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EXECUTIVE SUMMARY 
 
The U.S. Department of Energy (DOE) is investigating Yucca Mountain, Nevada, to determine 
whether the site may serve as the nation’s potential repository for high-level nuclear waste.  
Barriers are evaluated for their effectiveness in isolating radioactive waste from the accessible 
environment.  Federal regulations [10 CFR 63.113(a)] require that a potential high-level waste 
repository have both natural and engineered barriers to demonstrate compliance with 
postclosure performance objectives.  Using multiple lines of evidence including satellite 
imagery, published maps, topographic profiles, and geodetic leveling data, we have interpreted 
that tectonism is ongoing adjacent to Yucca Mountain. 

Fortymile Wash, located on the east side of Yucca Mountain, Nevada, is part of an ephemeral 
stream system that extends in a nearly north-south direction from north of Timber Mountain 
through Fortymile Canyon to the northern Amargosa Desert.  The lower reaches of the wash, 
south of Fortymile Canyon, consist of several distinctive features, including a linear and deeply 
incised channel that extends approximately 19.5 km [12 mi] southward from the mouth of 
Fortymile Canyon, a 30°-clockwise change in the incised channel trend south of Busted Butte, 
and a complex splay of stream channels south of the incised portion of the channel.  

Based upon our observations and interpretations of natural features in Fortymile Wash, 
we conclude: 

• The effects of climate change alone cannot account for all of the Fortymile Wash 
distinctive features. 

• The Fortymile Wash drainage system is in apparent disequilibrium. 

• The drainage channel at the apex of Fortymile Wash is entrenched, at least in part, in 
response to neotectonism. 

• Localized active tilting of the land surface is occurring at Fortymile Wash. 

• Localized tilting may be the result of as yet unrecognized active structures under 
Fortymile Wash. 

• Slip on the southern portion of the Bare Mountain fault is ongoing; level-line survey 
results indicate throw rates exceeding those measured from paleoseismic data. 

• Westward tilting of the land surface in a corridor extending from the southern portion of 
the Bare Mountain fault eastward to Fortymile Wash supports the interpretation of 
hanging wall rollover into the Bare Mountain fault. 

• Localized eastward and westward tilting in lower Fortymile Wash and the apparent 
westward tilting near Bare Mountain appear associated with documented neotectonic 
activity in southern Crater Flat and the Amargosa Desert between Bare Mountain and 
the inferred Gravity Fault. 
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1 INTRODUCTION 

1.1 Purpose 

This report summarizes a survey of possible neotectonic features in Fortymile Wash, Nevada, 
for the U.S. Nuclear Regulatory Commission (NRC).  Neotectonic features are Miocene or 
younger tectonic features (Jackson, 1997).  Neotectonic features described in this report are 
interpreted to reflect the current tectonic environment.  Such features provide a basis to assess 
geologic and hydrologic processes that are important to repository safety.  Based on 
observations, we present a new and different interpretation of both previously observed and 
heretofore not recognized features in and around Fortymile Wash (McKague, et al., 2006a). 

The U.S. Department of Energy (DOE) is considering Yucca Mountain, Nevada, as the nation’s 
potential repository for high-level nuclear waste.  Federal regulations [10 CFR 63.113(a)] require 
that a high-level waste repository have both natural and engineered barriers to demonstrate 
compliance with postclosure performance objectives.  This report provides results from a survey 
of natural features and processes that indicate an ongoing neotectonic environment which could 
affect the natural barriers at the site of the potential repository.  Neotectonic processes influence 
seismicity and volcanism, which may affect groundwater flow paths, and consequently, 
performance assessment model abstractions of low, medium, and/or high risk-insight rankings 
as significant to waste isolation (NRC, 2005).  For example, neotectonism may affect flow paths 
in the saturated zone, which is ranked of medium significance to waste isolation (NRC, 2005).  
Alternatively, and perhaps even simultaneously, neotectonism may indirectly affect retardation 
in the saturated alluvium by influencing flow paths.  Retardation in the saturated alluvium is 
ranked of high significance to waste isolation (NRC, 2005).   

The Yucca Mountain Review Plan (NRC, 2003, Section 2.2.1.2.2) instructs staff to evaluate 
events with probabilities greater than 10−8 per year.  Review Method 1, Event Definition, 
specifies verification that event definitions of faulting and earthquakes are derived from the 
historical record, paleoseismic studies, or geological analyses (NRC, 2003).  Review Method 2 
instructs staff to examine the adequacy and sufficiency of characterization and documentation 
of past faulting and seismicity in the Yucca Mountain region since 2 million years ago (NRC, 
2003).  Review Method 3 includes a provision that staff assess whether faulting models are 
consistent with fault-slip rates and fault displacements (NRC, 2003).  Understanding and 
awareness of neotectonic events and features can risk-inform the pertinent sections of each 
review method. 

Tectonic models are important in assessing the safety of the potential repository.  Tectonism 
directly and indirectly influences processes such as (i) pre- and postclosure seismicity, 
(ii) igneous activity, (iii) groundwater flow paths in the saturated zone, which in turn control 
(iv) groundwater velocity, thereby affecting (v) groundwater chemistry.  Accurate and viable 
neotectonic models increase realism and confidence in process models.   

That 11 tectonic models have been proposed for the Yucca Mountain region (McKague, et al., 
2006b; NRC, 1999) is a testament to the complexity of the region and witness to uncertainty in 
particular models.  Large uncertainties surround the tectonic environment.  One method of 
reducing the uncertainty is to eliminate some tectonic models from further consideration.  This 
may be possible where neotectonism is well understood and documented. 
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1.2 Background 

Fortymile Wash, located on the east side of Yucca Mountain, Nevada (Figure 1), is part of an 
ephemeral stream system that extends in a nearly north-south direction from north of Timber 
Mountain through Fortymile Canyon to the northern Amargosa Desert (Figure 2).  The lower 
reaches of the wash, south of Fortymile Canyon, consist of several distinctive features, including 
a linear and deeply incised channel between the mouth of Fortymile Canyon and Busted Butte, 
a 30° clockwise change in the incised channel trend south of Busted Butte, and a complex 
distributive system south of the incised area (Figure 2).  The overall drainage system has been 
interpreted as having a long and complex history (Huber, 1988).  In addition, the Fortymile 
Wash area has been interpreted (Carr, 1990; Ferrill, et al., 1996a; Fridrich, 1999; Wernicke, 
et al., 2004; Young, et al., 1992a) to be the eastern boundary of a structural system that is 
bound to the west by the Bare Mountain fault and includes Yucca Mountain.  The deposits that 
underlie the modern wash are considered to be an important component of the groundwater 
travel path between the potential high-level waste repository at Yucca Mountain and the 
compliance boundary to the south (Winterle, 2003; Winterle, et al., 2003).  Groundwater flow 
paths are important in assessing the safety of the potential repository (Sun, et al., 2006).  

In this report, we concentrate on evidence for neotectonic activity in Fortymile Wash south of 
Busted Butte and westward to the Bare Mountain fault (Figure 2).  Knowledge of the neotectonic 
environment may reduce the uncertainty in the currently proposed tectonic models for the 
Yucca Mountain area (McKague, et al., 2006b) by identifying potential constraints on models, 
leading to a better evaluation of the natural barriers at the potential Yucca Mountain repository. 

Yucca Mountain, Nevada, consists of a series of east-dipping rotated fault blocks located in the 
hanging wall of the Bare Mountain fault 10 km [6.2 mi] to the west (Brocher, et al., 1998; 
CNWRA, 1995; Day, et al., 1998a,b; Frizzell and Schulters, 1990; Ofoegbu and Ferrill, 1996; 
Scott and Bonk, 1984; Simonds, et al., 1995; Slate, et al., 1999).  The rotated blocks are 
bounded by west-dipping normal dip-slip faults, likely formed to accommodate outer-arc 
extension resulting from normal dip-slip on the listric eastward-dipping Bare Mountain fault 
(Brocher, et al., 1998).  Yucca Mountain lies in the southern Basin and Range in a structural 
transition zone to the Eastern California Shear Zone adjacent to the west and southwest 
(McKague, et al., 2006a) (Figure 1).  Several tectonic models have been proposed for the 
region (McKague, et al., 2006b).  Models by Carr (1990), Ferrill, et al. (1996a), Fridrich (1999), 
Wernicke, et al. (2004), and Young, et al. (1992a) have an eastern boundary in the vicinity of 
Fortymile Wash.  Carr (1990) and later Young, et al. (1992a) were early proponents of such a 
boundary.  Carr (1990) based the eastern boundary of his proposed Kawich-Greenwater rift on 
local gravity data (inferred gravity fault of Winograd and Thordarson, 1975), regional gravity, 
and geology (i.e., eastern boundary of Miocene calderas to the north of Yucca Mountain).  
Based upon results from geologic cross section balancing and restoration, Young, et al. (1992a) 
interpreted the occurrence of a north-south-oriented fault to explain the east-dipping Miocene 
tuffs on the west side of Fortymile Wash and older Miocene tuffs and lavas in the Calico Hills on 
the east side of the wash.  Later, other authors (e.g., Ferrill, et al., 1996a; Fridrich, 1999; 
Wernicke, et al., 2004) proposed eastern boundaries for their tectonic models in the vicinity of 
Fortymile Wash based on the earlier interpretations of Carr (1990) and Young (1992a).  All 
recognized there is insufficient field evidence or conclusive geophysical data to define a clear 
structural boundary. 
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Figure 1.  Digital Shaded Relief Image Showing Regional Context of Bare Mountain, 
Yucca Mountain, and Fortymile Wash.  Yucca Mountain Lies in the Southern Basin and 
Range in a Structural Transition Zone to the Eastern California Shear Zone Adjacent to 

the West and Southwest (McKague, et al., 2006a).  Approximate Location of Figures 2 and 
3 Are Shown in Outline.  Coordinates Are Universal Transverse Mercator, Zone 11, 

North American Datum of 1983, Meters. 
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Figure 2.  Landsat 5 Thematic Mapper Image Showing Bare Mountain, Yucca Mountain, 
and Fortymile Wash, Including Incised and Distributary Sections of the Wash.  The Bare 
Mountain and Gravity Fault Locations Are Generalized as Heavy Black Lines and Dashed 

Lines Where Inferred.  Coordinates Are Universal Transverse Mercator, Zone 11, 
North American Datum 1983, Meters. 
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Tectonic processes have affected the structural architecture of the potential repository’s natural 
barrier by (i) tilting the layered stratigraphy; (ii) modifying layer thickness; (iii) controlling the 
activity, occurrence, orientation, location, densities, and displacement sense and magnitude of 
faults and fractures; and (iv) controlling the locations and magnitude of earthquakes and 
volcanic activity.  These tectonic processes and resultant structural features influence 
containment aspects of the natural barrier system that are of potential significance to 
performance, including (i) transmissivity and permeability of both saturated and unsaturated 
zone hydrogeologic units; (ii) the potential for localized barriers to, or fast pathways for, 
groundwater flow; (iii) groundwater travel times in tuff and unconsolidated (alluvial) deposits; 
(iv) groundwater flow paths from the repository footprint to the compliance boundary; 
(v) seismicity; and (vi) igneous processes such as dike orientation and location.  Seismicity and 
volcanism have the potential to degrade the performance of the natural barrier. 

Tectonism is still active in the Yucca Mountain region (Ferrill, et al., 1996a,b; Harmsen, 1994; 
Simonds, et al., 1995; Wernicke, et al., 2004), as evidenced by Quaternary to present-day fault 
activity, Quaternary volcanism (Connor and Hill, 1995; Connor, et al., 2000; Stamatakos, et al., 
1997), and the effect of stress conditions upon groundwater transmissivity (Ferrill, et al., 1999a).  
Neotectonic features offer clues to the recent and possibly ongoing activity of tectonic 
processes in the Yucca Mountain locality.  Preliminary examination of the southern 
Fortymile Wash area reveals geomorphic features that may indicate neotectonism.  Viewed 
separately, the indicators may be interpreted as normal variability in the evolution of surface 
morphology and morphometry.  Taken together, neotectonic features may indicate processes 
associated with particular classes of tectonic models or even particular tectonic models.  
Further, these processes may affect performance of the potential repository. 

2 FORTYMILE WASH 

2.1 Introduction 

Fortymile Wash is located east and south of the potential high-level nuclear waste repository at 
Yucca Mountain, Nevada (Figure 2).  Fortymile Wash, sensu stricto, is the main channel of an 
elongate alluvial fan that extends southward from the mouth of Fortymile Canyon to the 
Amargosa Desert (Figure 2).  The Fortymile Wash alluvial fan occupies an elongate basin 
oriented north-northeast to south-southwest with relatively small transverse fans originating in 
Yucca and Little Skull Mountains and the Striped Hills.  A pediment surface on the southern 
flank of the Calico Hills tapers southward (Figure 2).  

2.2 Development of Fortymile Wash 

Fortymile Wash is physiographically bounded to the west by Yucca Mountain; to the north and 
east by the Calico Hills; to the east by Jackass Flats, Little Skull Mountain, and the Striped Hills; 
and to the south merging with the Amargosa Desert.  Huber (1988) suggested that the Fortymile 
drainage system has been in existence for about 11 million years, and although it has had a 
long and complex history, it has been approximately in its present location over that timespan.  
With the exception of temporary dams of erupted tuff or lava, Huber (1988) argues for scant 
major changes in stream base level at the canyon mouth where Fortymile Canyon transitions to 
Fortymile Wash.  Lundstrom and Warren (1994) argue that prior to the emplacement of the 
Thirsty Canyon Group (9.4 million years before present), drainage in the region of the 
present-day headwaters of Fortymile Canyon must have been northward coincident with the 
preeruptive paleotopographic slope, replicated by basal units of the group.  Alluvial sediment of 
limited exposure in the proximal portion of Fortymile Wash (the “gravel of Line EW-25” of 
Lundstrom and Warren, 1994) is thought to predate the Thirsty Canyon Group, deposited 
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instead by a drainage similarly located yet a precursor to the southern portion of 
Fortymile Canyon.  This is evidenced in part by clast lithologies distinct from younger sediments 
in Fortymile Wash and with provenance in the area of southern Fortymile Canyon (Lundstrom 
and Warren, 1994).  In the area of Fortymile Canyon, the 2.8 million-year-old basalt of 
Buckboard Mesa represents the youngest deposits emplaced on a southward-sloping 
paleotopographic surface (Lundstrom and Warren, 1994).  Lundstrom and Warren (1994) argue 
that the pervasive south-facing paleotopography must have controlled the drainage pattern and 
channel development of the incipient Fortymile Canyon and that Fortymile Canyon has been in 
its current location since that time (Figure 3).  The southward-sloping paleotopographic surface 
underlying the Buckboard Mountain basalt is exposed approximately 100 m [328 ft] above the 
current channel base, and the incipient Fortymile Canyon is interpreted to have been coincident 
with that paleotopographic surface. 

Fortymile Wash is deeply entrenched in the smooth surface of the alluvial fan’s apex.  Channel 
depth in the incised segment is sufficient to be designated a permanent entrenchment, meaning 
that channel flow cannot reach depth or volume of flow sufficient to overflow its banks (Ritter, 
1978).  Incision is observed at other fans in the Amargosa area, though none to the degree of 
Fortymile Wash and none interpreted as having permanent entrenchment.  Soils of the fan 
surface flanking the entrenched segment of Fortymile Wash are interpreted from 
thermoluminescence and Uranium-series dates to be 40,000–60,000 years old, and the oldest 
terrace inset within the entrenchment is dated at 24,000–36,000 years (Lundstrom, et al., 1998).  
Here we accept published dates at face value and make no distinction between methods.  
Because the uppermost deposits in the channel wall are older than the terrace resting within 
and on the base of the channel, entrenchment must have been to its current depth prior to 
deposition of the terrace.  In the deeply incised upper portion of Fortymile Wash, deposits in the 
channel walls show interbedded fan and gravelly fluvial deposits (Ressler, et al., 2000) and do 
not indicate significant erosion, suggesting that there was no cycle or cycles of lateral 
movement of the channel and subsequent smoothing and/or synchronous refilling of abandoned 
portions (Lundstrom, et al., 1998; Ressler, 2001) as is commonly observed in stream systems.  
This implies that the incised channel of Fortymile Wash holds the same spatial position as when 
entrenchment began.   

Aggradation requires high streamflow rates coupled with plentiful sediment supply.  Based upon 
exposures on the western side of the entrenched portion of Fortymile Wash, Lundstrom, et al. 
(1998) interpret a period of aggradation of the fan surface prior to wash entrenchment.  They 
also interpret the existence of 2 to 4 buried soil horizons within the 13 m [42.6 ft] of aggraded 
sediment.  Soil development requires a period of minimal or zero aggradation for each soil of 
different age, meaning that each sedimentation event was more rapid than would be indicated 
by dividing the total aggradation by the elapsed time between the beginning and end of 
aggradation.  Disparate thermoluminescence and Uranium-series age dates indicate 13-m 
[42.6-ft] aggradation of the fan surface took place prior to entrenchment in a duration either 
greater than 500,000 years (Uranium-series dating) or between 140,000 and 50,000 years 
(thermoluminescence dating before present).  Permanent entrenchment usually results from 
appreciable change in the drainage area relative to the fan area (Ritter, 1978) and requires high 
streamflow rates coupled with scant sediment supply (Denny, 1965; Huber, 1988; Lundstrom, et 
al., 1998; Ritter, 1978).  Such change may be precipitated by decrease in sediment load relative 
to discharge caused by climate change, tectonism, or stream capture in the drainage basin.  
In Fortymile Canyon, thermoluminescence and Uranium-series dating of surface soils give ages 
of 24,000–36,000 years (Lundstrom, et al., 1998).  Considering the interpretation that 
aggradation ceased approximately 50,000 years before present and the age given for the 
surface soil, the 20 m [65.6 ft] of incision observed in the present-day upper portion of the 
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Fortymile Wash channel occurred within a 14,000 to 26,000-year period beginning 
approximately 50,000 years before present. 

2.3 Climate 

Carr (1984) infers a regional southward tilting based upon southward decreasing elevation of 
deposits interpreted as lacustrine, playa, or volcanic ash deposits (Rosholt, et al., 1985), 
assuming they were of uniform elevation when deposited.  Such tilting could have resulted in 
permanent entrenchment of the southward-draining Fortymile Wash fan system.  Citing a study 
by Hay, et al. (1986), Huber (1988) argues that the inference by Carr (1984) and Swadley and 
Carr (1987) of continuous lake deposits in the Amargosa vicinity is not supported, owing to the 
absence of deep-water clays and shoreline terraces or sediment.  Acknowledging that his own 
arguments are at best weak, if not equivocal, Huber (1988) cites climate change as a possible 
mechanism for the entrenchment of Fortymile Wash.  Huber compared Fortymile Wash to five 
incised-channel alluvial fan systems selected from the upper Amargosa River drainage system.   

Figure 3.  Aerial Oblique View of Landsat 5 Thematic Mapper Image Draped Over 
Topography Showing the Fortymile Canyon Catchment Area on the Eastern Portion of 

the Timber Mountain Caldera, Fortymile Canyon, and Fortymile Wash.  Generalized Main 
Channel Is Shown in Red and Extends Downstream Confluent to the Amargosa River.  

Look Direction Is Northeast; Illumination Is From the East. 
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Including Fortymile Wash, the fan systems vary widely in morphology, area, and generalized 
drainage direction, save that in each flow from the catchment area is “focused” through a narrow 
gap onto the fan head (Huber, 1988).  Of the six, only Fortymile Wash shows signs of 
permanent channel entrenchment in the fan apex.  Huber concluded that the fans have uniform 
characteristics resulting from climate change.  His premise stated that if individual fans in the 
region are first scaled with respect to ratios between channel cross-sectional area, drainage 
basin area, and channel gradient and only then compared, the fans, though disparate in 
appearance, are instead quite similar.  This line of reasoning, though tenuous or equivocal 
(Huber, 1988), may support the interpretation of climate change as a driving mechanism for the 
permanent entrenchment of Fortymile Wash by inferring a uniform response of fans scattered 
across the area.  Both regional tilting and climate change act uniformly across a region.  
However, fan response to regional tilting would be biased toward fans having downstream 
direction parallel with the direction of regional tilting.  Lundstrom, et al. (1998) also argue that 
the sole influence in the entrenchment of Fortymile Wash is climate.  

Huber (1988) argues that large magnitude channel incision at Fortymile Wash and much 
smaller magnitude channel incision observed in other selected washes in the area result from 
regional scale change in the drainage basin and that tilting could not result in the uniform 
response he interprets for other fans.  However, by far the largest magnitude incision is the 
north-south-oriented channel of Fortymile Wash (e.g., Huber, 1988, Figure 5 and Table 2); fans 
not oriented north-south show smaller magnitudes of incision.  This pattern would also be 
expected from regional tilting or even tilting near the Fortymile Wash basin, where drainage 
orientation would partially control the geomorphic response of the fan systems. 

The Huber (1988) model is sensitive to channel cross-sectional area.  Measurements of channel 
width and depth were interpolated from topographic maps.  Although specific coordinates for 
channel area measurements are not provided, the elevation at which the data were extracted 
and the corresponding channel width and depth are supplied (Huber, 1988).  Comparison with 
elevations from a U.S. Geological Survey 10-m [32-ft] digital elevation model of the area with 
dimensions given in Table 2 of Huber (1988) indicates that the channel width and depth were 
recorded along the narrowest segment of the channel located adjacent to the pre-
Fortymile Wash alluvium exposure near the fan apex (e.g., gravel of Line EW-25, Lundstrom 
and Warren, 1994).  Lundstrom and Warren (1994) describe these deposits as pervasively 
cemented, and the cemented alluvium is probably more resistant to erosion than the 
surrounding younger non- or poorly cemented alluvium.  Further, the eastern bank of the wash 
here coincides with the toe of the alluvium shed from the Calico Hills, resulting in a local 
transverse sediment source.  Consequently, this segment of the fan is not representative of the 
whole system.  Visual inspection suggests that the channel up- and downstream from this 
750-m [2,460-ft]-long and approximately 240-m [787-ft]-wide segment is anywhere from  
80–290 m [262–951 ft] greater in width.  The variance in channel dimensions reduces 
confidence in the correlation interpreted by Huber (1988) that disparate degrees of area fan 
incision represent a uniform response to climate change. 

The interpreted development of Fortymile Wash by Huber (1988) does not include the period of 
rapid aggradation interpreted by Lundstrom, et al. (1998), who invoke climate change as the 
mechanism for the period of rapid aggradation followed by rapid entrenchment.  Lundstrom, 
et al. (1998) interpret that the rapid sedimentation rates were the result of isolated intense 
rainfall events and that the events were the result of “highly variable but generally wetter than 
present” conditions from about 120,000–50,000 years before present.  They argue further that 
the increased discharge and sediment yield required for aggradation was partially related to 
increased runoff from sparsely vegetated slopes and gully erosion in the source area, coupled 
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with rapid infiltration into the downstream underlying alluvium resulting in rapid sedimentation 
along Fortymile Wash.   

The conditions required for incision were interpreted as solely the result of climate (Lundstrom, 
et al., 1998).  In this case, peak discharge conditions are interpreted to result from rapid melting 
of dense snowpacks in the Fortymile Canyon drainage basin.  Lundstrom, et al. (1998) provide 
a conceptual diagram comparing conditions related to climate, surface hydrology, hillslopes, 
alluvial fans, eolian addition to soils, and groundwater recharge and discharge (Lundstrom, 
et al., 1998, Figure 6).  Climate is represented as temperature and precipitation, each with 
opposing parameters (e.g., precipitation is charted as wet versus dry and temperature as cold 
versus warm).  Surface hydrology is charted as rainfall intensity versus upland snowpack.  
No scale or unit is given for any charted parameters, although time spans from more than 
130,000 years before present to present.  Here we consider the relationship between 
precipitation and surface hydrology (Lundstrom, et al., 1998, Figure 6) during the period 
interpreted to encompass the entrenchment of the Fortymile Wash channel.  This period of time, 
from 50,000 to 24,000 years before present, also represents the approach to peak conditions of 
the Last Glacial Maximum.  Precipitation, charted as wet versus dry, decreases from old to 
young from the period wet maximum to the period dry maximum, where peak wet and dry 
magnitudes are similar.  Synchronous with precipitation, surface-hydrology intensity shifts from 
period maximum rainfall intensity to upland-snowpack intensity period maximum, where 
snowpack maximum is approximately a factor of four times the period rainfall maximum.  It is 
difficult to reconcile the shift from wet to dry with an increase of upland snowpack that exceeds 
period rainfall intensity—a relationship which does not appear to support the Lundstrom, et al. 
(1998) interpretation that sudden snowpack melt is the sole process controlling entrenchment.  
In our review of the climate-driven models of the development of Fortymile Wash, we find no 
compelling evidence that climate alone shaped present-day Fortymile Wash. 

3 NEOTECTONISM 

3.1 Introduction 

Although subject to the same climatic conditions, most alluvial fans and stream systems in the 
area are markedly dissimilar to Fortymile Wash, particularly with respect to morphology of the 
main channel toward the fan apex.  However, the alluvial fans in the southwestern portion of 
Death Valley, some 70 km [43.5 mi] south-southwest of Fortymile Wash, do have deeply incised 
channels near the fan apex (Denny, 1965).  Resting on the hanging wall of the Death Valley 
fault, fan morphologies are unequivocally controlled by tectonism (Denny, 1965), where the long 
axes of the fans are being tilted eastward in the down drainage-gradient direction. 

As noted in Section 1.2, it is well understood that tectonism is active in the Yucca Mountain 
region (Ferrill, et al., 1996a,b; Harmsen, 1994; Simonds, et al., 1995; Wernicke, et al., 2004).  
Quaternary to present-day fault activity, Quaternary volcanism (Connor and Hill, 1995; Connor, 
et al., 2000; Stamatakos, et al., 1997), and the effect of stress conditions upon groundwater 
transmissivity (Ferrill, et al., 1999a) are well documented.  Here we offer a new and different 
interpretation including both previously observed and heretofore not recognized features in 
Fortymile Wash. 

As discussed later, analysis and examination of several existing data sets suggest southern 
Fortymile Wash, at least from the head of the distributary system and southward, is undergoing 
active small scale westward and eastward tilting.  These data include satellite imagery, 
published maps, topographic profiles, and geodetic leveling data.  Although not well defined in 
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any single data set, the combined data sets support the conclusion that this is an active, 
ongoing process. 

3.2 Morphometrics 

Huber (1988) examined aerial photographs for signs of overbank flooding along the deeply 
incised Fortymile Wash channel.  Looking in particular for signs of debris flows indicative of 
intense precipitation and finding only smooth, very low relief nondisturbed desert pavements, he 
concluded that the Fortymile Wash channel was likely permanently entrenched.  The presence, 
absence, and relative degree of desert varnish development can indicate relative age of desert 
pavements compared with active and abandoned channel systems.  Areas of desert pavement 
disturbed by roadways in Death Valley showed no sign of desert varnish formation after 
remaining undisturbed for 50 years (Denny, 1965), and archaeological evidence indicates that 
some desert varnish coatings are at least 2,000 years old (Denny, 1965; Hunt, 1954; Hunt, 
1960).  Desert pavement is observed in undisturbed surfaces of the Fortymile Wash fan and is 
especially dense and darkly varnished in the northern portions (Lundstrom, et al., 1998).  We 
examined satellite imagery for indications of abandoned or inactive drainage systems with the 
assumption that inactive or abandoned drainage systems on the scale of hundreds of meters in 
width can be detected in satellite imagery by changes in appearance relative to adjacent less- or 
undisturbed desert pavement.  We visually inspected electronic versions of a Landsat 5 
Thematic Mapper image, {25-m [82-ft] pixel footprint} and an Ikonos 1-m [3.28-ft] pixel footprint 
image.  In the case of both formats, visible band composites (red, green, and blue) appeared to 
give the greatest detail and were most closely scrutinized.  Cloud cover of both images was 
essentially zero.  Features interpreted as paleo streamlines and channel systems were visible in 
both images, but not uniformly so.  Each image contained some features that were less or not 
detectable in the other. 

In the deeply incised upper portion of Fortymile Wash, deposits in the channel walls show 
interbedded fan and gravelly fluvial deposits (Ressler, et al., 2000).  Southward, the entrenched 
main channel grades to a divergent distributary channel system that shows evidence of 
westward tilt (Figure 4a,b).  Viewed in profiles oriented normal to the incised channel and across 
the Fortymile Wash distributary system (Table 1), topographic elevation decreases westward, 
resulting in the elevation of the western margin of Fortymile Basin being as much as 18 m [59 ft] 
(Figure 4b, profile 4) lower than the channel system on the eastern fan margin.  A map of the 
surficial deposits within and on either side of the distributary system (Pelletier, et al., 2005) may 
be interpreted as showing a westward shift of the locus of erosional activity toward the 
topographically lower western fan margin.  The map (Figure 5) shows the current active 
channels, Qa7, in the center and western margin of the distributary system.  In addition, most of 
the older alluvium [Qa3 (86,000 + 40,000 / −16,000 years)] (Figure 5) has been eroded from the 
eastern portion of the channel system, while incipient incision into the older alluvium is occurring 
on the western side of the distributary system.  We suggest these features indicate active 
westward tilting.  Upgradient at southern Busted Butte, the incised portion of Fortymile Wash 
changes trend progressively from north-south to south-southwest—north-northeast.  
As discussed above, the change in trend occurred prior to channel entrenchment. 
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Figure 4a.  Landsat 5 Thematic Mapper Image Showing Location of Topographic Profiles 
Shown in Figure 4b.  Fortymile Wash Channel Segments Discussed in Text Are Shown as 

Colored Line Traces.  Incised Channel Segment Shown as Heavy Red Line.  Eastmost 
(Green) and Westmost (Yellow) Distributary Channel Traces Are Shown. Coordinates Are 

Universal Transverse Mercator, Zone 11, North American Datum of 1983, Meters. 
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Figure 4b.  Topographic Profiles Across Fortymile Wash Showing Evidence of Increasing 
Westward Tilt of Ground Surface.  Northwest and West-Northwest Is to Reader’s Left.  

Vertical Scale Is Elevation Above Mean Sea Level, and Horizontal Scale Is Distance Along 
Profile.  Vertical Exaggeration Is 67:1.  Vertical and Horizontal Scales Are Uniform 

Between Profiles. 
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Table 1.  Coordinates* of Profile Endpoints 

Profile West X West Y East X East Y 
Azimuth 
(E of N) 

1 551821 4067518 560067 4064890 107.6 

2 547112 4062855 559566 4058897 107.6 

3 546142 4059966 558136 4056368 107.6 

4 541095 4055791 557292 4050646 300.0 

5 541013 4055778 556093 4047073 300.0 
*Universal Transverse Mercator, Zone 11, North American Datum of 1983, Meters 
 

The features interpreted from the satellite images indicate that at some time prior to 
entrenchment, a channel system or systems occupied the central basin axis south of the 30° 
clockwise change in the trend of Fortymile Wash.  The features also indicate that the drainage 
system with a source in the Calico Hills may have occupied the basin central axis and merged 
with that from Fortymile Wash because the wash is interpreted to have existed prior to 
entrenchment.  From the imagery, we interpret that the shift of Fortymile Wash from the central 
axis westward to its current position was relatively abrupt, citing the apparently undisturbed 
surface between Fortymile Wash and the basin-centered abandoned system.  We suggest that 
the drainage system draining the Calico Hills shifted eastward at the same time. 

The asymmetry and apparent tilting of the basin surface shown in topographic profiles 
(Figure 4b), coupled with the recent westward shift of the distributary system (Pelletier, et al., 
2005, Figure 2), may indicate that the Fortymile Wash drainage system is in disequilibrium.  
Such disequilibrium will result where processes that modify the drainage system are occurring 
more rapidly than the drainage system’s ability to adjust to the change.  Fortymile Wash is an 
active drainage system (Ressler, 2001) and may be expected to respond to disequilibrium.  
Shifting of drainage systems from the basin axis toward the basin margins is commonly 
associated with the tilting of basins (Burbank and Anderson, 2001; Cox, 1994).  Though not 
evenly distributed, map units Qa3, Qa4, Qa5, and Qa6 are observed on both the eastern and 
western margins of the distributary system (Figure 5).  The youngest mapped unit, Qa7, is not 
observed along the eastern margin of the distributary system.  We suggest that the distribution 
of the youngest unit is controlled in part by disequilibrium of the drainage system.  Alternatively, 
the distribution of Qa7 deposits may be a product of natural variability [e.g., Pelletier, et al. 
(2005, Figure 2d) interpret map unit Qa7 to have been deposited within a 1,200-year timespan; 
unit Qa5 is interpreted to have been deposited within a 15,000-year timespan]. 



14 

Figure 5.  Detailed View of Distributary System of Fortymile Wash (Landsat 5 Thematic 
Mapper) with Transparent Overlay of Alluvial Deposits as Mapped by Pelletier, et al. 

(2005).  Qa = Quaternary Alluvium. 
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3.3 Geodesy 

3.3.1 Introduction 

Positional surveying is the process of determining location relative to a two-dimensional model 
of the Earth’s surface called an ellipsoid.  Vertical position or elevations are referenced to a 
geoid; hence the name geodetic leveling.  A geoid is the surface or shape that would result if the 
Earth were measured everywhere at mean sea level (Snyder, 1987).  Historically, geodetic 
leveling was the process used for vertical control referenced to mean sea level (elevation).  
With the advent of global positioning systems, geodetic leveling is employed to establish precise 
vertical control points for determining geoid heights.  Global positioning systems require geoid 
height for vertical positioning.  Benchmarks along a line that crosses Fortymile Wash were 
surveyed repeatedly over a 78-year period and show changes in elevation that constitute 
evidence of tilting of the wash surface. 

3.3.2 Geodetic Leveling  

Gilmore (1992) and Castle, et al. (2005) compiled and reprocessed leveling data from surveys 
completed in 1907, 1915, and 1984–1985.  These data independently check neotectonic tilting 
south of Yucca Mountain.  The geodetic leveling surveys were conducted along a route 
following U.S. Highway 95 from Tonopah, Nevada, to Las Vegas, Nevada (Castle, et al., 2005; 
Gilmore, 1992).  Gilmore (1992) grouped the individual surveys by date for the purpose of 
discussion.  The 1984 and 1915 surveys were first-order surveys; the 1907 included both 
first-order and third-order segments.  First-order surveys are held to a higher accuracy standard 
than third-order surveys.  Gilmore (1992) and Castle, et al. (2005) examined records from the 
1907 survey and concluded that the third-order results were sufficiently precise to compare with 
later surveys.  Both Gilmore (1992) and Castle, et al. (2005) presented results in graphical 
format.  Gilmore (1992) labeled individual benchmarks on figures (Gilmore, 1992, Figure 4) and 
included data tables listing some, but not all, of the data reported for the portion of the survey 
from benchmark 3139, south of Beatty, Nevada, to benchmark C-17, approximately 10 km 
[6.2 mi] east of the Striped Hills along U.S. Highway 95.  Castle, et al. (2005) did not include 
data tables nor are benchmarks labeled or listed.  Further, Castle, et al. (2005) apparently 
omitted some benchmarks that were included on Gilmore’s (1992) graphs, making direct 
comparison between the two problematic.  Until the pertinent data referenced in Gilmore (1992) 
and Castle, et al. (2005) are available, the results cannot be evaluated fully nor compared 
with confidence. 

Figure 6a (modified from Gilmore, 1992, Figure 4) shows the height changes between 
benchmarks P16 and C17 by comparing the 1915 and 1984 level-line surveys with the 1907 
survey.  Figure 6b (modified from Gilmore, 1992, Figure 3) shows height changes comparing 
1984 data to a 1915 survey baseline.  Castle, et al. (2005) asserted that the surveys were not 
contaminated by significant measurement errors, and recognized “... relatively large magnitude 
vertical displacements ...” of an episodic nature.  From near X16 to Z16 and eastward, both 
surveys show a systematic increase in height when compared with the 1907 survey, with the 
1915 line approximately 25 mm [1 in] above the 1984 survey (Figure 6a).  West of X16, both 
lines show systematic subsidence relative to the 1907 line; the 1984 survey shows the larger 
amount.  The combination of relative uplift eastward and subsidence westward of X16 results in 
an overall westward tilt from Z16 to T16. 
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Figure 6.  (a) Level Lines From 1915 and 1984 Surveys Plotted Against 1907 Survey as 
Baseline Reference (After Gilmore, 1992, Figure 4).  1907 Survey Is X Axis, 1915 Survey 

Shown as Green Line, and 1984 Survey as Magenta Line.  Relative Benchmark Locations 
Are Indicated and Labeled Along the Top of the Plot.  Inferred Locations of the Bare 

Mountain Fault (BMF) and Gravity Fault (GF) Are Shown as Blue Vertical Bars.  (b) 1984 
Level-Line Survey Plotted Against 1915 Survey as Baseline Reference (After Gilmore, 

1992, Figure 3).  1915 Survey Is X Axis and 1984 Survey Shown as Red Line.  Benchmark 
and Fault Locations Are as in (a) Above. 
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Comparing the 1915 and 1984 surveys plotted in Figure 6b reveals the pattern of height change 
during the intervening 69 years.  In this case, the 1915 survey serves as the baseline.  
Westward height decrease is pronounced from V16 to T16 {~100 mm [~3.94 in]}.  A sharp 
westward increase in height is indicated where the line crosses the Bare Mountain fault zone 
between T16 and S16 {~120 mm [~4.72 in]}.  A systematic slight decrease in height  
{~40–60 mm [~1.57–2.36 in]} is indicated eastward of V16, including the portion of the line 
crossing Fortymile Wash (Figure 6c).  X16 and Z16, located at the western and eastern 
margins, respectively, of the Fortymile Wash alluvial fan, show slightly greater magnitude 
negative height changes compared with Y16, located in the center of the Fortymile Wash 
distributary system. 
 
There is a noticeable amount of height change between the 1915 and 1907 surveys (Figure 6a).  
The maximum height change, approximately 160 mm [6.3 in] (1915 survey), is at benchmark 
C17 at the east end of the graph.  This change is near where the Gravity fault would project 
across U.S. Highway 95.  Castle, et al. (2005) report other surveys in the Death Valley region 
surveyed in the same timeframe with similar episodic signatures. 

The level-line results of Gilmore (1992) are not reflected in later surveys along a different line 
(Keefer, et al., 1997; U.S. Geological Survey, 1996).  The U.S. Geological Survey (1996) 
revisited an existing first-order level line on a quasi-annual schedule from 1983 to 1993.  
The line extends from benchmark S16 (Figure 6c) north-northeast across Crater Flat, east over 
Yucca Mountain, southeast across Jackass Flats and between Skull and Little Skull Mountains, 
across Rock Valley, and ends near U.S. Highway 95 (e.g., U.S. Geological Survey, 1996, 
Figure 6-1).  The level-line survey does not cross the southernmost portion of the inferred 
Bare Mountain fault zone (Figure 6c).  Instead, the survey deviates northward on the west side 
of the Bare Mountain fault (benchmark S16, Figure 6-1) and crosses the fault approximately 
6.5 km [4 mi] northwest of the point where the survey line of Gilmore (1992) and Castle, et al. 
(2005) crosses the inferred Bare Mountain fault (Figure 6c).  Results of the surveys are shown 
graphically as height changes relative to an early survey (1985–86) (U.S. Geological Survey, 
1996, Figure 6-2).  Benchmark locations are not given, and the point where the height-change 
lines cross the Bare Mountain fault can only be inferred by measuring distance along the survey 
line as plotted on the map at 1:400,000 scale and transferring the measurement to the graphical 
height-change graph at 1:500,000 scale.  Further, we assume that the westmost endpoint of the 
graphical height-change lines are coincident with benchmark S16.  Surveys prior to the  
1985–1986 survey show negative height changes across the Bare Mountain fault, with a 
maximum of approximately 9 mm [0.35 in] negative height change between 1983 and  
1985–1986.  Height changes after 1985–1986 are small magnitude {approximately 1 mm 
[0.01 in] or less} positive changes.  Post-1985 to 1986 surveys include measurements collected 
prior to and after the 1992 Little Skull Mountain earthquake (Harmsen, 1994). 

Gilmore (1992) refers to that portion of the surveys presented here as the 
Crater Flat/Yucca Mountain structural depression.  The results of Gilmore (1992) indicate 
subsidence in at least southern Crater Flat, across the eastward dipping, normal-slip Bare 
Mountain fault zone (Figure 6a,b).  East of the Bare Mountain fault, survey results indicate a 
20 to 100-mm [0.8 to 3.9-in] drop in elevation over a period of 69 years (Gilmore, 1992), 
corresponding to throw rates exceeding those measured from paleoseismic data 
(e.g., Anderson and Klinger, 1994).  Slip rates on the Bare Mountain fault zone appear to 
increase southward concomitant with an increase in fault dip (Ferrill, et al., 1996b; Monsen, 
et al., 1992; Stamatakos, et al., 1997).  The change in slip rate and consequent 
southward-increasing subsidence of Crater Flat is supported by studies of alluvial fan deposits 
along the eastern flank of Bare Mountain (Ferrill, et al., 1996b).  The U.S. Geological Survey 
(1996) reports no changes in elevation due to displacement on the Bare Mountain fault zone.  
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Considering the brief (4-year) timespan of the level-line surveys (U.S. Geological Survey, 1996) 
and the deviation from the level line of the 1915 survey, there is insufficient evidence to negate 
the possibility of height change across the southern portion of the Bare Mountain fault 
suggested by the earlier surveys. 

Height changes east of the Bare Mountain fault zone are consistent with the interpretation of 
hanging wall rollover into the Bare Mountain fault.  In the case of the 1907 baseline, height 
decrease is systematic westward from B-17 to the Bare Mountain fault, indicating westward 
tilting of the land surface (Figure 7).  Though less obvious, eastward tilting indicated by the 1915 
baseline could also result from faulting antithetic to the Bare Mountain fault, as evidenced by the 
prevalent eastward dip of rock layers at Yucca Mountain.  In addition, the 1984 survey in the 
area of T16 and V16 indicates that westward tilting increased by a factor of three compared with 
the earlier (1915) survey.  If the height change is related to slip on the Bare Mountain fault, it is 
possible that displacement was accommodated by very low magnitude aseismic events. 

 

Figure 6.  (c) Location of Benchmarks Used in Figures 6a and 6b.  Benchmarks Plotted as 
Yellow-Filled Circles.  Note Position of Bare Mountain and Gravity Faults (Dashed Where 
Inferred) Relative to Survey Markers.  Background Is Landsat 5 Thematic Mapper Image.  

Coordinates Are Universal Transverse Mercator, Zone 11,  
North American Datum of 1983, Meters. 
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Figure 7.  Profile Showing Surface Topography Sampled in Stepwise Straight-Line Segments Between Successive Benchmarks 
From Benchmark S16 Reset Eastward to Benchmark C17 Reset.  Segments Are From Same Digital Elevation Model Used for 

Profiles in Figure 4b.  Horizontal Scale Is Distance Along Profile From Westernmost Benchmark S16 (Viewer’s Left) to 
Eastmost Benchmark C17 (Viewer’s Right).  Vertical Exaggeration Is 33:1.  Benchmarks Are Labeled.  Inferred Bare Mountain 

and Gravity Fault Locations Are Shown as Black Lines.  Arrows Show Inferred Relative Displacement.  See Figure 6c for 
Benchmark Locations. 
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3.3.3 Global Positioning System Velocities 

Global positioning system data have been gathered in the Yucca Mountain region since 1991 
(Wernicke, et al., 2004, 1998).  Wernicke, et al. (1998) used data collected from 1991 to 1997 to 
interpret an anomalously high west-northwest extension (50 nanostrains/year) in the region.  
Results from Wernicke, et al. (1998) indicated west-northwest-oriented contemporary strain 
rates of 2 mm/yr [0.08 in/yr] across Yucca Mountain and Crater Flat—more than 10 times the 
strain rate estimated from the geological record of faulting.  Wernicke, et al. (1998) interpreted 
these anomalous rates to suggest an order of magnitude increase in projected seismic 
(including faulting) and volcanic hazards over the next 10,000 years.  The proposed crustal 
scale strain rates greatly exceed those inferred from the geologic record (Connor, et al., 1998; 
Ferrill, et al., 1997, 1996a; Marrett, et al., 1998).  The results were not supported by other 
methods or observations applied in the region (Connor, et al., 1998; Savage, et al., 1998, 1994).  
A dense, continuous global positioning system network was established near Yucca Mountain in 
1999.  Further work indicated that the strain rates likely were anomalous and transient 
(Wernicke, et al., 2004), possibly in response to the 1992 Little Skull earthquake (Harmsen, 
1994).  The longer term data set indicated lower strain rates of 22 ± 9 nanostrains/year oriented 
N 20° W (Wernicke, et al., 2004). 

Global positioning system data have also been used to determine vertical velocities at Yucca 
Mountain (Hill and Blewitt, 2004), though vertical velocity measurements derived from global 
positioning system data may be less precise than horizontal measurements (Hammond, 2004).  
Hill and Blewitt (2004) detected vertical velocities ranging between −0.6 ± 0.2 and 0.7 ± 
0.2 mm/yr [−0.024 ± 0.008 and 0.028 ± 0.008 in/yr].  Values for and locations of individual 
stations are not reported; however, the velocities are commensurate with some displacements 
indicated in the geodetic level-line data (Figure 6a,b). 

Strain rates are inherently sensitive to errors in estimation and timing of cumulative slip on 
faults.  Estimates of slip on individual faults or fault systems as determined from neotectonic 
features, including techniques such as trenching, stream offset mapping, and alluvial fan 
mapping, are considered minimum values (Anderson and Klinger, 2004, 1996, 1994; Ferrill, 
et al., 1996a,b; Reheis, 1988).  Fault restoration models assume that deformation or slip rates 
are constant throughout the life of the developing structure.  This assumption effectively 
smooths or averages crustal deformation to a constant or fixed strain rate and cannot account 
for the likely episodic nature of many crustal scale deformation events.  An average rate will 
neither distinguish nor accurately model areas where quiescence is interspersed with periods of 
strain rates that are relatively high when compared to the averaged or smoothed strain rate.  For 
the same reasons, global positioning system and other geodetic measurements of horizontal or 
vertical displacement rates, gathered over the span of a few years or tens of years, represent 
only a small fraction of the life of crustal-scale structures and may not accurately reflect longer 
term rates of strain or short episodic periods of higher strain rate. 

3.4 Seismicity 

Earthquakes indicate ongoing neotectonic activity.  Earthquakes have been recorded in the 
Yucca Mountain area since 1916 (University of Nevada, Reno, 2005, 2004a,b,c) (Figure 8a) and 
provide a guide to areas of active deformation.  Large earthquakes, such as the 1992 Little Skull 
Mountain earthquake, can provide information and characteristics of faults and their activity 
(Walter, 1993).  Smaller earthquakes provide less precise information, but can indicate areas of 
relative neotectonic activity over the time frame the recordings are made.  Figure 8a combines 
various data sources (University of Nevada, Reno, 2005, 2004a,b,c) for seismic activity in the 
Yucca Mountain region, relating several qualitative observations to neotectonic activity.  First, 
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within Fortymile Wash, there are a greater number of events south of the clockwise bend than 
north of the bend, and that activity extends, more diffusely, to the western margin of Crater Flat 
(Figure 8b).  North of the bend there are fewer occurrences, but with larger magnitudes 
extending only a short way westward toward Yucca Mountain.  This observation is tempered by 
the recognition that some or most of this activity may be influenced by the 1992 Little Skull 
Mountain earthquake.  Secondly, from near the U.S. Highway 95/Nevada 373 junction, there is 
a zone of diffuse seismic activity in the northern Amargosa desert along and to the south of 
U.S. Highway 95 (Figure 8).  Finally, from north of U.S. Highway 95, northward across 
Crater Flat and in the Yucca Mountain area north of Busted Butte, there is a region of very low 
seismic activity.  This pattern of north-south seismicity along Fortymile Wash south of 
Busted Butte and northwest parallel to U.S. Highway 95 is consistent with neotectonic activity 
within the proposed area of westward tilting. 

4 DISCUSSION 

Preliminary examination of the southern Fortymile Wash area reveals geomorphic, geologic, 
and seismic features that are indicative of neotectonism.  Results from geodetic level-line and 
global positioning satellite surveys show that the Yucca Mountain area is tectonically active.  
Geodetic level-line surveys south of Yucca Mountain parallel to U.S. Highway 95 indicate that 
appreciable height changes have occurred from 1907 to 1984 (Castle, et al., 2005; Gilmore, 
1992).  Further, level-line and geomorphic observations indicate that the vertical displacements 
are likely greatest at the margins of the Fortymile Wash basin and across the Bare Mountain 
fault to the west.  

There are alternative explanations for most of the observations reported here.  For example, 
basin subsidence is often the result of compaction of basin-fill sediments (Law and Spencer, 
1998).  Considering the nature of the alluvial fill in Fortymile Wash, there is little reason to 
suspect that compaction is responsible for the apparent vertical changes in the ground surface.  
There are no laterally extensive clay or silt horizons detected in wellbores of sufficient thickness 
to produce such displacements as indicated at Fortymile Wash.  Groundwater levels beneath 
Fortymile Wash may have been nearer the surface in the past, as indicated by paleospring 
deposits interpreted in southern Crater Flat and at Nye County Well NC–EWDP–1D 
(Nye County, 1999).  Significant groundwater withdrawal occurs in the Amargosa Farms area 
(Figure 6c).  However, the location of that area relative to the northwest tilting of Fortymile Wash 
and the level-line data rule that out as a cause for the observed northwest tilting.  We reason 
that displacement of the ground surface at Fortymile Wash is tectonic in origin and 
accommodated by structures not currently recognized in the subsurface. 

Fortymile Wash is bounded to the west by the tilted fault blocks of Yucca Mountain and to the 
east by the Striped Hills and Little Skull Mountain.  Seismicity recorded over the past 90 years 
shows Little Skull Mountain as the most seismically active area near Yucca Mountain 
(Figure 8a,b), with many of the events recorded there interpreted as aftershocks of the 1992 
earthquake (Harmsen, 1994).  Although no indisputable field evidence exists, the Gravity fault 
(Winograd and Thordarson, 1975) is interpreted to extend from at least as far north as the 
northern extent of the Striped Hills.  Evidence from two-dimensional reflection seismic data 
(Young, et al., 1992b), gravity (Ponce and Oliver, 1995), and borehole data (Sims, et al., 1999) 
indicates that the fault system is west dipping and consists of segments linked by displacement 
transfer structures (Ferrill and Morris, 2001; Ferrill, et al., 1999b) and is a system of faults and 
connecting structures rather than a single smooth continuous surface.  The only evidence for 
activity along this fault is the change in height east of benchmark Z16.  This change is 
consistent with a normal-slip, west-dipping fault. 
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Figure 8a.  Seismic Events Recorded Between 1916 and December 2006 (University of Nevada, Reno, 2005, 2004a,b,c).  
Filled Circles Show Epicenters, and Color/Size of Circle Denotes Magnitude Range (See Key).  1992 Little Skull 

Mountain Main Shock (Smith, et al., 2000) Is Labeled.  Green Circles With Black Dots Are Related 1992 Little Skull 
Mountain Seismic Events With Magnitudes Greater Than 4.0.  Area of 8b Outlined in White.  Background Is Landsat 5 

Thematic Mapper Image.  Coordinates Are Universal Transverse Mercator, Zone 11,  
North American Datum of 1983, Meters. 
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Figure 8b.  Density of Seismic Events Recorded In Fortymile Wash Increases Southward 
of the Change in Trend (See Text for Explanation).  See Figure 8a for Location 

and Details. 

 

Normal dip-slip faults trending roughly north-northeast to south-southwest have been interpreted 
in Fortymile Wash (Bechtel SAIC Company, LLC, 2004; Maldonado, 1985; Sims, et al., 1999; 
Young, et al., 1992a).  Scarps in alluvium and within 4 km [2.49 mi] of Lathrop Wells community 
are interpreted as faults on low sun angle aerial photographs (Donovan, 1991).  It is likely that 
faults exist under Fortymile Wash, and it is possible that the height changes interpreted and 
observed in Fortymile Wash are fault related. 

Geomorphic and geodetic evidence indicate that recent height changes may be present on 
either side of the Fortymile Wash basin (Figures 4b and 6a,b) and that the ground surface is 
tilting westward west of the wash and eastward east of the wash.  One interpretation of the 
structural control of Fortymile Wash is that the wash is situated in the hanging wall of the 
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east-dipping listric Bare Mountain fault (Figure 6c) and that Fortymile Wash is responding to 
outer-arc extension caused by slip on the Bare Mountain fault.  The geodetic leveling data fit 
this interpretation, considering the westward decrease in height from benchmark V16 to T16 
and the relatively small increase in height eastward indicated by the 1984 and 1915 surveys 
compared with the 1907 baseline.  Considering the 1984 survey relative to the 1915 survey, the 
1984 line indicates an overall decrease in height eastward, with larger negative height change 
between benchmarks S16 and T16 (Figure 6b). 

CNWRA (1995) interpreted a listric Bare Mountain fault based upon balanced cross section 
construction and restoration and upon reflection seismic data.  Brocher, et al. (1998) 
constructed a cross section across Crater Flat using reflection seismic data and gravity 
modeling.  Although the geometry modeled by Brocher, et al. (1998) is quite similar to that 
expected in the hanging wall of a listric normal fault, Brocher, et al. (1998) interpreted the 
Bare Mountain fault as planar to the seismogenic crust.  Sims, et al. (2003) and Morris, et al. 
(2005) used the Brocher, et al. (1998) cross section to constrain construction of a listric 
Bare Mountain fault and projected the sections to the north and south using the dip of the 
Bare Mountain fault to constrain the projections.  From these sections, they interpreted a 
shallow detachment on the Bare Mountain fault to the north and a deep detachment to the south 
separated by a lateral ramp.  The location of the ramp was constrained in part by the surface 
trace and dip of the Bare Mountain fault.  Sims, et al. (2003) and Morris, et al. (2005) interpreted 
the location of the lateral ramp as rooted in the left-stepping jog of the trace of the 
Bare Mountain fault at the same latitude as the shift from short, narrow alluvial fans shedding off 
Bare Mountain to the broader, larger fans to the north (Ferrill, et al., 1996b). 

We suggest that a zone of westward tilting extends from Fortymile Wash to the Bare Mountain 
fault.  In the east, evidence suggests this zone extends north to the change in trend of the 
incised channel of Fortymile Wash.  To the west at the Bare Mountain fault, the geodetic 
level-line data do show well-defined changes in height across the Bare Mountain fault.  The dip 
of the Bare Mountain fault is steepest to the south (70°) and becomes less steep to the north 
where dip at the northern limit of exposure is 50° (Ferrill, et al., 1996b).  The lateral ramp of 
Sims, et al. (2003) may serve as the northern boundary of the zone of westward tilting (likely a 
diffuse rather than an abrupt boundary). 

The observations presented here indicate that Fortymile Wash and the southern portion of 
Bare Mountain are tectonically active.  There appear to be two areas of local ground-surface 
tilting:  Fortymile Wash, where the basin margins appear to be tilting away from the basin center 
and near Bare Mountain, where the ground surface east of the fault is tilting westward into the 
fault.  Regional scale tilting includes the local areas described above and encompasses the 
Bare Mountain hanging wall south of the lateral ramp proposed by Sims, et al. (2003), reaching 
east-southeast to encompass Fortymile Wash from the change in trend of the entrenched 
channel southward, and including the distributary system of southern Fortymile Wash and the 
southern portion of Yucca Mountain.  This broad area is tilting westward into the Bare Mountain 
fault and is interpreted as rollover of the hanging wall of the Bare Mountain fault into the 
Bare Mountain fault.  This pattern of tilting would result from east-west-oriented extension.  
Extension of the hanging wall of a listric fault can result in both local and broad scale tilting.  
Seismicity is observed as a scattering of small-magnitude events beneath Fortymile Wash, with 
a few events in the southern portion of Yucca Mountain.  The broad zone of tilting described 
above encompasses an area greater than 400 km2 [156 mi2].  Understanding the tectonic 
development of Fortymile Wash provides insight into the sedimentary architecture, character, 
and composition of the basin fill sediments, including the unconsolidated alluvial deposits. 
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The neotectonic features and indicators interpreted and discussed herein support a preliminary 
interpretation of active, ongoing tectonic extension in the area bordering Yucca Mountain to the 
south, southeast, and west-southwest.  As interpreted, the area includes a portion of the 
Bare Mountain fault to the west-southwest and the southern portion of Fortymile Wash to 
the southeast.  

5 CONCLUSIONS 

The apparent disequilibrium of the Fortymile Wash drainage system, geodetic and topographic 
indications of both local and regional scale tilting, and a lack of viable alternative-driving 
mechanisms support our interpretation that the Fortymile Wash drainage system is responding 
to tectonism.  Based upon our observations and interpretations of the neotectonic features in 
Fortymile Wash, we reach the following conclusions: 

• The effects of climate change alone cannot account for all of the 
Fortymile Wash features. 

• The Fortymile Wash drainage system is in apparent disequilibrium. 

• The drainage channel at the apex of Fortymile Wash is entrenched, at least in part, in 
response to neotectonism. 

• Localized active tilting of the land surface is occurring at Fortymile Wash. 

• Localized tilting may be the result of as yet unrecognized active structures under 
Fortymile Wash. 

• Slip on the southern portion of the Bare Mountain fault is ongoing; level-line survey 
results indicate throw rates exceeding those interpreted from paleoseismic data. 

• Westward tilting of the land surface in a corridor extending from the southern portion of 
the Bare Mountain fault eastward to Fortymile Wash supports the interpretation of 
hanging wall rollover into the Bare Mountain fault. 

• Localized eastward and westward tilting in lower Fortymile Wash and the apparent 
westward tilting near Bare Mountain appear associated with documented neotectonic 
activity in southern Crater Flat and the Amargosa Desert between Bare Mountain and 
the inferred Gravity Fault. 



 

26 

6 REFERENCES 

Anderson, L.W. and R.E. Klinger.  “Quaternary Faulting on the Bare Mountain Fault.”  
Quaternary Paleoseismology and Stratigraphy of the Yucca Mountain Area, Nevada. 
U.S. Geological Survey Professional Paper 1689.  pp. 155–174.  2004. 

–––––.  “Quaternary Faulting on the Bare Mountain Fault.”  U.S. Geological Survey Synthesis 
Report  to the DOE.  pp. 4.12-1 to 4.12-75.  1996. 

–––––.  “Preliminary Evaluation of the Bare Mountain Fault Zone, Nye County, Nevada.”  
Administrative Report in Support of Yucca Mountain Site Characterization Activity 8.3.1.17.4.3.  
Denver, Colorado:  Bureau of Reclamation.  1994. 

Bechtel SAIC Company, LLC.  “Geologic Framework Model (GFM2000).”   
MDL–NBS–GS–000002.  Rev. 02.  Las Vegas, Nevada:  Bechtel SAIC Company, LLC.  2004. 

Brocher, T.M., W.C. Hunter, and V.E. Langenheim.  “Implications of Seismic Reflection and 
Potential Field Geophysical Data on the Structure Frame Work of Yucca Mountain-Crater Flat 
Region, Nevada.”  Geological Society of America Bulletin.  Vol. 110.  pp. 947–971.  1998. 

Burbank, D.W. and R. Anderson.  “Tectonic Geomorphology.”  Maldin, Massachusetts:  
Blackwell Science.  p. 274.  2001. 

Carr, W.J.  “Styles of Extension in the Nevada Test Site Region, Southern Walker Lane Belt:  
An Integrated Volcano-Tectonic and Detachment Fault Model.”  Geological Society of America 
Memoir 176.  Boulder, Colorado:  Geological Society of America.  pp. 283–303.  1990. 

–––––.  “Regional Structural Setting of Yucca Mountain, Southwestern Nevada, and Late 
Cenozoic Rates of Tectonic Activity in Part of the Southwestern Great Basin, Nevada and 
California.”  U.S. Geological Survey Open-File Report 84-854.  1984.    

Castle, R.O., T.D. Gilmore, J.P. Walker, and S.A. Castle.  “Height Changes Along Selected 
Lines Through the Death Valley Region, California and Nevada, 1905–1984.”  U.S. Geological 
Survey Open-File Report 2005-1133.  2005. 

CNWRA.  “NRC High-Level Radioactive Waste Research at CNWRA January–June 1995.”  
B. Sagar, ed.  San Antonio, Texas:  CNWRA.  1995. 

Connor, C.B. and B.E. Hill.  “Three Nonhomogeneous Poisson Models for the Probability of 
Basaltic Volcanism:  Application to the Yucca Mountain Region, Nevada.”  Journal of 
Geophysical Research.  Vol. 100.  pp. 10,107–10,125.  1995. 

Connor, C.B., J.A. Stamatakos, D.A. Ferrill, B.E. Hill, G.I. Ofoegbu, F.M. Conway, B. Sagar, and 
J. Trapp.  “Geologic Factors Controlling Patterns of Small-Volume Basaltic Volcanism: 
Application to a Volcanic Hazard Assessment at Yucca Mountain, Nevada.”  Journal of 
Geophysical Research.  Vol. 105.  pp. 407–432.  2000. 

Connor, C.B., J.A. Stamatakos, D.A. Ferrill, and B.E. Hill.  “Comment on Detecting Strain in the 
Yucca Mountain Area, Nevada.”  Science.  Vol. 282.  p. 1,007b.  1998. 

Cox, R.C.  “Analysis of Drainage-Basin Symmetry as a Rapid Technique to Identify Areas of 
Possible Quaternary Tilt-Block Tectonics:  An Example From the Mississippi Embayment.”  
Geological Society of America Bulletin.  Vol. 106, No. 5.  pp. 571–581.  1994. 



 

27 

Day, W.C., R.P. Dickerson, C.J. Potter, D.S. Sweetkind, C.A. San Juan, R.M. Drake, II, and 
C.J. Fridrich.  “Geologic Map of the Yucca Mountain Area, Nye County, Nevada.”  
U.S. Geological Survey Geological Investigations Series, Map I–2627.  Scale 1:24,000.  1998a. 

Day, W.C., C.J. Potter, D.S. Sweetkind, R.P. Dickerson, and C.A. San Juan.  “Bedrock Geologic 
Map of the Central Block Area, Yucca Mountain, Nye County, Nevada.”  U.S. Geological Survey 
Miscellaneous Investigations Series, Map I–2601.  Scale 1:6,000.  1998b. 

Denny, C.S.  “Alluvial Fans in the Death Valley Region California and Nevada.”  U.S. Geological 
Survey Professional Paper 466.  1965. 

Donovan, D.E.  “Neotectonics of the Southern Amargosa Desert, Nye County, Nevada and Inyo 
County, California.”  NWPO–TR–016–91.  Carson City, Nevada:  State of Nevada Agency for 
Nuclear Projects, Nuclear Waste Project.  1991. 

Environmental Systems Research Institute, Inc.  “What is ArcGIS?”  Redlands, California: 
Environmental Systems Research Institute, Inc.  2004. 

Ferrill, D.A. and A.P. Morris.  “Displacement Gradient and Deformation in Normal Fault 
Systems.”  Journal of Structural Geology.  Vol. 23.  pp. 619–638.  2001. 

Ferrill, D.A., J. Winterle, G. Wittmeyer, D. Sims, S. Colton, A. Armstrong, and A.P. Morris.  
“Stressed Rock Strains Groundwater at Yucca Mountain, Nevada.”  GSA Today.  Vol. 9, No. 5.  
pp. 1–8.  1999a. 

Ferrill, D.A., J.A. Stamatakos, and D. Sims.  “Normal Fault Corrugation:  Implications for 
Growth and Seismicity of Active Normal Faults.”  Journal of Structural Geology.  Vol. 21.  
pp. 1,027–1,038.  1999b. 

Ferrill, D.A., J.A. Stamatakos, and H.L. McKague.  “Quaternary Slip History of the Bare 
Mountain Fault (Nevada) From the Morphology and Distribution of Alluvial Fan Deposits, 
REPLY.”  Geology.  Vol. 25.  1997. 

Ferrill, D.A., G.L. Stirewalt, D.B. Henderson, J.A. Stamatakos, K.H. Spivey, and B.P. Wernicke.  
NUREG/CR–6401, “Faulting in the Yucca Mountain Region, Critical Review and Analyses of 
Tectonic Data From the Central Basin and Range.”  Washington, DC:  NRC.  1996a. 

Ferrill, D.A., J.A. Stamatakos, S.M. Jones, B. Rahe, H.L. McKague, R.H. Martin, and 
A.P. Morris.  “Quaternary Slip History of the Bare Mountain Fault (Nevada) From the 
Morphology and Distribution of Alluvial Fan Deposits.”  Geology.  Vol. 24.  pp. 559–562.  1996b. 

Fridrich, C.J.  “Tectonic Evolution of the Crater Flat Basin, Yucca Mountain Region, Nevada in 
Cenozoic Basins of the Death Valley Region.”  L.A. Wright and B.W. Troxel, eds.  Special Paper 
333.  pp. 169–195.  Boulder, Colorado:  Geological Society of America.  1999. 

Frizzell, V.A., Jr. and J. Shulters.  “Geologic Map of the Nevada Test Site, Southern Nevada.”  
U.S. Geological Survey Miscellaneous Investigations Series, Map I–2046.  Scale 1:100,000.  
1990. 

Gilmore, T.D.  “Geodetic Leveling Data Used to Define Historical Height Changes Between 
Tonopah Junction and Las Vegas, Nevada.”  U.S. Geological Survey Open-File Report 92-450.  
1992. 



 

28 

Hammond, W.C.  “Vertical Motion of the Basin and Range, Western United States From 
10 Years of Campaign GPS.”  Proceedings of the Workshop:  The State of GPS Vertical 
Positioning Precision:  Separation of Earth Processes by Space Geodesy.  T. van Dam, ed.  
Cahiers du Centre Européen de Géodynamique et de Séismologie.  Vol. 23.  pp. 131–136.  
2004. 

Harmsen, S.C.  “The Little Skull Mountain, Nevada, Earthquake of 29 June 1992:  Aftershock 
Focal Mechanisms and Tectonic Stress Field Implications.”  Bulletin of the Seismological 
Society of America.  Vol. 84.  pp. 1,484–1,505.  1994. 

Hay, R.L., R.E. Pexton, T.T. Teague, and T.K. Kyser.  “Spring-Related Carbonate Rocks, Mg. 
Clays, and Associated Minerals in Pliocene Deposits of the Amargosa Desert, Nevada and 
California.”  Geological Society of America Bulletin.  Vol. 97.  pp. 1,488–1,503.  1986. 

Hill, E. and G. Blewitt.  “Analysis of Vertical Velocities From BARGEN Continuous GPS Data at 
Yucca Mountain, Southern Nevada.”  T. van Dam and O. Francis, eds.  Cahiers du Centre 
Européen de Géodynamique et de Séismologie.  Vol. 23.  pp. 125–129.  2004. 

Huber, N.K.  “Late Cenozoic Evolution of the Upper Amargosa River Drainage System, 
Southwestern Great Basin, Nevada and California.”  U.S. Geological Survey Open-File 
Report 87-617.  1988. 

Hunt, A.P.  “Archeology of the Death Valley Salt Pan, California.”  Utah University 
Anthropological Papers.  No. 47.  1960. 

Hunt, C.B.  “Desert Varnish.”  Science.  Vol. 120.  pp. 183–184.  1954. 

Jackson, J.J.  Glossary of Geology.  J.J. Jackson, ed.  Alexandria, Virginia:  American 
Geological Institute.  1997. 

Keefer, W.R., J.A. Coe, S.K. Pezzopane, and W.C. Hunter.  “Geodesy and Contemporary Strain 
in the Yucca Mountain Region, Nevada.”  U.S. Geological Survey Open-File Report 97-383.  
1997. 

Law, B.E. and C.W. Spencer.  “Abnormal Pressure In Hydrocarbon Environments.”  Abnormal 
Pressures in Hydrocarbon Environments.  B.E. Law, G.F. Ulmishek, and V.I. Slavin, eds. 
American Association of Petroleum Geologists Memoir 70.  1998. 

Leica Geosystems GIS & Mapping, LLC.  “ERDAS Field Guide, Seventh Edition.”  Atlanta, 
Georgia:  Leica Geosystems GIS & Mapping, LLC.  2003. 

Lundstrom, S.C. and R.G. Warren.  “Late Cenozoic Evolution of Fortymile Wash:  Major Change 
in Drainage Pattern in the Yucca Mountain, Nevada Region During Late Miocene Volcanism.” 
Proceedings of the Fifth Annual International High-Level Radioactive Waste Management 
Conference, Las Vegas, Nevada, May 22–26, 1994.  La Grange Park, Illinois:  American 
Nuclear Society.  Vol. 4.  1994. 

Lundstrom, S.C., J.B. Paces, and S.A. Mahan.  “Late Quaternary History of Fortymile Wash in 
the Area Near the H-Road Crossing—Quaternary Geology of the Yucca Mountain Area, 
Southern Nevada:  Field Trip Guide.”  Friends of Pleistocene, Pacific Cell.  pp. 63–76.  1998. 



 

29 

Maldonado, F.  “Geologic Map of the Jackass Flats Area, Nye County, Nevada.”  
U.S. Geological Survey Miscellaneous Investigations Series, MAP I–1519.  Scale 1:48,000.  
1985. 

Marrett, R., J.A. Stamatakos, D.A. Ferrill, C.B. Connor, and B.E. Hill.  “Extension Rate 
Estimates From Faults, Fracture Opening, and Earthquakes Near Yucca Mountain, Nevada.” 
Eos, Transactions, American Geophysical Union.  Vol. 80, No. 17.  1998. 

McKague, H.L., D.W. Sims, and D.J. Waiting.  “Evidence for Active Westward Tilting of 
Fortymile Wash, Nye County, Nevada.”  2006 American Geophysical Union Fall Meeting, 
San Francisco, California, December 11–15, 2006.  2006a.   

McKague, H.L., D. Ferrill, K. Smart, J. Stamatakos, and D. Waiting.  “Tectonic Model Synthesis 
Report for the Yucca Mountain Region.”  San Antonio, Texas:  CNWRA.  2006b. 

Monsen, S.A., M.D. Carr, M.C. Reheis, and P.A. Orkild.  “Geologic Map of Bare Mountain, Nye 
County, Nevada.”  U.S. Geological Survey Miscellaneous Investigations Series, Map I–2201. 
Scale 1:24,000.  1992. 

Morris, A.P., D.A. Ferrill, D.W. Sims, and J.A. Stamatakos.  “Deformation Above an Extensional 
Lateral Ramp, Crater Flat, Nevada.”  Eos, Transactions, American Geophysical Union.  Vol. 86, 
No. 52.  2005. 

NRC.  NUREG–1762, “Integrated Issue Resolution Status Report.”  Vol. 2.  Rev. 1.  
Washington, DC:  NRC.  April 2005. 

–––––.  NUREG–1804, “Yucca Mountain Review Plan—Final Report.”  Rev. 2.  Washington, 
DC:  NRC.  July 2003. 

–––––.   “Issue Resolution Status Report, Key Technical Issue:  Structural Deformation and 
Seismicity.”  Rev. 2.  Washington, DC:  NRC.  1999. 

Nye County.  “Early Warning Drilling Program Phase I Fiscal Year 1999.”  Nevada:  Nye County 
Nuclear Waste Repository Project Office.  1999. 

Ofoegbu, G.I. and D.A. Ferrill.  “Mechanical Analyses of a Yucca Mountain Fault Model.”  
Proceedings of the Topical Meeting on Methods of Seismic Hazards Evaluation, Focus ’95, 
Las Vegas, Nevada, September 18–20, 2005.  La Grange Park, Illinois:  American Nuclear 
Society.  pp. 115–124.  1996. 

Pelletier, J.D., C.D. Harrington, J.W. Whitney, M. Cline, S.B. DeLong, G. Keating, and 
K.T. Ebert.  “Geomorphic Control of Radionuclide Diffusion in Desert Soils.”  Geophysical 
Research Letters.  Vol. 32, No. L23401.  2005. 

Ponce, D.A. and H.W. Oliver.  “Gravity Investigations:  Major Results of Geophysical 
Investigations at Yucca Mountain and Vicinity, Southern Nevada.”  H.W. Oliver, D.A. Ponce, and 
W.C. Hunter, eds.  U.S. Geological Survey Open-File Report 95-74.   1995. 

Reheis, M.C.  “Preliminary Study of Quaternary Faulting on the East Side of Bare Mountain, 
Nye County, Nevada.”  Geologic and Hydrologic Investigations of a Potential Nuclear Waste 
Disposal Site at Yucca Mountain, Southern Nevada.  M.D. Carr and J.C. Yount, eds.  
U.S. Geological Bulletin.  Vol. 1,790.  pp. 103–112.  1988. 



 

30 

Ressler, T.R.  “Preliminary Characterization of the Valley-Fill Aquifer in Fortymile Wash, 
Southwestern Nevada.”  Masters Thesis.  University of Texas at Austin.  Austin, Texas.  2001. 

Ressler, T.R., J.A. Stamatakos, K.D. Ridgway, and J. Winterle.  “Preliminary Hydrostratigraphy 
of the Valley-Fill Aquifer in Fortymile Wash and the Amargosa Desert.”  San Antonio, Texas:  
CNWRA.  2000. 

Ritter, D.F.  Process Geomorphology.  Dubuque, Iowa:  W.C. Brown Company.  1978. 

Rosholt, J.N., C.A. Bush, W.J. Carr, D.L. Hoover, W.C. Swadley, and J.R. Dooley, Jr.  
“Uranium-Trend Dating of Quaternary Deposits in the Nevada Test Site Area, Nevada and 
California.”  U.S. Geological Survey Open-File Report 85-540.  1985. 

Savage, J.C., J.L. Svarc, and W.H. Prescott.  “Strain Accumulation at Yucca Mountain, Nevada, 
1983–1998.”  Eos, Transactions, American Geophysical Union.  Vol. 79, No. 45.  1998. 

Savage, J.C., M. Lisowski, W.K. Gross, N.E. King, and J.L. Svarc.  “Strain Accumulation Near 
Yucca Mountain, Nevada, 1983–1993.”  Journal of Geophysical Research.  Vol. 99.  
pp. 18,103–18,107.  1994. 

Scott, R.B. and J. Bonk.  “Preliminary Geologic Map of Yucca Mountain, Nye County, Nevada 
with Geologics.”  U.S. Geological Survey Open-File Report 84-494.  Scale 1:12000.  1984. 

Simonds, W.F., J.W. Whitney, K. Fox, A. Ramelli, J.C. Yount, M.D. Carr, C.D. Menges, 
R. Dickerson, and R.B. Scott.  “Map of Fault Activity of the Yucca Mountain Area, Nye County, 
Nevada.”  U.S. Geological Survey Miscellaneous Investigations Series, Map I–2520.  
Scale 1:24,000.  1995. 

Sims, D.W., A.P. Morris, D.A. Ferrill, J.A. Stamatakos, and D.J. Waiting.  “A Physical Analog 
Model of Extensional Deformation in the Yucca Mountain Region, Nevada.”  Geological Society 
of America Abstracts with Programs.  Vol. 35, No. 6.  2003. 

Sims, D.W., J.A. Stamatakos, D.A. Ferrill, H.L. McKague, D.A. Farrell, and A. Armstrong. 
“Three-Dimensional Structural Model of the Amargosa Desert, Version 1.0:  Report to 
Accompany Model Transfer to the U.S. Nuclear Regulatory Commission.”  San Antonio, Texas: 
CNWRA.  1999. 

Slate, J.L., M.E. Berry, P.D. Rowley, C.J. Fridrich, K.S. Morgan, J.B. Workman, O.D. Young, 
G.L. Dixon, V.S. Williams, E.H. McKee, D.A. Ponce, T.G. Hildenbrand, W.C. Swadley, 
S.C. Lundstrom, E.B. Ekren, R.G. Warren, J.C. Cole, R.J. Fleck, M.A. Lanphere, D.A. Sawyer, 
D.J. Grunwald, R.J. Laczniak, C.M. Menges, J.C. Yount, and A.S. Jayko.   “Digital Geologic 
Map of the Nevada Test Site and Vicinity, Nye, Lincoln, and Clark Counties, Nevada, and Inyo 
County, California.”  U.S. Geological Survey Open-File Report 99-554.  1999. 

Smith, K.D., J.N. Brune, D. dePolo, M.K. Savage, R. Anooshehpoor, and A.F. Sheehan.  “The 
1992 Little Skull Mountain Earthquake Sequence, Southern Nevada Test Site.”  A Potential 
High-Level Radioactive Waste Repository, Chapter K.  J.W. Whitney and W.R. Keefer, eds.  
U.S. Geological Survey Digital Data Series 058.  2000. 

Snyder, J.P.  “Map Projections:  A Working Manual.”  U.S. Geological Survey Professional 
Paper 1395.  1987. 



 

31 

Stamatakos, J.A., C.B. Connor, and R.H. Martin.  “Quaternary Basin Evolution and Basaltic 
Volcanism of Crater Flat, Nevada, From Detailed Ground Magnetic Surveys of the Little Cones.”  
Journal of Geology.  Vol. 105.  pp. 319–330.  1997. 

Sun, A.Y., R. Ritzi, and D. Sims.  “Characterization and Modeling of Alluvium Beneath Fortymile 
Wash, Nevada.”  San Antonio, Texas:  CNWRA.  2006. 

Swadley, W.C. and W.J. Carr.  “Geologic Map of the Quaternary and Tertiary Deposits of the 
Big Dune Quadrangle, Nye County, Nevada, and Inyo County, California.”  U.S. Geological 
Survey Miscellaneous Investigations Series, Map I–1767.  1987. 

U.S. Geological Survey.  “Seismotectonic Framework and Characterization of Faulting at Yucca 
Mountain, Nevada.”  J.W. Whitney, coord.  Denver, Colorado:  U.S. Geological Survey.  1996. 

University of Nevada, Reno.  “Hypocenters and Magnitudes for Earthquakes in the Vicinity of 
Yucca Mountain, 10/1/2003–09/30/2004.”  Nevada System of Higher Education Technical Data 
Archive.  NSHE ID 006DV.011. MO0508UCC006DV.011.  2005. 
<http://hrc.nevada.edu/data/tda/default.htm>  (December 28, 2006). 

–––––.  “Nevada Seismological Laboratory Earthquake Catalog Search:   UNR Historical 
Catalogue (1852–1999).”  UNR1852–1999.cat.  Reno, Nevada:  University of Nevada, Reno.  
Nevada Seismological Laboratory.  2004a.  <http://www.seismo.unr.edu/Catalog/ 
catalog-search.html>  (January 12, 2007). 

–––––.  “Nevada Seismological Laboratory Earthquake Catalog Search:  Current UNR 
Catalogue (2000–present, updated after review).”  UNR2000–present.cat.  Reno, Nevada:  
University of Nevada, Reno.  Nevada Seismological Laboratory.  2004b.  
<http://www.seismo.unr.edu/Catalog/catalog-search.html>  (January 12, 2007). 

–––––.  “Combined Seismicity Catalog for FY1996–2002 in the Vicinity of Yucca Mountain.”  
Nevada System of Higher Education Technical Data Archive.  NSHE ID 006DV.004. 
MO0404UCC006DV.004.  2004c. <http://hrc.nevada.edu/data/tda/default.htm>  (December 28, 
2006). 

Walter, W.R.  “Source Parameters of the June 29, 1992 Little Skull Mountain Earthquake From 
Complete Regional Waveforms at a Single Station.”  Geophysical Research Letters.  Vol. 20, 
No. 5.  pp. 403–406.  1993. 

Wernicke, B., J.L. Davis, R.A. Bennett, J.E. Normandeau, A.M. Friedrich, and N.A. Niemi. 
“Tectonic Implications of a Dense Continuous GPS Velocity Field at Yucca Mountain, Nevada.” 
Journal of Geophysical Research.  Vol. 109.  B12404.  doi:10.1029/2003JB002832.  2004. 

Wernicke, B., J.L. Davis, R.A. Bennett, P. Elósegui, M.J.A. Bolins, R.J. Brady, M.A. House, 
N.A. Niemi, and J.K. Snow.  “Anomalous Strain Accumulation in the Yucca Mountain Area, 
Nevada.”  Science.  Vol. 279.  pp. 2,096–2,100.  1998. 

Winograd, I.J. and W. Thordarson.  “Hydrogeology and Hydrochemical Framework, 
South-Central Great Basin, Nevada-California with Special Reference to the Nevada Test Site.”   
U.S. Geological Survey Professional Paper 712–C.  1975. 

Winterle, J.R.  “Evaluation of Alternative Concepts for Saturated Zone Flow:  Effects of 
Recharge and Water Table Rise on Flow Paths and Travel Times at Yucca Mountain.”  
San Antonio, Texas:  CNWRA.  2003. 



 

32 

Winterle, J.R., A. Claisse, and H.D. ArIt.  “An Independent Site-Scale Groundwater Flow Model 
for Yucca Mountain.”  Proceedings of the 10th International High-Level Radioactive Waste 
Management Conference, Las Vegas, Nevada, March 30–April 3, 2003.  La Grange Park, 
Illinois:  American Nuclear Society.  2003. 

Young, S.R., A.P. Morris, and G.L. Stirewalt.  “Geometric Models of Faulting at Yucca 
Mountain.”  CNWRA 92-008.  San Antonio, Texas:  CNWRA.  1992a. 

–––––.  “Preliminary Structural Interpretation of Reflection Seismic Line AV-1.”   
CNWRA 92-024.  San Antonio, Texas:  CNWRA.  1992b. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 450
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for compliance with 10CFR1, Appendix A.  Created PDF documents can be opened with Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


