better fit to
the earthquake data used in the ana]ysis'(Figures B-3 and B-4 in
Appendix B). The Devil Canyon velocity model was chosen to locate the
aftershocks because it: 1) resulted in lower RMS errors; 2) allowed P-
wave arrivals had the character of refracted waves to be calculated as

refracted waves on focal mechanisms; and 3) had the best fit to the

earthquake data used in the velocity model analysis.
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Elevation and Station Corrections

Stations were located at elevations ranging from 1512 to 2269 m.
Since differences in elevations could amount to as much as 0.22 s
difference in arrival times, elevation corrections were applied. The
elevation corrections (see'Appendix A) were computed using a near-
surface velocity of 3.4 km/s and a datum elevation of 2000 m.

A master event technique similar to Corbett (1984) was used to
determine station delays. In applying the master event technique, it
was assumed that the calculated travel-time residuals are due to fixed
station delays that cannot be accounted for in the velocity model.
Near-station effects and inadequacies in the velocity model were reduced
by using station delays estimated from the master events to locate all
remaining earthquakes in the sequence. Thus, the remaining earthquakes
have accurate relative hypocenters which provide a better representation
of fault relationships associated with the earthquake sequence (Johnson
and Hadley, 1976).

Nine earthquakes that were recorded by twenty-one or twenty-two
stations were selected as master events to establish the station delays
listed in Appendix A. Figure 5 shows the locations of the nine master
events. A1l but three of the twenty-two stations were used to determine
the master-event locations. WMS was not used since its clock drift was
very erratic. LEG and SPC were not used since stations CHS and SPR were
located within 3 km, respectively (Figure 5). CHS and SPR were chosen

to determine the master-event locations since these station’s were

located with the portable GPS.
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Nine master events were used to determine P-wave delays for
twenty-two stations using the Devil Canyon velocity model. The
resulting travel-time residuals were averaged for each station to
determine the station delay (Appendix A). The epicenters and focal
depths of the nine master events were also averaged, resulting in 44°
24.24', 114° 6.37), 7.58 km. This average location was used as the
starting location in determining the station delays for the eight
remaining stations. The initial set of station delays were subtracted
from their respective P-wave arrival times of earthquakes selected to
determine the traQel-time residuals of the remaining stations. Travel-
time residuals from a minimum of seven earthquakes were averaged to
determine delays for the remaining stations, except for RED. Only four
events could be used to estab?ishAthe station delay for this station

because of its short operating period.

Locations and Focal Mechanisms

The P-wave arrival times adjusted for clock, elevation, and
statjon corrections were used in the HYPOINVERSE computer Tocation
program (Klein, 1989) with the Devil Canyon velocity model (Figure 6;
Model 1) to determine fhe hypocenters and parameters for computing focal
mechanisms. The average location for the nine master events was used as
the starting location in the HYPOINVERSE program for all two-hundred-
forty-eight earthquakes Tisted in Appendix C.

Clear, impulsive first motions of the best located earthquakes
were used in the FPFIT computer program (Reasenberg and Oppenheimer,

1985) to determine focal mechanisms. Focal mechanisms were computed for
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earthquakes having: 1) RMS < 0.05 s; 2) gaps < 70°; and 3) magnitudes
(M) greater than 1.0. The earthquakes selected by these criteria occur
at various depths and locations along the Challis segment and Lone Pine
fault. Forty-seven focal mechanisms are shown in Appendix D. To test
the effect of potential errors in the velocity model, focal mechanisms
were computed for variations in the depth (+0.5 km) of the intermediate-
layer (5.9 km/s) upper boundary of the Devil Canyon velocity model
(Figure 6). Increasing the depth of the upper boundary appears to
steepen the dips of the nodal planes for earthquakes below 8.5 km (see

Appendix D).

Estimate of 1984 Mainshock Focal Depth

The depth phase pP interpreted on short-period vertical
seismograms for three world-wide and Canadian standard seismograph
stations was used to estimate the focal depth of the August 22, 1984
mainshock since regional seismographic stations recorded refracted waves
as first arrivals. Seismograms from stations Lormes, France (LOR),
Frobisher Bay, Canada (FRB), and Mould Bay, Canada (MBC) at distances
between 30° and 80° have the best observed pP and P phases.