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ABSTRACT 

Site characterization of the potential nuclear waste 
repository at Yucca Mountain, Nevada, requires detailed 
knowledge of the displacement histories of nearby 
Quaternary faults. Ongoing palmseismic studies provide 
data on the amount and rates of Quaternary activity on the 
Paintbrush Canyon, Bow Ridge, and Stagecoach Road 
faults along the eastern margin of the mountain over 
varying time spans of 0-700 ka to perhaps 0-30 ka, 
depending on the site. Preliminary stratigraphic 
interpretations of deposits and deformation at many logged 
trenches and natural exposures indicate that each of these 
faults have experienced from 3 to 8 surface-rupturing 
earthquakes associated with variable dip-slip displacements 
per event ranging from 5 to 115 cm, and commonly in the 
range of 20 to 85 cm. Cumulative dip-slip offsets of units 
with broadly assigned ages of 100-200 ka are typically less 
than 200 cm, although accounting for the effects of 
possible left normal-oblique slip could increase these 
displacements by factors of 1.1 to 1.7. Current age 
constraints indicate recurrence intervals of 104 to los years 
(commonly between 30 and 80 k.y.) and slip rates of 
0.001 to 0.08 d y r  (typically 0.01-0.02 d y r ) .  Based 
on available timing data, the ages of the most recent 
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ruptures varies among the faults; they appear younger on 
the Stagecoach Road Fault (- 5-20 ka) relative to the 
southern Paintbrush Canyon and Bow Ridge faults (-30- 
100 ka). 

I. INTRODUCTION 

Site characterization for high-level nuclear waste 
repositories must include studies of seismic hazards such 
as ground shaking and surface ruptures associated with 
earthquakes on active faults in and adjacent to the site. 
Detailed seismic hazard analysis of relevant seismic 
sources is an important element of Preclosure (8.3.1.17) 
and Postclosure (8.3.1.8) studies of the Site 
Characterization Program' for the potential repository at 
Yucca Mountain in southwestern Nevada. Seismic source 
characterization will be based on site-5:. -5fic paleoseismic 
data on fault activity, including fa& _cometry, surface 
displacements per event, earthquake recurrence intervals, 
and fault slip rate.~v*~.~. Seismic hazard studies also 
provide data used to assess :.:.- i-fects of fault 
displacements on natural and ezgiL-xed containment 
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barriers, underground shafts and tunnels, and the surface 
facilities that support the repository6. The required data on 
fault displacements and behavior will be provided by 
detailed paleoseismic investigations currently underway 
along major local and regional faults with known or 
suspected Quaternary activity. 

This paper summarizes preliminary data and 
interpretations collected at five locations on three n o d  
faults with documented Quaternary surface displacements 
located on the east side of Yucca Mountain: the Paintbrush 
Canyon, Bow Ridge, and Stagecoach Road faults (Fig. 1). 
The results are used to define the middle to late 
Quaternary (< 700 ka) displacement history on these 
faults, focusing in particular on the number, sizes, and 
ages of surface ruptures (Table 1). These data form the 
basis for evaluating important fault behavioral 
characteristics such as recurrence intervals, slip rates, and 
possible variations in the timing of the most recent rupture 
on the faults (see next section and Table 1). 

II. METHODS 

Paleoseismic studies are used to assess the 
characteristics of Quaternary surface ruptures based on the 
stratigraphic and structural relationships exposed in trench 
walls or natural exposures located where surficial deposits 
intersect the fault trace. The specific trenches or 
exposures reported in this paper (Fig. 1) are: (a) one 
trench (MWV-T4) and four natural exposures (Busted 
Butte Walls #1-#4) on the Paintbrush Canyon fault; (b) 
three trenches (Trenches 14, 14C, and 14D) on the Bow 
Ridge fault; and (c) two trenches (SCR-T1 and SCR-T3) 
on the Stagecoach Road fault. All of the paleoseismic 
investigations at these sites use the same basic procedures. 
The trench or exposure walls are cleaned to allow 
identification and mapping of fault deformation and the 
stratigraphy, including soils, of surficial deposits. 
Structures, stratigraphic contacts, and soil-horizon 
boundaries are flagged and plotted on trench logs using 
either the standard technique of measurement and plotting 
on a grid', and (or) close-range photogrammetric 
mappine9. Deformational features, stratigraphic units, 
and soils are measured and described, and, where possible, 
critical units and soils related to faulting events are 
sampled for geochronologic dating (discussed later in 
section). 

All these data are integrated together to allow 
interpretation of the stratigraphic positions, sizes, and ages 
of surface ruptures associated with paleoearthquakes on the 
fault zonelo. Individual fault ruptures are identified in 
trench wall exposures using several criteria, including: (a) 

Figure 1. Generalized geologic map of Yucca Mountain 
study area showing the location of selected faults and the 
trenches, and natural exposures discussed in paper. Light 
shaded areas represent mid-upper Miocene silicic volcanic 
rocks, dark stippled areas show Pliocene-Quaternary 
basaltic volcanic rocks, and unshaded areas represent upper 
Tertiary-Quaternary surficial deposits. Hachured area 
shows location of the Reference Conceptual Site for the 
potential repository. Labels refer to specific sites 
discussed in text. Major faults with Quaternary activity 
are shown by solid and dashed heavy liines (BR-Bow Ridge 
fault; PC-Paintbrush Canyon fault; SCR-Stagecoach Road 
fault; SC-Solitario Canyon fault, with southeastern splay). 
Other symbols are: MV-Midway Valley; YW-Yucca 
Wash; DW-Dune Wash; LW-Lathmp Wells volcanic 
center. 
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Table 1. Summary of preliminary palmseismic data and interpretations from trenches and exposures on the 
Paintbrush Canyon, Bow Ridge, and Stagecoach Road faults on the east side of Yucca Mountain. 

1. Estimated approximate maximum age range of stratigraphic units exposed at site. eP: early Pleistoctne; 
mp: middle Pleistoceae, I d :  late middle Pleistocene: IsP: latest Pleistocene. Parentheses indicsltes possible 
younger age range for SCR-TI. 

2. Age control for stratigraphic units at site. U. U-Th disequilibrium series: TL: thermoluminescence: S: soii 
stratigraphy; A: basaltic ash horizon comlatcd with Lathrop Wells cone. Parentheses indicate samples collected 
for method but not yet analyzed. 

3. Number of surface-rupturing pa1ewanhquake-s recognized from stratigraphic and structural relationships. 

4. Measured fault displacements (in cm). Indiv: individual dip-slip. complete range given, with most common 
range in parenthesis: Cum: Cumulative dip-slip at base of exposure: Net: cumulative slip adjusted for oblique 
slip and (or) tectonic rotation or iocal grakns a[ fault. ND = no data for computing net slip. 

5. Age of Most Recent Event (ME). cH: eariy Holocene: IsP: latest Pleistocene: 1P: late Pleistocene. Age 
ranges given in parenthesis. 

6. Range of recurrence intervals between events. Parentheses indicate values based on latest Pleistocene age 
ranges for Stagecoach Road fault. 

7. Fault slip rates. computed from cumulative net slip and age of displaced units. Parentheses indicate values 
based on latest Pleistocene age ranges for Stagecoach Road fault. 
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abrupt increases in the amount of offset of marker horizons 
or units across the fault; @) recognition of buried deposits 
or features, such as colluvial wedges, fault fissures, or 
fault scarps, which commonly are associated with surface 
ruptures; and (c) upward termination of fractures, fissures, 
or shears at the base of a stratigraphic horizon. There 
commonly are some uncertainties in identifying at least a 
few rupture events at a given site due to problems in 
stratigraphic interpretations. Table 1 lists the maximum 
and minimum number of interpreted events. 

Three measurements of fault displacements (individual, 
cumulative, and net cumulative) associated with rupture 
events are reported in Table 1. Where possible, individual 
dip-slip displacements associated with each faulting event 
are determined directly by measuring the displacement of 
marker horizons across the fault, and then subtracting the 
amount of offset related to any younger events identified 
higher in the stratigraphic section. This procedure cannot 
be used if different deposits occur on opposite sides of the 
fault; for example, at some sites, late Quaternary deposits 
on the hanging-wall block are faulted against much older 
deposits or bedrock on the footwall block. In this 
situation, rupture sizes are derived from the thickness of 
fault-related colluvial wedges, which may result in 
minimum estimates commonly 50% to 80% of the actual 
surface displacement. Cumulative dip-slip displacements 
at various stratigraphic levels are determined in an 
analogous manner by either measuring the total offset 
along the fault of a given horizon or unit, or, where 
required by lack of correlative units across the fault, by 
summing the thicknesses of all fault-related colluvial 
wedges at and above the reference unit. All of the 
methods for measuring displacements contain some 
uncertainties which typically are greatest for measurements 
derived from wedge thicknesses. These measurement 
uncertainties are included in the range of displacements 
reported in Table 1. 

The cumulative dip-slip values are adjusted in two 
ways to derive cumulative net-slip displacements. The 
amount of normalsblique slip is calculated for any site 
that contains measurements of possible slip indicators such 
as slickenlines on bedrock shears, or less reliably, 
striations on carbonate coatings within fault zones. At 
some sites, units are deformed near the main fault zone by 
either rotation back towards the fault surface, or by 
development of antithetic grabens. The effects of this 
secondary deformation are removed by projection of 
displaced horizons into the fault zone from undeformed 
sections of the hanging wall and footwall prior to 
measuring displacements on the main fault. 

Recurrence intervals, or the time interval beman 
successive surface-rupturing paleoearthquakes, 
computed at each site using all available dated or 
correlated deposits that can be related to rupture events 
(see later in section). Recurrence intervals are determined 
directly where the dated Units are colluvial wedges Or 
fissures which can be associated closely with faulting 
events. More commonly the dated deposit formed at some 
&own time between successive events; in this case, 
average recurrence interval is calculated by dividing the 
time between the age constraints by the number of possible 
inkrevent intervals. Table 1 lists both types of 
recurrence intervals, although the time span of average 
values must encompass at least two faulting events,. 
Uncertainties in both the dating of units (reported as f 20 
emr  bounds) and the number of possible events are 
incorporated in the reported range of recurrence intervals. 

Fault slip rates are calculated by dividing the amount 
of cumulative net slip by the age of the displaced deposit 
or horizon. Table 1 lists average slip rates derived from 
the oldest faulted units with adequate age control which 
typically span at least two, and in most cases three or 
more, rupture events. The range of cited slip rates 
includes uncertainties in both age control and displacement 
measurements. 

Determining the ages of faulted and unfaulted units is 
a particularly important and difficult problem in these 
analyses. Age control is provided by a composite 
chronosequence of surficial deposits in the Yucca Mountain 
area developed in previous and ongoing geochonologic 
studies (Fig. 2), using a combination of soil 
stratigraphy1l.'2 13* 14, uranium-trend datinglS* 16, uranium 

thermoluminescence (TL) datinglg. Another valuable age 
constraint found in many trenches and natural exposures is 
the presence of basaltic ashes which have been correlated 
provisionally with two to three tephra units identified at the 
Lathrop Wells volcanic center on the south end of Yucca 
Mountain. These tephra units have preliminary ages of 
60-40 ka, 85-100 ka and 100-130 ka)%**l, although the ages 
of the two younger units have been revised to 
approximately 25 ka and 30-70 ka, respectively (F. Perry, 
written communication, 1994). The specific age 
boundaries for subdivisions of the Quaternary used h this 
paper when referencing age control are summarized in 
Table 213*". 

disequilibrium series (U-Th) 18~*9 9 and 
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PROVISIONAL STRATIGRAPHIC FRAMEWORK FOR 
SURFICIAL GEOLOGY OF MIDWAY VALLEY AREA, NEVADA TEST SITE 
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NOTES 

1. Wnhln the area mapped bv Wesling and others (1992. Plates 1 
and 2) eolian deposits generally are limned to a thin (540 Cm) 
manlle o! fine Sana and sil:. whch E included as pan of the soil 
prorile developed on the 8llwial !an and terrace SUdaCeS. 
Eolian deposits ere nor mapped separately. 

2. Soils developed in older alluvial deposits may be assodared 
wilh relict sudaces andior buried beneath younger deposits. 

aeu 
ocu 
0 a7 
Oa6 
OaS 
Oa4 
Oa3 
OaZ 
Oal 
QaO 

R 

Undiflerenliated eohn sand and sill 
Undiflerenllaled CoIIuvium. talus. and slope wash 
Alluvium along actwe washes 
Point bar and low. flood-lerrace deposils 
Alluvial !an and terrace dewsils 
~liwial tan and terrace aewsils 
Alluvial Ian and terrace deposils 
Alluvial !an and terrace deposits 
Alluvial fan and valley fill oeposns 
Lag gravel on degraded bedrock slralh (?) 
Unditlerentlated volcanidatlic rocks 

Figure 2. Correlation diagram showing provisional stratigraphic framework for the surficial 
geology of the Midway Valley area which forms the basis for soil stratigraphic correlations of 
surficial deposits and soils at trench sites. Modified from Wesling, Swan, Bullard, and Thomas 
(1993)". 

un 
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Table 2. Boundary Ages for Subdivisions of the 
Quaternary. Modified from Wesling and others 
(1993)13 and Harland and others (199O)p. 

Middle Holocene 

I Early Holocene 

Late Pleistocene 

Historic - 3 ka 

3 - 7 k a  

7 - 10 ka 

10-50 ka 

10 - 128 ka 

Pliocene 1.6 - 5.2 Ma 

III. GEOLOGIC AND GEOMORPHIC SETI’ING 

Yucca Mountain consists of a series of north-trending 
bedrock ridges separated by narrow valleys that are filled 
with a thin (<100 m thick) veneer of alluvium and 
colluvium (Fig. 1). The underlying bedrock comprises of 
a thick sequence of upper Miocene (14-11 My) silicic 
volcanic tuffs which have been extended and tilted gently 
eastward by a complex set of predominantly north-striking 
normal to normal-oblique faultsz*”*z. These faults bound 
a series of eastward-rotated blocks which structurally 
define the major topographic ridges on the mountain. 
Most of the major normal faults dip steeply toward the 
west with down-on-the-west bedrock displacements on the 
order of 50 to 500 m since middle Miocene tims.”. 
They commonly follow the base of large west-facing 
bedrock escarpments along the eastern margins of 
adjoining valleys The majority of the displacement 
along normal faults in the Yucca Mountain area is 
interpreted to have occurred during the Miocene, more or 
less synchronous with the silicic volcanism in this region ”. However, several previous investigations have 
documented Quaternary displacements on at least five or 
six of the major normal fault systems in the Yucca 
Mountain area, including the three faults discussed in this 
paper’6i26* n. 

IV. PALEOSEISMIC DATA AND INTEFU?RETA”IONS 

A. Paintbrush Canyon Fault 

The Paintbrush Canyon Fault is a 25- to 33-km-long 
ob l ique -nod  fault that structurally controls the eastern 
edge of Yucca Mountain (Fig. 1). The fault strikes north 
to northeast and dips 70” to the west along the western 
margin of a discontinuous series of bedrock ridges, 
although the fault trace is concealed beneath suficial 
alluvial, eolian, and colluvial deposits for much of its 
length. The central section of the Paintbrush Canyon fault 
bifurcates into several major subparallel splays between 
Midway Valley and Dune Wash. This section s u d  
paleoseismic work at two sites (MW-T4 and Busted 
Butte) on the fault (Fig. I), both of which reveal multiple 
displacements affecting middle to upper Pleistocene 
deposits. Preliminary inspection of a re-excavated trench 
(Trench Al) at the northeastern comer of Midway Valley 
indicates that Quaternary surface ruptures have extended at 
least 9 to 10 km to the north of Busted Butte along the 
fault. 

1. Trench MWV-T4. Trench MWV-T4 is modified 
from a preexisting trench (Trench 17) located on a western 
splay that diverges from the main fault strand at the 
southwestern edge of Midway Valley. No Quaternary fault 
activity was reported from the original trench% however, 
the results of reconnaissance work, reviews of existing 
trenches, and geomorphic relationships in southern 
Midway Valley indicated that a reexamination of the fault 
in southern Midway Valley was warranted. Therefore, 
Trench 17 was deepened in June 1992, revealing a nearly 
7-m-wide fault zone that displaces Quaternary eolian and 
colluvial deposits. 

Bedrock (Tha Canyon cli istone member of the 
Paintbrush Tuff) is exposed only on the footwall block 
within the trench (Fig. 3). Unconsolidated colluvium and 
eolian deposits are exposed in the hanging-wall block and 
thinly mantle bedrock in the footwall block. The contact 
between bedrock (Rainier Mesa member of the Timber 
Mountain Tuff) and unconsolidated deposits on the 
hanging-wall block occurs at a depth of 40 m in a borehole 
(UE-25p#l) 40 m to the north of the !r:nch. The apparent 
step in the bedrock-alluvium cc\.iuct represents an 
approximate vertical displacement of the top of bedrock 
across the fault, although a compoEent of fluvial erosion 
cannot be excluded. Structural cross--ations indicate that 
the apparent vertical separation i;i the Tiva Canyon 
member across this fault strand is -200 ma. The primary 
fault trace exposed in the trench strikes -N45E and dips 
steeply ( -SOo) to the northwest. 



PRELIMINARY LOG 
Trench MWV-T4, North Wall 

Western Splay, Paintbrush Canyon Fault 
Southern Midway Valley 
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Figure 3. Simplified section of trench log of north wall, Trench MWV-T4 on Paintbrush Canyon fault. Heavy lines indicate fractures and 
shear tones; thin lines and dotted lines indicate boundaries of lithologic deposits and soil horizons, respectively. Roman numerals identify 
mapped stratigraphic units. Tv represents Tertiary volcanic bedrock. Shaded areas delineate units interpreted as colluvial wedges associated 
with event horizons’. Position of TL (thermoluminescence) samples described in text are shown with circled dots. 
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Between 4 and 5 faulting events are interpreted in 
MWV-T4, based on a series of colluvial wedges 
associated with paleoscarps =lm(Fig. 3). Individual dip-slip 
displacements range from 20 to 85 cm (typically 40 - 70 
cm). In most cases these represent minimum 
displacements measured from either the thickness of 
individual scarp-derived colluvial wedges and (or) the 
projected vertical separation of marker horizons across the 
fault surface; they have not been corrected for a possible 
lateral slip component. The oldest event occurred on a 
shear zone at the western margin, the next one to two 
events are preserved on shears within the central part of 
the fault, and the two youngest ruptures extend into 
overlying deposits from the main shear in bedrock at the 
eastern boundary of the fault zone. The estimated 
cumulative dip-slip displacement of the oldest surficial 
deposit in the trench is 2.2 f 0.5 m. 

Displaced surficial deposits are correlated provisionally 
with middle to upper Pleistocene alluvial deposits (Qa2 to 
Qa4) in Midway Valley and the Yucca Mountain 
area13*14*28*r) (Fig. 2), based primarily on stratigraphic 
relationships and the degree of soil development. The 
most recent surface rupture occurred in late Pleistocene, 
prior to deposition of undisturbed mid-lower Holocene 
colluvium (Qc5; Unit VI, Fig. 3) over the fault. Two TL, 
samples from this trench allow refinement of the ages of 
the two most recent faulting eventstg. The colluvial wedge 
from the second most recent (penultimate) event (unit IVh, 
Fig. 3) has a TL, age of 75 -i- 26 ka and the most recent 
rupture postdates deposition of a mixed eolian-colluvial 
unit (Vb, Fig. 3) that yielded a TL age of 38 & 8 ka. 
This unit predates deposition of the youngest unit 01, Fig. 
3) that has a TL age of 6 f 3 ka. Uranium series ages 
for rhizoliths in older underlying deposits are pending. 

Ages derived from soil stratigraphy and geochronology 
collectively indicate recurrence intervals of lo4 yrs, 
probably on the order of 30 to 80 k., although the intervals 
may be less between some events that are separated by 
colluvial wedges with little or no soil development. The 
ages of older units in the trench (particularly units IVa-f 
and III, Fig. 3) have not been determined. These 
displacement and age data indicate average slip rates on the 
order of approximately 0.01 d y r .  

2. Busted Butte. The Paintbrush Canyon fault is 
exposed spectacularly in two 25-mdeep gullies incised into 
sand ramps that are banked against the western slope of 
Busted Buttem(Fig. 4). Four of these gully walls were 
cleaned in August 1992 to enhance the exposures of a 
succession of buried soils and stone lines displaced by the 
main trace of the fault (Figs. 4 and 5). Bishop ash is 
preserved near the base of similar sand-ramp eolian 

deposits at the south end of the Butte; thus, the sand ramps 
chronicle approximately the last 700 to 600 k.y. of fault 
displacement history. 

The main trace of the fault zone is well defined by a 
0.2- to 5-m-wide zone of carbonate-coated shears and 
fractures which commonly increase in complexity 
upsection (Figs. 4 and 5). The average attitude of the 
main fault zone in these exposures strikes N15"E, and dips 
70"W. Striations of probable tectonic origin on carbonate- 
coated shears in the sand-ramp fault zone exhibit left- 
normal slip with a rake of 73", and slickenlines with left- 
oblique slip with a rake of 47" are observed in nearby 
bedrock exposures of the fault3. The hanging-wall block 
characterized by a smal l  antithetic graben in the hanging- 
wall block. In the southernmost exposure (Wall #4), two 
secondary synthetic fault strands displace sand-ramp units 
to the east of the main fault trace (Fig. 5). The results of 
logging of Wall #4 are summarized below because this 
wall provides the most complete and interpretable record 
of fault displacements. 

Successively smaller displacements of younger 
horizons, fault-generated colluvial wedges, and several 
buried scarps suggest 6 to 8 individual ruptures with dip- 
slip offsets per event that range from 20 and 115 cm 
(commonly 60 to 80 cm). At least four buried soils and 
three distinct stone lines are displaced along the main fault 
trace (Figs. 4 and 5). A buried composite fault scarp 
formed near the top of the exposure (above unit 8; Fig. 5) 
records a surface rupture event that displaced the 
uppermost buried soil. This paleoscarp is ruptured by one 
or two episodes of faulting which postdate formation of a 
soil on the scarp slope. The cumulative vertical 
displacements of the two or three most recent fault events 
is approximately 1.5 m. One or two prior events (totalling 
about 1.0 m of dip-slip displacement) associated with 
another buried fault scarp, results in a cumulative vertical 
displacement of 2.5 m on the next lower buried soil (above 
6, Fig. 5). Below the two upper buried soils, three events 
are recorded by three carbonate-impregnated colluvial 
wedges in the mid-to-lower slope of the sand ramp. 
Minimum amounts of cumulative dip-slip and net-slip 
displacement of the buried stone line on top of unit 3 (Fig. 
5) are 4.6 m and 4.8 to 6.3 m, respectively; these 
valuesare calculated from the cumulative offset of unit 4 
added to the total displacements of rupture event recorded 
in two lower colluvial wedges. This procedure is required 
because the downthrown equivalent of the unit 3 stone line 
is not exposed on the hanging wall. However, this 
estimate of cumulative dip-slip displacement is comparable 
with a direct measurement of dip-slip offset on Wall a, 
where the lowermost soil, correlative with the soil above 
units 1 or 2 on Wall #4, is displaced 4.1 m along the main 
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Figure 4. Photograph looking south of cleaned natural exposure of Paintbrush Canyon fault in sand ramp at Busted 
Butte, Wall #4. Main fault zone is at center with two subsidiary fault strands to left of center. Two prominent 
buried scarps on main fault are in upper center of wall. 

fault zonem. The two eastern secondary faults on Wall #4 
add another 0.8 to 1.0 m of cumulative dip-slip 
displacement at the stratigraphic levels of units 1 and 2. 

Age constraints for this long-term palm-seismic record 
are as follows. An approximate age of 650-700 ka for the 
lowermost buried soil (above unit 1, Fig. 5) is based on its 
correlated stratigraphic position above the Bishop ash. 
U-Th analyses of pedogenic carbonate collected on Wall #4 
l9 suggest poorly constrained ages of 350 to 600 ka (most 
likely -400-500 ka) for the soil predating formation of the 
lower buried scarp, and 230 C 100 ka for the soil 
disrupted across the upper fault scarp (Fig. 5). Rhizoliths 
in a soil formed on the crest of a correlative upper buried 
scarp to the north on Wall #1 yield U-Th ages of 146 & 
8 kaI9. The time intervals between each of these soils are 
interpreted to bracket one or two fault events. Carbonate 
laminae with an U-Th age of 97 5 8 ka along the fault 
zone on Wall #1 are displaced by only the most recent 
rupture, which in turn is buried by unfaulted sand deposits 
with a TI, age of 36 k 25 ka. Fractures related to the 
most recent rupture are coated extensively with carbonate, 

Note truck above exposure for scale. 

which suggests that this faulting event occurred early in 
this time bracket (probably 2 20-30 ka). A sand layer 
(unit 9, Fig 5) with sparse basaltic ash overlies both the 
carbonate laminae and upper fault-scarp soil and was 
deposited between the most recent and the penultimate 
faulting events. The basaltic ash appears to correlate with 
the oldest tephra deposit from the Lathrop Wells cone (see 
earlier 

These relationships indicate general recurrence 
intervals of lo4-l@ years (averaging 70-100 k.y.) for the 
complete sequence of recognizable events, although 
recurrence intervals in the upper part of the section may 
decrease somewhat to -40-60 k.y.. Average slip rates of 
0.01-0.02 d y r  are computed from the age and 
displacement data. 

B. Bow Ridge Fault 

The Bow Ridge Fault is a 5- to 10-km-long north- to 
northeast-striking normal fault that bounds the western 
edge of Midway Valley (Fig. 1). The northern termination 
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Figure 5. Simplified log of Paintbrush Canyon fault at Busted Butte, Wall #4. Thick lines represent fractures and shears; thin lines show 
boundariesof lithologic units (identified by number). Soil horizons are identified by thin lines with S symbols. Horizontally lined areas show 
selected fault-generated colluvial wedges associated with event horizons and (or) paleoscraps. Note two deformed buried fault scarps at upper 
part of main fault trace. Position of U-Th and TL samples discussed in text are shown (*indicated correlated stratigraphic position of saniple 
projected from Busted Butte, Wall #l). 



of the fault is uncertain, but on most maps the southern 
end is projected to merge with the Paintbrush Canyon fault 
beneath Dune Washp*26. The Bow Ridge fault in the 
vicinity of Exile Hill is depicted in the most recent cross- 
sections as a westdipping (-65-75') normal fault that 
drops the Tiva Canyon member of Paintbrush Canyon tuff 
approximately 125 & 30m down to the west 2331. 

The character and recency of Quaternary 
displacements on the northern Bow Ridge fault were 
investigated during the early to middle 1980s by a series 
of five trenches (Trenches 14, 14A to D) that cross the 
fault at the western base of Exile Hill (Fig. 1). These 
trenches reveal a complex fault zone developed in highly 
fractured Tertiary volcanic bedrock and (or) colluvial 
deposits that, with the exception of Trench 14D, primarily 
are no younger than middle Pleistocene in age 15*163w3. A 
late Pleistocene age for the most recent rupture is 
supported by basaltic ash disseminated in several fissure 
fills within the fault zone in Trench 14 and by the soil- 
stratigraphy in Trench 14D143U3. 

In June 1992, Trench 14D was enlarged -50 m to the 
east to determine whether another Quaternary fault strand 
exists in bedrock at the base of Exile Hill. A box network 
of auxiliary trenches, 7 m on a side, was excavated in an 
attempt to provide 3dimensional exposures of displaced 
Quaternary deposits. Exposures at the northern end of the 
Trench 14D box trench provide new preliminary 
information on the history of Quaternary displacements that 
are summarized below34 (Fig. 6) . 

The main fault zone is characterized in the lower part 
of the trench wall by a very distinct, irregular, 25- to 30- 
cm-wide shear zone which is filled with at least three or 
four depositional episodes of variably cemented sand, silt, 
and scattered gravels (Fig. 6). Multiple carbonate and 
silica laminae coat fissure walls in the main fault. The 
fault strikes NlOOE and dips 80°-85" SE, indicative of 
slight overturning of the fault towards the downdropped 
block. The fault trace terminates abruptly beneath 
undisturbed colluvial deposits in the upper meter of the 
trench, although unit 10 is locally fractured above the fault 
(see below and Fig. 6). Several small secondary fault 
strands and fractures with little to no offset occur within 2 
to 3 m of the main fault trace. 

Four to six middle- to latePleistocene faulting events 
are evident in this exposure (Fig. 6). All but one of these 
events have been identified at specific stratigraphic 
intervals in the vertical sequence of colluvial deposits, 
based on incremental upsection decrease of offsets of 
successive marker horizons, the position of small colluvial 
wedges deposited only on the downthrown block above the 

offset marker, and differential development of fissure fills 
and carbonate coatings in the fault zone. Faulting events 
have produced a cumulative vertical displacement of 45 cm 
across the lowest displaced unit exposed on both sides of 
the fault. Vertical displacements associated with each 
individual surface rupture ranges from 5 to 20 cm, 
commonly about 7 to 10 cm. Another possible event may 
be associated with the fractures observed in unit 10 
overlying the main fault zone. The sizes of both individual 
and cumulative late Quaternary displacements at a given 
stratigraphic level decreases moving northward along the 
fault trace from trench 14D to trenches 14C, and 14. 

The box extension to Trench 14D provides little direct 
stratigraphic or structural information about lateral-slip 
components on the Bow Ridge fault. However, several 
sets of striations were observed on carbonate laminae in 
the fault zone which, if tectonic in origin, indicate plunges 
of 20" to 65". Vector addition of these inferred lateral 
components to the vertical displacements still indicates 
oblique net-slip displacements in the range of 6 to 15 cm 
for smaller events and 20 to 50 cm for larger events. 

Age control for these faulting events is provided by 
correlation of trench units with surficial deposits mapped 
in Midway Valley13*14*15*16 (Fig. 2) and U-Th and TL 
datingI9. The oldest faulted colluvial unit (unit 1, Fig. 6), 
present only on the footwall block below the stratigraphic 
position of the oldest recognized event (El), is correlated 
with middle Pleistocene Qal or Qa2 deposits; this 
assignment is supported by a U-Th age on pedogenic 
carbonate of 2 400 to 600 ka (possibly older than lo00 
ka). The next two or three fault events occur in a package 
of colluvial deposits correlated with Qa3 (Fig. 2). A 
combined age of 185 If: 28 ka was derived from two U-Th 
samples collected and analyzed together from a calcic soil 
developed on a buried paleoscarp (associated with unit 3, 
Fig. 6) that formed above the oldest event". This result 
is consistent, within analytic error, with a TL age of 230 
& 100 ka from a mixed eolian-colluvial unit (unit 4, Fig. 
6) that buries the scarp soil. A minimum age for the most 
recent surfacedisturbing event is established by a TL age 
of 66 & 34 ka from an upper Qa4 unit (unit 10, Fig. 6) 
deposited in the tectonic depression formed on the 
paleosurface above the rupture. Argillic soil formation in 
unit 10 and in the underlying Qa4 deposit (unit 9) thus 
appears associated with at least part of the development of 
the petrocalcic horizon of the subjacent upper Qa3 deposit 
(unit 7, Fig. 6) which yielded a 64 & 12 ka U-Th age 
from pedogenic carbonate. 

These age constraints on faulting events indicate 
average recurrence intervals of 40 to 80 k.y., and, 
combined with the measured displacements, yield average 
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of 0.001 d y r .  Long recurrence intervals are 
by features in the trench such as petrocalcic soils 
on units deposited between events and several 
raded fault scarps formed above colluvial 

wdges associated with event horizons. 

Is*, C. Stagecoach Road Fault 

ecoach Road fault is a 5- to 10-km-long 
m d .  fault that strikes northeast and dips steeply 
westward along the western edges of a low bedrock ridge 
on the southeastern comer of Yucca Mountain (Fig. 1). 
The fault and an associated topographic scarp define the 
'western edge of a bedrock pediment thiniy mantled by 
-&uvium and colluvium. Structural cross sections estimate 

is displaced by as much as 600 m down to the 
the Stagecoach Road fault. The northern 

i:~ extension of the fault commonly is projected northeast -'.? 
' ". T-, dong strike to join with the southern end of the Paintbrush 
. , .  .'- Canyon fault at Busted Buttea*%. However, it is possible 
*; to connect the northern Stagecoach Road fault with a 

southeastern splay of the Solitario Canyon fault. ..,, 
' -L  

r 1. Trenches SCR-T1 and SCR-T3. The Stagecoach 
Road fault, although recognized as a potentially important 
Quaternary fault%, was not evaluated by paleoseismic 
studies until these two trenches were excavated in 
September 1992. The trenches are discussed together 
below because they are located within 3 km of each other 
and exhibit fundamentally similar structural and 
stratigraphic relationships. 

The footwall block in both trenches consists of 
2-3+ m of alluvium and colluvium with thick, well- 
developed petrocalcic soils that overlie volcanic bedrock 
(Fig. 7). These units are not present across the fault in the 
hanging wall blocks, which instead are comprised entirely 
of a younger sequence of mostly unconsolidated sandy 
alluvium, colluvium, and eolian material. The fault zone 
is well expressed in both trenches as a multiple-strand zone 
of carbonate-coated shears and fractures. The dominant 
strike and dip of the fault zone varies between NO"-1O"W. 
85"W in trench SCR-TI, located where the fault deflects 
to the north, to a more characteristic orientation of 
N20"-30"E, 55"-65"W in trench SCR-T3. The hanging 
wall in both trenches is complexly deformed by secondary 
synthetic and antithetic fractures and shears which are 
commonly associated with eastward tilting of strata 
towards the fault and (or) asymmetric graben formation 
adjacent to the main fault zone (Fig. 7). Previous surface 
mapping found evidence for significant amounts of left- 
oblique slip on the Stagecoach Road fault?; however, 
essentially dip-slip slickenlines are observed on a bedrock 
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fault strand that displaces overlying Quaternary units in 
trench SCR-T3. 

Three to five rupture events are interpreted from 
poorly delined colluvial wedges and fissures on the 
hanging-wall block adjacent to the main fault in both 
trenches (Fig. 7). The stratigraphic position of most of the 
faulting events also is constrained by incremental 
downsection increases in the amount of stratal rotation 
against the fault. In trench SCR-T3, another event is 
recognized from the displacement of units on the antithetic 
bounding fault of the hanging-wall graben, although these 
tilted deposits project eastward underneath the trench 
bottom before reaching the main fault. ?Ivo much older 
ruptures, spatially and temporally disconnected from 
rupture events on the main fault trace, are present in 
trench SCR-?J on eastern strands of the fault zone within 
the footwall block. 

The individual and cumulative dip-slip displacements 
of most of these fault events are difficult to assess because 
of the lack of many hanging-wall units in the footwall 
block. Minimum displacements per event are interpreted 
from the thicknesses of identified colluvial wedges, and 
maximum estimates are derived from the total stratigraphic 
thickness between individual event horizons. This latter 
estimate is certainly too large, as it disregards the probable 
burial of fault-generated colluvial wedges by nontectonic 
deposition across the fault between events. This procedure 
also cannot account for possible stripping and erosion of 
footwall near the fault zone. Given these uncertainties, 
the displacements of individual events vary between 10 and 
90 cm, commonly in the range of 20 to 50 cm. 
Cumulative displacements in older units near the base of 
the trenches vary between 1.3 to 3.5 m. All of these 
displacements must be corrected for the effects of local 
rotation of strata and graben formation near the fault, 
which reduces the amount of net tectonic slip to 10 to 50 
cm for individual events and 1.0 to 2.3 m for net 
cumulative offsets. 

Most of the displaced alluvial, colluvial, and eolian 
deposits in the hanging wall are considered late Pleistocene 
in age based on several constraints. The most recent event 
in trench SCR-T1 is buried by an unfaulted package of 
sandy colluvium with a basal TL age of 12 & 11 ka 
capped by a weak carbonate soil commonly observed in of 
mid-early Holocene Qa5 (Fig. 2). A thick 
(> 1 m) sequence of rhizolith-rich sandy layers occupies 
the lower half of the hanging wall of trench SCR-T1. 
Rhizoliths from the upper and lower parts of the sequence 
(approximately equivalent to units HI and G2, Fig. 7) 
yielded U-Th ages of 20 f 2 ka and 24 f 3 ka, 
respectively. These ages originally werz considered very 
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PRELIMINARY LOG OF THE CENTRAL PART 01- TRENCH SCR-T3 
ON THE STAGECOACH ROAD FAULT, NYE COUNTY, NEVADA -----------------.-- -- 

Figure 7. Simplified section of log, looking north, of trench SCR-T3 on Stagecoach Road fault. Upper section shows north wall of trench 
(bench in center), which was logged photogrammetrically. Portion of the log at lower right is the south wall of the trench which was logged 
by standard manual techniques and has been rotated about and vertical axis and projected adjacent to north wall. Dotted tie-lines indicate 
position of correlated features on adjacent parts of both walls. Thick lines indicate fractures and shears; thin lines represent boundaries of 
lithologic units (labeled with alphanumeric numbers); thin lines with S symbol represent soil horizon boundaries. Horizontally lined areas 
indicate fault-generated colluvial wedges associated with event horizons. Also indicated are approximate positions of ash-bearing layers 
correlated with Lathrop Wells cone and TL and U-Th samples discussed in text (*indicates correlated stratigraphic position of sample and ash 
horizon from trench SCR-Tl). 
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minimum ages related to root invasion from higher in the 
soquence because of the presence of a sand layer with 
basaltic ash (unit H3, Fig. 7) in the middle of both 
ttenches stratigraphically above the rhizoliths. Possibly a 
m n d  ash-bearing layer occurs in the middle of the 
-lith zone of trench SCR-T1. The ashes from these 
layers were correlated initially with the second oldest and 
oldest tephra unit, respectively, from the nearby Lathrop 
Wells cone (see earlier section)20, 21; this would require 
the middle and lower section of the hanging wall to be 
older than 85 ka. However, the revised ages of the third 
and second oldest tephra units are consistent with the 
rhizolith ages in the lower trench units, which would 
indicate a latest Pleistocene age (< 50 ka) for most of the 
hanging-wall deposits. Both of these possible age ranges 
have been incorporated in calculation of faulting 
parameters, pending analyses of additional U-Th and TI, 
samples in both trenches and more precise correlation of 
the basaltic ashes. 

These relationships indicate average recurrence 
intervals of 20 to 60 k.y. for earthquakes in the late 
Pleistocene, although these intervals may decrease to as 
low as 5 to 20 k.y. if the hanging wall deposits are latest 
Pleistocene in age. Depending on which age range is 
used, fault slip rates computed from tectonically-adjusted 
net displacements vary between 0.005 to 0.02 d y r  and 
0.03 to 0.08 d y r .  

IV. CONCLUSIONS 

Paleoseismic studies provide valuable preliminary data 
on the amounts of displacements and rates of Quaternary 
fault activity on the Paintbrush Canyon, Bow Ridge, and 
Stagecoach Road Faults located on the eastern side of 
Yucca Mountain. These investigations examined trenches 
and natural exposures with stratigraphic records of 
Quaternary displacements spanning time intervals that 
range among sites from 0-700 ka to perhaps as short as 
0-30 ka. The following preliminary conclusions are 
presented for these three active faults. 

1. Paleoseismic interpretations of trench stratigraphy 
at all sites indicate multiple surface-rupturing earthquake 
events. At least 3 to 5 events are identified in late 
Quaternary (< 500 ka) time, and possibly as many as 6 to 
8 events in the past 700 ka on the Paintbrush Canyon fault 
at Busted Butte. 

2. Dip-slip displacements for individual faulting events 
range from 5 to 115 cm, but commonly are in the range of 
20 to 85 cm. Variations in individual-event displacements 
are observed both among faults and at a given site on a 

fault. Typical displacements per event are 7 to 10 cm on 
the Bow Ridge fault, 15 to 50 cm on the Stagecoach Road 
fault, and 40 to 80 cm on the Paintbrush Canyon fault. 

3. Cumulative dip-slip displacements of deposits with 
approximately similar ages vary among the faults. For 
example, the measured displacements of units with 
assessed ages of 100-200 ka, range from 20 to 45 cm on 
the northern Bow Ridge fault, and at least 100 to 200 cm 
on the Stagecoach Road and Paintbrush Canyon faults. 
The amount of lateral slip requires more data, but 
striations of possible tectonic origin on carbonate-coated 
shears in all three faults are consistent with small to 
moderate amount of left-oblique slip that are larger than 
dip-slip displacements by factors of < 1.1 to 1.7. 

4. Timing data on faulting events indicate average 
recurrence intervals of 104 to 10s- years, commonly in the 
range of 30 to 80 k.y.. There do not appear to be large 
differences in recurrence intervals on the Paintbrush 
Canyon and BOW Ridge faults within the resolution of 
present age constraints. The intervals on the Stagecoach 
Road fault appear significantly smaller (5-20 k.y.) if the 
hanging wall units are latest Pleistocene in age. Some of 
the recurrence intervals calculated for specific age brackets 
on fault events are slightly less than the long-term average 
intervals at a given site by at most factors of one-third to 
one-half. 

5. The age and cumulative net-slip data indicates 
average slip rates of lo3 to 10" d y r .  Depending on the 
specific displacement values and time intervals used, slip 
estimates vary between 0.001 d y r  on the Bow Ridge 
fault, 0.01 to 0.02 mmlyr on the Paintbrush Canyon fault, 
and 0.01 to 0.08 d y r  on Stagecoach Road fault. The 
large range of slip derived for the latter fault results from 
uncertainties in displacements and especially age ranges of 
faulted deposits. 

6.  The ages of the most recent surface ruptures 
appears to vary among the sites. The youngest event of 
early Holocene(?) to latest Pleistocene age (26-20 ka) 
occurs at both trenches on the Stagecoach Road fault, and 
possibly at MWV-T4 on the central Paintbrush Canyon 
fault (between 10 and 45 ka). The age of the most recent 
event is late Pleistocene on the Paintbrush Canyon fault 
(between 20 and 100 ka) and at Trench 14D on the Bow 
Ridge fault (2 30-90 ka). It is not possible to 
discriminate between the latter two rupture ages at the 
present time. The most recent rupture does appear to be 
younger on the Stagecoach Road fault, relative to at least 
the southern Paintbrush Canyon fault, which is consistent 
with the stronger topographic expression of the Stagecoach 
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Road fault. The most recent event also may differ in age 
between the two sites on the Paintbrush Canyon fault. 

These preliminary results raise important questions 
regarding paleoseismic interpretations beyond the scope of 
this paper. Most of these question cannot be resolved 
without additional refinement of the ages of surface- 
rupturing earthquakes. Particularly important topics that 
will be addressed in future work include: (1) the presence 
or absence of temporal variations (clustering) in occurrence 
of earthquake ruptures at a given site on a fault; (2) 
variations in the timing of faulting events at different sites 
along a fault which require rupture segmentation; and 
(3) correlation of events among sites on different faults 
indicative of contemporaneous surface ruptures on multiple 
faults. 
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