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Abstract

The My 5.6-5.8 June 29, 1992, Little Skull Mountain,
Nevada, earthquake occurred in the southwest portion of the
Nevada Test Site approximately 20 kilometers from Yucca
Mountain, a potential site for a high-level radioactive-waste
repository. The earthquake involved predominantly down-to-
the-southeast dip-slip fault motion with a small left-slip compo-
nent on a steeply dipping 65°-70° northeast-striking fault. The
mainshock originated near the base of the aftershock zone and
ruptured up and to the northeast, and the mainshock rupture and
the majority of the aftershock sequence were confined to depths
between 6 and 12 kilometers. All three M 4+ aftershocks, the
largest of the aftershock activity, occurred off the mainshock
fault plane on secondary structures in the aftershock zone. The
nearest strong-motion instrument, located 11 kilometers south-
west of the epicenter, recorded a peak acceleration of 0.206 g.
The earthquake occurred adjacent to the Rock Valley fault zone
within an area of prior concentrated background seismicity and
near the intersection of several northeast-striking faults in the
southern Nevada Test Site on which Quaternary movement has
taken place.

Introduction

The Little Skull Mountain (LSM) earthquake occurred on
June 29, 1992 (origin time 101422.47 Universal Time (UT)) at
lat 36°43.16” N., long 116°17.76” W., approximately 20 km
southeast of a potential site for a high-level radioactive-waste
repository at Yucca Mountain, Nev. (fig. 1). The event occurred
at a depth of 11.8 km with My values of 5.8 and 5.6 as recorded
by the University of Nevada-Reno Seismological Laboratory
(UNRSL) and the National Earthquake Information Center of
the U.S. Geological Survey (USGS), respectively.

In this study we develop an interpretation of the geometry
of mainshock faulting and other active structures within the
LSM aftershock zone from a set of high-quality earthquake loca-
tions and well-constrained short-period focal mechanisms. Sev-
eral faults were involved in the aftershock sequence. The
geometry of these structures is correlated, where possible, with
mapped features in the south-central Nevada Test Site (NTS).
Also, from the aftershock distribution, we establish constraints
on the static stress drop and average displacement during main-
shock faulting. Previous studies (Harmsen, 1994, and Mere-
monte and others, 1995) were limited to the early aftershock

period, whereas we have used data through the end of 1992.
Also, data from additional portable instrumentation are included
in earthquake relocations. We have also applied a slightly dif-
ferent location procedure than used in previous studies and have
attempted to isolate only the highest quality aftershock locations
from a larger data set.

Our interpretation is that the earthquake involved down-to-
the-southeast dip-slip motion, with a small component of left-
slip, on a steeply dipping (=65°-70°) northeast-striking fault.
The mainshock originated at the base of the aftershock zone
with rupture propagation up and to the northeast, and the main-
shock fault surface, and almost the entire sequence, were con-
fined to depths between 6 and 12 km. All three of the largest
aftershocks (M, > 4) took place not on the mainshock fault
plane but rather on secondary structures within the aftershock
zone. The closest strong-motion instrument, located 11 km
southwest of the mainshock epicenter on a thick section of sedi-
ments at Lathrop Wells, Nev., recorded a peak ground accelera-
tion of 0.206 g.

The LSM sequence provides one of the few visual images
and “senses-of-motion” on subsurface structure in the region.
Focal mechanisms have been calculated for earthquakes in the
southern Great Basin since comprehensive seismic monitoring
began in 1978. (See U.S. Geological Survey Open-File Reports
for the Southern Great Basin Seismic Network; for example,
Harmsen, 1993; Harmsen and Bufe, 1992.) However, these
earthquakes have not been associated with extensive sequences,
and the ambiguities in the actual fault-plane orientations still
exist.

Several tectonic models have been proposed for the
Yucca Mountain area in attempts to evaluate the seismic haz-
ard from the surface expression of mapped Quaternary faults.
Fridrich (1999) pointed out that several proposed kinematic
models rely on buried structures with little physical evidence
for their existence. Low-angle detachment faults extending
through Jackass Flat and beneath Yucca Mountain have been
invoked to account for the tilting and the close spacing of nor-
mal faults in the Yucca Mountain block (Scott, 1990). Large-
scale regional strike-slip faulting extending through Crater Flat
has been proposed to address mapped offsets in Paleozoic rocks
(Schweichert, 1989).

Considering its proximity to Yucca Mountain and the
ongoing seismic hazard evaluation for the potential repository
site, the LSM sequence is significant in providing a wealth of
seismicity and ground motion data. Harmsen (1994) and
Meremonte and others (1995) have reported on several aspects
of the LSM sequence. Harmsen (1994) inferred the regional
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stress directions and preferred fault planes within the after-
shock zone from a set of short-period focal mechanisms and a
stress inversion routine. Meremonte and others (1995) pro-
vided an interpretation of the geometry of faulting within the
aftershock zone with respect to local mapped Quaternary faults
using alimited set of “robust hypocentral determinations.”
They (Meremonte and others, 1995) also discussed the local
geology and summarized some models of deformation in and
around the LSM area.

The 1992 L SM earthquake is notable in several respects.
It was the largest earthquake in the southern Great Basin since
an M| 5.7-6.1 earthquake near Caliente, Nev., in 1966 (Rogers
and others, 1991; Meremonte and Rogers, 1987), and has been
the largest earthquake within the Southern Great Basin Seismic
Network (SGBSN) since comprehensive regional seismic moni-
toring began in 1978. It also has been the largest tectonic event
within 50 km of Yucca Mountain in historical times. The May
1993, M| 6.1 EurekaValley, Calif., earthquake has been the larg-
est of the most recent earthquakes in the southern Great Basin
(Peltzer and Rosen, 1995). This event occurred at the west edge
of the SGBSN in the Eastern California shear zone (Dokka and
Travis, 1990). Other, more recent moderate-sized earthquakesin
the southern Great Basin have included a series of M 5+ events
near Ridgecrest, Calif., in the mid 1990's in southern Owens
Valley (Hauksson and others, 1995).

The LSM event was the largest earthquake of an unprece-
dented pulse of seismicity that was recorded throughout the
Basin and Range following the June 28, 1992 Mg 7.5 Landers,
Cadlif., earthquake. The conclusion was that this unusual short-
term increase in earthquake activity, as well asthe LSM earth-
quake itself, was triggered by the Landers event (Hill and oth-
ers, 1993; Anderson and others, 1993; Bodin and Gomberg,
1994; Gomberg and Bodin, 1994). Although the LSM earth-
guake took place 20 hours following Landers, earthquake activ-
ity inthe LSM source region was detected within the coda of
the Landers event, providing the best evidence for adirect trig-
gering mechanism (Anderson and others, 1994; Gomberg and
Bodin, 1994).

A mapped fault with Quaternary offsetsthat is closest to
the epicenter of the LSM earthquake is the northeast-striking
Rock Valley fault zone (RVFZ; fig. 1), although the LSM earth-
guake did not occur inthe RVFZ. The RVFZ is adjacent to and
south of LSM and extends in an east-northeast direction from
the western Specter Range through the eastern part of the
Nevada Test Site (NTS) (Carr, 1984, 1990; Scott, 1990; Stewart,
1980; Stewart and Carlson, 1978; O’ Leary, thisvolume). Its
Quaternary history is characterized by high-angle left-lateral
strike-dlip faulting on several individual segments. (See
O'Leary, thisvolume.) The RVFZ is one of several mapped
generally northeast trending fault zones in the south-central
NTS (Carr, 1984), including the Cane Spring, Wahmonie, and
Mine Mountain systems (fig. 1). A notable increasein earth-
guake activity has occurred in the RVFZ since the LSM
seguence, suggesting that the LSM event may be in some way
related to strain in the RVFZ. This activity hasincluded a
sequence of several hundred earthquakes at unusually shallow
depthsin 1993 in addition to severa other M 3.5+ events over
the past several years. (See Smith, Shields, and Brune, thisvol-
ume.) Figure 1 also shows earthquake activity from the SGBSN

catalog from 1978 to just prior to the LSM earthquake. Except
for those areas where underground nuclear testing took place,
the highest concentrations of background seismicity on the
NTS have been observed in and around western Rock Valley.
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Little Skull Mountain Mainshock

Table 1 summarizes the seismic moments and focal mecha
nisms for the mainshock from various sources. We determined
an M| of 5.8 (£0.2) from the UNRSL regional digital network
(Savage and Anderson, 1995), and NEIC reported an M| of 5.6.
The short-period P-wave first-motion focal mechanism as well
as an interpretation of the preferred fault plane based on the
aftershock geometry is shown in figure 2. Thefocal mechanisms
of the mainshock and the July 5 M 4.4 and September 13 M 4.5
aftershocks shown in figure 2 were determined using program
FPFIT (Reasenberg and Oppenheimer, 1985).

The orientations of the fault planes of the mainshock
mechanism are well constrained by Pn readings at regional dis-
tances (UNRSL northern Nevada seismic network). The pre-
ferred fault plane (dashed in fig. 2) dips steeply to the southeast
and is selected based on the distribution and alignment of early
aftershock activity (discussed following). The mainshock
involved primarily normal displacement with asmall left-dip
component (T-axis: strike N.135°E., plunge 68°; P-axis: strike
N.359°W., plunge 30°).

Meremonte and others (1995) have suggested that the LSM
earthquake occurred on a southwestward extension of the Mine
Mountain fault zone (MMFZ). Thisinterpretation isbased on
the dip of the mainshock fault plane (16° shallower than the
solution from this study) and the resulting alignment with the
MMFZ. The strike of the Harmsen (1994) mechanism (the
same focal mechanism referred to in Meremonte and others,
1995) is within the error estimate of the solution in this study,
and the dip of the Harmsen solution is only 1° outside of the
error bound (table 1). Extensions of the MMFZ through Jackass
Flat are not supported by field data, and Quaternary activity
along MMFZ is only documented along its northern part (Piety,
1996). For adip of 70° and ahypocentral depth of 11.8 km, the
L SM fault plane projects to the surface in southern Jackass Flat,
south of mapped sections of the MMFZ (fig. 1). To associate
the LSM event more confidently with the MMFZ, with the
implication that the MMFZ shows Holocene activity and is
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Figure 2. LSM earthquake activity, June-December 1992. Plotted are events that meet criteria for good location quality.
Table 1. Mainshock focal mechanisms and moment estimates. *
Source Strike Dip Rake M, x 10%* dyne-cm
This study 60+15  70+13 7010 -
Meremonte and others (1995) 55 56 -72 -
Romanowicz and others (1993) 43 66 -73 35
Romanowicz and others (1993) 34 44 -70 2.6
Zhao and Helmberger (1994) 45 55 -60 30
Walter (1993) 35 54 -87 41
Harmsen (1994) 55 56 -72 -

nearly twice its current length, may require more detailed
geologic and geophysical studiesin southern Jackass Flat. Also,
the orientation of the LSM fault plane, based on both the short-
period focal mechanism and imaging of the early aftershock
activity (discussed following), indicates an alignment

* From John Schneider, written commun., 1995. -, no data.

intermediate between the strike of the RVFZ and the MMFZ.
Although thereis a general alignment of the LSM fault plane

MMFZ and the Cane Spring fault zone, Wahmonie fault zone,
and RVFZ tend to intersect. This could aswell be a zone of

The 1992 Little Skull Mountain Earthquake Sequence, Southern Nevada Test Site
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complex deformation with intersecting faults of avariety of ori-  station (fig. 3). The second closest instrument, SM#2, was
entations not clearly associated with any one particular structure.  located 30 km northeast of the earthquake (peak acceleration

A 30-station strong-motion network was in operation in of 0.150 g; fig. 3). The narrowing of the Swave train at
southern Nevada at the time of the LSM event (Lum and SM#2, relative to that observed for SM#1, is most likely due to
Honda, 1992). The closest station was 11 km southwest of rupture directivity along this source to receiver azimuth. The
LSM at Lathrop Wells, Nev. (SM#1; fig. 1). A peak accelera- location of the mainshock hypocenter at the southwest extent
tion of 0.206 g was recorded on the E.-W. component at this of the aftershock zone (fig. 2) is consistent with unilateral
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Figure 3. Acceleration time-series (A), and horizontal component S-wave acceleration spectra (B) of the LSM earthquake at strong-motion
stations SM#1 and SM#2. Z, vertical component of ground acceleration; N, north-south horizontal component; E, east-west horizontal component.
Brackets in A are intervals of time for which S —wave was sampled to calculate acceleration spectra in B.
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rupture propagation to the northeast, toward SM#2. Figure 3
includes the S'wave acceleration spectra for both horizontal
components of ground motion at SM#1 and SM#2, respec-
tively. The highest accelerations were experienced in the 2-10
Hz band. The difference between the SM#1 and SM#2 spectra
at high frequenciesis most likely due to differencesin the site
conditions; SM#1 islocated on athick section of Quaternary
alluvium and SM#2 is a hard rock site.

Earthquake Relocations and Focal
Mechanism Determination

The LSM earthquake sequence occurred while the opera-
tion of the Southern Great Basin Seismic Network was in transi-
tion between the USGS in Golden, Colo., and the UNRSL. In
addition, each group operated portable seismic instruments dur-
ing the early part of the Little Skull Mountain sequence, and the
UNRSL operated a portable array through December 1992. As
aresult, data used for the analysis of this sequence come from
several sources covering various time periods. We have inte-
grated the data sets to provide as much control as possible on
aftershock locations and focal mechanisms.

Data

Data from the SGBSN, through October 1, 1992, were pro-
cessed in Golden, Colo. (Harmsen, 1993). The USGS has pub-
lished yearly Open-File Reports since 1978 on the operations of
the SGBSN, which describe the recording scheme and hardware
configuration of that system. Since September 1992, the
UNRSL has operated the network, and the data are transmitted
by microwaveto the University of Nevadacampusin Reno, Nev.
In 1992, the accumulated data were digitized and processed
through the CUSP processing software (Peppin and Nicks,
1992). At thetime of the LSM earthquake, the SGBSN consisted
of single-component vertical 1-Hz seismometers, with horizon-
tal components at some stations. The network is operated at a
high-gain in order to increase the magnitude detection threshold,
but several horizontal components are operated at alower gain
to ensure on-scale horizontal component records for amplitude
magnitude determinations (Harmsen, 1993; Gomberg, 1991).

The local magnitude (M ) determined from alow-gain hor-
izontal record at the near-source station on Little Skull Moun-
tain (SGBSN station LSM) was assigned to earthquakes in the
June through August time period (S.C. Harmsen, oral commun.,
1992). Magnitudes from September through the end of 1992
were determined by the UNRSL using a duration magnitude
scheme. During September 1992, both groups operated the
SGBSN to provide some consistency in location and magnitude
estimates through the transition period. UNRSL duration mag-
nitudes, which were compared with USGS M| measurements
for the September time period, generally agree to within 0.1
magnitude units (D.H. von Seggern, UNRSL, oral commun.,
1992), although some saturation of the coda magnitude estimate
at low magnitudes has subsequently been observed.

Approximately 3,800 earthquakes were detected in the
SGBSN during the LSM aftershock sequence from June through
December 1992. On afew occasions, first-arrival times were
determined from the optical backup records, dueto downtimein
the data acquisition system. This was the case for the LSM
mainshock, LSM foreshocks, and the first few hours of after-
shock activity and other specific times reported by Meremonte
and others (1993). Arrival times can be resolved to about 0.1 s
(seconds) from optical records whereas accuracies of 0.01 to
0.02 saretypical for near-source 100-Hz digital recordings.
Where necessary, first-motion readings from optical records
have been included (S.C. Harmsen, oral commun., 1992).

Earthquake Relocation Procedure

Arrival times from the regional network and portable
instruments were associated to create the first-arrival database.
Earthquakes were located with program FASTHY PO
(Herrmann, 1979) using the following variation of the one-
dimensional velocity model of Hoffman and Mooney (1984) for
theYucca Mountain area.

Table 2. Velocity model.

Depth (km) Velocity (km/s)
0 5.85
1 6
25 6.35
30 6.6
35 7.8

Hoffman and Mooney (1984) determined an average P-
wave velocity of 3.0 km/sfor a 1-km-thick surface layer. We
have modified thisto 5.85 km/s to account for larger Swave
travel-time residuals from near-source stations when using the
slower surface velocities. This difference may be due to the
high-velocity near-surface volcanic rocks at LSM. In order to
develop a set of station corrections for network and portable
instruments in the LSM area, only those events with more than
15 P-wave arrivals within 75 km of the aftershock zone were
initially located. About 1,700 events with 25,000 individual
phase arrival timeswere used. We chose 75 km as an arbitrary
distance cutoff to minimize the problems associated with accu-
rate timing of phases at regional distances and to minimize the
contribution from travel paths through the deeper crust where
we have less confidence in the velocities.

Average travel-time residuals were determined for each sta-
tion from the suite of P-wave residuals with respect to the pre-
ceding one-dimensional velocity model. These average station
residuals account, in ageneral way, for differences between the
velocity model and the true three-dimensional velocity struc-
ture; they also incorporate local site corrections. The entire suite
of earthquakes was rel ocated applying the average station resid-
uals as station corrections. Station travel-time residuals and
event root-mean-square (RMS) residuals for the set of relocated
events decreased significantly following relocation (after

The 1992 Little Skull Mountain Earthquake Sequence, Southern Nevada Test Site 7



applying station corrections, RM S event residuals decreased an
average of 0.15-0.08 s). Meremonte and others (1995) applied a
similar method.

In order not to obscure the details of the aftershock distribu-
tion, only those earthquake locations that met particular, but rea-
sonable, statistical location criteriaare shown in the illustrations
inthisreport. These constraintsare an RMSresidual of lessthan
0.1's, alocation gap of lessthan 120°, and 10 or more stations
within 75 km epicentral distance used in the location. Absolute
location errors are estimated to be less than 1 km in the horizon-
tal dimension and less than 2 km in depth, although we believe
that the relative location accuracy is within several hundred
meters. These error estimates are based on the average RMS
residuals. Focal mechanisms were determined for all events
with more than 15 P-wave first-motion arrivals, and this resulted
in 517 events that returned unique mechanism solutions (greater
uncertainty can result in multiple solutions).

Aftershock Distribution, Mainshock Source
Parameters, Focal Mechanism Distribution,
and Foreshock Activity

Aftershock Distribution

Quiality relocations of LSM aftershocks show faulting on
several structures, with most aftershock activity confined to the
mainshock fault plane. However, the mgjority of the moment
release in the aftershock period was dominated by three M| 4+
earthquakes, none of which occurred on the mainshock fault
plane. Figure 2 isan epicentral map of all earthquake activity
inthe LSM areathat followed the Landers earthquake through
the end of December 1992. Only those events that met the cri-
teriafor good location quality previously described are
included. The study area (dotted rectangle) in figure 1 isthe
area covered in figure 2. The mainshock is the large symbol at
the southwest end of a northeast-trending elliptical area, in
map view, that is generally free of aftershock activity. Three
M/ 4+ events, the largest aftershocks, occurred during this
time period. Thefirst of these larger aftershocks occurred
immediately following the mainshock, and its focal mecha-
nism is poorly constrained. The M| 4+ event of July 5 (0654
13.27 UT; fig. 2) occurred approximately 2 km northeast of,
and 6 days after, the mainshock [lat 36°43.55' N., long
116°16.46' W.; depth 9.39 km; fault plane parameters. strike
N.75° E., dip 70° E., rake —20°; T-axis. strikeN. 30° E.,
plunge 89°; P-axis: strike N. 34° W., plunge 62°]. This event
was followed by its own localized aftershock sequence con-
fined to the hanging wall of the mainshock fault plane. The
third M|_ 4+ aftershock (September 13, 1146 20.87 UT)
occurred within the dense cluster of activity lessthan 1 km
west of the mainshock epicenter (fig. 2) [lat 36°43.41' N.,
long 116°18.28' W.; depth 8.93 km; fault plane parameters:
strike N.20° E., dip 45° SE., rake—80°; T-axis: strike N.283°
E., plunge 90°; P-axis: strike N.16° W., plunge 70°] .

Early Aftershock Activity—Mainshock Source
Parameters

All major features of the aftershock distribution, except the
strike-slip features associated with the July 5 M| 4+ event,
developed in thefirst 38 hours of the sequence (fig. 4). Thecross
section of figure 5 illustrates what we interpret to be the main-
shock fault plane, striking N.48° E. and dipping 66° SE. Thisis
a12° counterclockwise direction to the orientation of the main-
shock fault plane from the short-period mechanism, but inas-
much as the mechanism representsonly theinitiation of faulting,
these estimates may not necessarily be identical. Because very
few earthquakes were located at shallow depths, only the 5-13
km depth range is shown in figure 5. Moreover, shallowest
events tended only to occur above the northeast end of the main-
shock fault plane. Figure 6 is aprojection showing that nearly all
relocated hypocentersfall below a5 km depth. Figure 6 includes
all aftershock activity shown in figure 2, except that the hanging
wall activity has been removed so as not to obscure the inter-
preted slip surface on the mainshock fault plane.

Figure 5 al so shows the orientation of afault surfacethat is
conjugate to the mainshock fault plane. This structure dips
approximately 45° NW. and is neither consistent with the orien-
tation of the auxiliary fault plane of the mainshock mechanism
nor aligned with the mainshock hypocenter. Therefore we do
not see evidence that thisis the mainshock fault plane. Isolating
all structural features with cross-sectional viewsis difficult, but
the focal mechanisms of this particular group of earthquakes
suggest down-to-the-northwest normal motion on this minor
feature (discussed following).

We interpret the semicircular distribution of early after-
shock activity west, north, and northeast of the mainshock hypo-
center to represent the upper boundary of the mainshock dlip
surface (figs. 2 and 6). Deeper events on this structure that plot
within 3 km (epicentral distance) northeast of the mainshock,
both in map view (fig. 2) and in perspective view (fig. 6), also
appear to outline this area a depth. These deeper earthquakes
were predominantly confined to the first 38 hours of the
sequence, whereas aftershock activity defining the upper portion
of the interpreted rupture surface continued throughout the
sequence. The lack of aftershockswithin this proposed dlip area
suggests nearly complete stress release on this fault surface dur-
ing the earthquake.

The static stress drop and average dlip during the main-
shock can be estimated using an approximation of the geometry
of the rupture surface and the M. The €lliptical region in plan
view in figure 4, and in projection in figure 6, roughly approxi-
mates a circular surface with aradius (r) of between 2.5 and 3.0
km. The stressdrop (Ao) for acircular fault (Brune, 1970; Aki
and Richards, 1980) is given by

Static stress drops and average displacementsfor the Little Skull
Mountain event are shown in table 3 for arange of source radii
and published moments.

8 Geologic and Geophysical Characterization Studies of Yucca Mountain, Nevada
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Figure 4. First 38 hours of aftershock activity (June 29-30, 1992).

Table 3. Mainshock source parameters.

Seismic moment Reference Source radius (km) Stress drop (bars)  Fault slip (cm)
(dyne-cm)
41x10% Walter (1993) 25 114 69
41x10% Walter (1993) 2.75 86 57
41x10% Walter (1993) 3 66 48
55x10% Harvard CMT 25 154 93
5.5 x 102 Harvard CMT 2.75 115 77
5.5 x 102 Harvard CMT 3 89 64
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“off-fault” aftershock activity in the depth range 5-13 km. View is N. 48° E.

A source radius of 2.5 km most closely approximates the
areathat isfree of aftershock activity (figs. 4 and 6), whereasa 3
km radius includes most of the activity at the southwest and
northeast ends of the aftershock zone. The interpreted rupture
areain figures 4 and 6 may be better approximated by an ellipse
rather than a circle, which would decrease our estimates of the
rupture area and thereby increase the static stress drop estimate.
These estimates are based on the assumption that the distribution
of aftershocksis directly related to the extent of faulting during
the main event. Walter and Mayeda (1996) calculated a stress
drop of 196 barsfor the LSM earthquake based on the radiated
energy at regional stations. These static stress drop estimates
are high compared to stress drop estimates for California earth-
guakes. A thorough analysis of the LSM source is being con-
ducted in other Yucca Mountain studies and is beyond the scope
of thisreport.

In the Basin and Range province, near-source studies of the
source parameters of normal faulting events have been few.
Boatwright (1985) determined the static stress drops of

aftershocks of the Borah Peak earthquake, but no near-source
waveforms were available for the mainshock. At Borah Peak,
aftershock stress dropsfell into two general ranges of 35 and 77
bars, depending on the location of the event within the after-
shock zone. Ichinose and others (1997) estimated a stress drop
of 60 bars for the magnitude 4.5 main event of the 1995 Border
Town, Nev., sequence. Walter and Mayeda (1996) found no sig-
nificant difference between the stress drops of normal and
strike-slip events, but the data set for normal faulting eventsis
limited. Clearly, understanding the unique aspects of the source
processes for normal faulting eventsisimportant to understand-
ing the seismic hazard in the extensional environment at Yucca
Mountain.

The dense concentration of aftershocks west of the main-
shock epicenter, which defines the western extent of the
sequence (fig. 2), indicates ahigh level of activity in the early
aftershock period (fig. 4). This area shows predominantly nor-
mal faulting (figs. 2, 7), defining an east-dipping structure that
includes the September 13 event. Consistent with these focal

10 Geologic and Geophysical Characterization Studies of Yucca Mountain, Nevada
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mechanisms, the trend in the aftershock distribution in this
locality is generally north-south, in contrast to the northeast-
striking trend of activity that conforms to the mainshock fault
plane. This north-south-striking structure would intersect the
mainshock fault plane at a high angle and would therefore limit
or truncate its western extent. Although aftershocks of the Sep-
tember 13 M| 4+ event dominate the |ater aftershock period,
this north-south-striking structure was active at the M 3+ level
immediately after the mainshock (fig. 4). In contrast to the east-
dipping character of this fault surface, north-striking mid-Ter-
tiary normal faults on Little Skull Mountain show a down-to-
the-west geometry similar to that of faultsin the central Yucca
Mountain block (Frizzell and Shulters, 1990; Day and others,
1998).

The presence of the east-dipping structure just discussed
suggests another interpretation for displacement during the LSM
mainshock: coseismic slip occurred on this feature, causing
down-to-the-northeast displacement of its hanging wall block
and a similar displacement along the mainshock fault plane.
The small component of |eft-dip in the mainshock focal mecha
nism (fig. 2) may be an expression of this faulting mechanism.

Interpreted rupture surface

Perspective view of the mainshock fault surface. View is WNW., 10° above horizontal; +, hypocenter.

This hypothesis may be difficult to test from regional records;
slip on the east-dipping fault surface would exhibit a different
focal mechanism than the mainshock, and the moment release
on the subsidiary structure would be, at most, only 15-20 per-
cent of that on the northeast-striking mainshock fault plane.

Activity that forms the southeastern extent of the after-
shock distribution includes the June 29 M 4+ event and several
other M 3+ earthquakes (figs. 2 and 4). In map view this activ-
ity extends between LSM and Skull Mountain and may repre-
sent reactivation of mapped mid-Tertiary faults or a southern
extension of the Wahmonie fault zone. Activity along this north-
east trend is dominated by strike-slip and oblique-slip focal
mechanisms (fig. 7) and does not exhibit a wide depth distribu-
tion (fig. 5).

Focal Mechanism Distribution

Figure 7 summarizes the spatial distribution of 89 strike-
dlip and 198 normal-dlip focal mechanisms; only those events
with aT-axis inclination of less than 30° are plotted. Inthis

The 1992 Little Skull Mountain Earthquake Sequence, Southern Nevada Test Site 11
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period focal mechanisms.

figure, normal-dip events are defined as having a P-axisincli-
nation of greater than 60° (higher angles represent a more verti-
cally oriented stress axis). Strike-dlip events are those with a P-
axisinclination of lessthan 30°. Oblique-dlip events are not
included in order to isolate the normal- and strike-slip deforma-
tion. Only one M 3+ strike-dlip event is associated with the
mainshock fault plane, and this event is at the northeast end of
the aftershock zone. M 3+ normal-dlip aftershocks conform to
the mainshock fault plane and the east-dipping structure associ-
ated with the September 13 M 4+ aftershock. Normal faulting
events that occur south of the mainshock are associated with
the generally north northwest dipping feature that appears to
intersect the mainshock fault plane that was discussed previ-
ously with reference to the early aftershock period (figs. 2, 4, 5,
and 7).

A cluster of strike-dlip events associated with the July 5 M
4 earthquake trends generally northeast southwest (fig. 7B).
The July 5 earthquake and its aftershock sequence lie above a
depth of 10 km, and are confined to the hanging wall block of
the mainshock fault plane. A group of normal faulting eventsin
this same epicentral area occur below adepth of 11 km (fig. 7)
and are at the base of the southeast-dipping mainshock fault
plane (figs. 4 and 6). The preferred fault plane from the focal
mechanism for the July 5 event and its aftershocks is therefore
subparallel to the mainshock fault plane. Harmsen (1994) sug-
gested that the July 5 earthquake is aright-slip event, but we
prefer the northeast-striking fault plane because of the general
northeast aftershock alignment.

Based on an alignment of north-northeast-oriented high-
angleright-dlip fault planesin the region of the July 5 earth-
quake, Harmsen (1994) and Meremonte and others (1995) sug-
gested that some of this activity may be in the Wahmonie fault
zone. We seelittle direct evidence for right-lateral strike-dlip
faulting in the LSM data. To support the argument for the
sense-of-motion during the July 5 event and related aftershocks,
we al'so point out that this structureis sub-parallel to the trend of
the Rock Valley fault zone (fig. 1), a predominantly high angle
left-dlip structure.  Activity on the structure associated with the
July 5 event more clearly defines a northeast alignment by
including aftershock data through the end of 1992.

Figure 8 shows lower hemisphere composite Pand T dia-
grams from the 517 unique solution focal mechanisms covering
the LSM sequence. The average azimuth of the T-axesis N. 62°
W., and Harmsen (1994) reported an average T-axis direction of
N. 60° W. These values are consistent with other studies of the
orientation of the stress field in the southern Great Basin (Rog-
ers and others, 1987; Harmsen and Bufe, 1992). The average T-
axis orientation is rotated 20° counterclockwise with respect to
the azimuth of the T-axis determined for the mainshock from
this study. That anumber of strike-dlip events occurred can be
deduced from the P-axis distribution, but normal-slip was the
dominant sense of motion throughout the aftershock sequence.
A few low-angle mechanismsin the LSM set, representing a
small fraction of the total moment release, show no consistent
spatial pattern similar to that shown by the strike-dlip and nor-
mal-slip events and cannot be interpreted in terms of through-
going low-angle structures. It is not unusual to observe some
low-angle extensional or reverse-slip focal mechanismsin Basin
and Range aftershock sequences.

12 Geologic and Geophysical Characterization Studies of Yucca Mountain, Nevada
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Figure 8.

Lower hemisphere composite P- and T-stress axes
distributions.

Foreshocks

The source region of the LSM earthquake was active
immediately following the June 28, 1992, M4 7.5 Landers,
Cdlif., earthquake. A micro-earthquake array operating at Yucca
Mountain (Brune and others, 1992), 20 km west of LSM,
detected a marked increase in micro-earthquakes at LSM imme-
diately following the Landers event (Sminus P times were con-
sistent with the distance to LSM for the entire set). On the basis
of this evidence, Anderson and others (1994) and Gomberg and

Bodin (1994) suggested that the Little Skull Mountain earth-
guake was dynamically triggered by surface waves generated by
the Landers earthquake, although other physical processes for
triggering of the LSM event have al so been proposed (Bodin and
Gomberg, 1994).

Figure 9 shows the cumulative number of events recorded
on ahigh-gain seismograph station located near Yucca M ountain
prior to the LSM mainshock. Twelve of these events, including
one M 3+ event, could be located with SGBSN data within the
coda of Landers aftershock activity (fig. 10). No micro-earth-
guake activity was observed on faults within the immediate
vicinity of Yucca Mountain during the LSM foreshock period or
LSM postseismic activity.

Summary and Conclusions

Although the Little Skull Mountain earthquake is a domi-
nantly normal dlip event, it does not conform to the classic
range-front normal-faulting geometry that characterizes the
Basin and Range province. In contrast to typical Basin and
Range style normal-fault geometry, the hanging wall block,
crest of LSM, istopographically higher than the footwall.
Because no expression of Quaternary faulting has been recog-
nized near the surface projection of the Little Skull Mountain
mainshock fault plane in Jackass Flat, this particular structure
has experienced very little displacement through Tertiary time.
Several other recent moderate-sized earthquakes in the Basin
and Range have not been associated with mapped faults and this
observation is not unusua (for example: 1984 magnitude 5.8,
Round Valley, Calif. (Priestley and others, 1988); 1986 magni-
tude 5.8 and magnitude 6.3 Chalfant, Calif. (Smith and Priestley,
1988); magnitude 6.0 1994 Double Spring Flat (data of Diane
dePolo, 1994)).

Evidence for the steeply dipping geometry of the main-
shock fault plane from well-located aftershocks and the short-
period focal mechanism places the surface expression of the
LSM earthquake southeast of that shown by Meremonte and
others (1995). Based on ageneral alignment, they suggested
that the LSM event may have occurred on a southwestern exten-
sion of the MMFZ. (See O'Leary, thisvolume.) Other than this
geometry, thereis little evidence to suggest that the MMFZ
extends through the Jackass Flat basin. If thisisasouthern
extension of the MMFZ, based on the observation that the hang-
ing wall has greater relief than the footwall, then this section of
the fault has very little cumulative offset.

From the geometry of the structures within the aftershock
zone, the mainshock appears to haveinitiated at the intersection
of the southeast-dipping mainshock rupture plane and a north-
east-striking high-angle fault, possibly a southwest extension of
the Wahmonie or even Cane Spring fault zones. Thisisalso
implied by Meremonte and others (1995). Mapped expressions
of the Mine Mountain, Wahmonie, and Cane Spring al trend
into the RVFZ in the LSM source region, and isolating one of
these faultsin the LSM area may be problematic. Thisarea
may be afocal point for increased stress concentration, asillus-
trated by the concentration of pre-LSM seismicity (fig. 1),
which may indeed be the consequence of the interaction of
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these south-central NTS structures. Because the RVFZ isthe
most active of these structures, a reasonable proposal is that the
LSM event may have been influenced by deformation associ-
ated with the RVFZ rather than the MMFZ.

No M 4+ LSM aftershocks took place on the mainshock
fault plane, but such events occurred on subsidiary structures
within the aftershock zone. A set of aftershocks directly west of
the mainshock epicenter aligns along a distinct northerly trend.
This alignment is consistent with the normal-dlip focal mecha-
nism of the September 13 M| 4+ event and anumber of normal-
dip aftershocks. The preferred fault plane for the M 4+ Septem-
ber 13 event strikes nearly north south and dipsto the east. Near
the epicenter of the latter event, the aftershock distribution
defines an intersection between the southeast-dipping main-
shock fault plane and this east-dipping structure. Thisisaso the
location of LSM foreshock activity and the point of initiation of
mainshock rupture.

Thetime of initiation of foreshock activity suggeststhat the
LSM earthquake was triggered by surface wave energy gener-
ated during the June 28 Landers, Calif., event (Anderson and
others, 1994). Micro-earthquake activity in the LSM source
region was observed immediately following the Landers event,
and foreshock activity continued to the time of the LSM main-
shock. Because of close proximity to Yucca Mountain, the
L SM earthquake and aftershock sequence have been particularly
important for ongoing seismic hazard studies.
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