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Abstract. Yucca Mountain, Nevada, is the sole candidate site for underground disposal of 

high-level radioactive waste in the United States. The mountain is composed of Tertiary (12.8 

Ma to 10 Ma) volcanic tuff, cut by west-dipping normal faults that divide the mountain into 

north-trending, east-dipping cuestas. Characterization by the U.S. Department of Energy (DOE) 

has mostly focused on mapping lithostratigraphic units, faults, and fractures in the main 

repository block. DOE is considering expanding the potential repository into other fault blocks, 

which have not been studied in detail. Faults and fractures are important to repository design 

because they affect seismic hazard, rockfall, and fluid transmissivity in the surrounding rock 

mass. Geologic maps and detailed studies of rock pavements and tunnel walls reveal that faults 

and fractures within Yucca Mountain are not uniform in orientation or intensity. We investigate
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two aspects of distributed deformation arising from fault displacement gradients at Yucca 

Mountain. First, fault-parallel strains (elongation parallel to cutoff lines where stratigraphic 

horizons intersect fault planes) develop as a result of fault displacement gradients. Using existing 

data, we analyze the likely state of strain in fault blocks at Yucca Mountain. Second, 

fault-strike-perpendicular strains can develop where two normal faults propagate past each other.  

A component of total displacement is distributed into the surrounding rock to produce synthetic 

layer dip or a network of smaller faults and fractures. There is a demonstrable relationship 

between displacement gradients on the Ghost Dance and Abandoned Wash faults and fault and 

fracture intensity at smaller scales. We find that small-scale faulting and fracturing at Yucca 

Mountain is variable and is strongly controlled by larger scale fault system architecture.  

1. Introduction 

Yucca Mountain, Nevada is located within the southwestern part of the Basin and Range 

physiographic province, on the margin of the Walker Lane (Fig. 1). It is the proposed site for the 

permanent disposal of high-level radioactive waste in the United States. The region is 

characterized by strike-slip and extensional deformation that has been active since the beginning 

of the Cenozoic (65 Ma) [see for example Snow and Wernicke, 2000]. The region remains 

tectonically active as indicated by evidence for Quaternary (including Holocene) to present-day 

faulting [Harmsen, 1994; Simonds et al., 1995; Ferrill et al., 1996a,b], and Quaternary volcanism 

[Connor and Hill, 1995; Connor et al., 2000]. Yucca Mountain itself is composed of faulted and 

fractured Miocene volcanic tuffs erupted from calderas in the Southwest Nevada Volcanic Field
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15 to 9 million years ago [Sawyer et al., 1994]. The Tiva Canyon Tuff (12.7 Ma) of the 

Paintbrush Group makes up the main surface exposures of Yucca Mountain. The proposed 

repository would be hosted within the Topopah Spring Tuff (12.8 Ma), also of the Paintbrush 

Group. Angular unconformities and fault-related depocenters within the tuff sequence indicate 

that faulting and tuff deposition were synchronous at Yucca Mountain [e.g., Carr, 1990; Day et 

al., 1998b; Fridrich, 1999]. Most faults at Yucca Mountain are either north-trending normal 

faults or northwest-trending, dextral strike-slip faults. The larger faults in these two orientations 

bound the fault blocks of Yucca Mountain (Fig. 1). Some northwest-trending faults are 

dominantly normal faults, accommodating extension in relay ramps between overlapping normal 

faults [Ferrill et al., 1999a].  

The fault and fracture framework of Yucca Mountain and its environs are important to 

technical considerations with respect to the location, design, and long term performance of the 

proposed waste repository. DOE has responsibility for characterizing Yucca Mountain as a 

proposed high level radioactive waste repository site, and the design of the proposed repository.  

Faults and fractures provide potential pathways for fluid movement, and bound blocks of rocks 

that may fall from the walls and ceiling of excavated drifts. Therefore, the fault and fracture 

framework is a key factor in repository design and performance. Thus far, detailed fault and 

fracture characterization at Yucca Mountain has concentrated on an area between the Solitario 

Canyon and Bow Ridge faults (Fig. lb), which contains the area referred to as the main 

repository (upper block) and the lower block [CRWMS M&O, 2001]. These two faults have 

maximum throws of 450 m and 150 m respectively, and are two of the largest faults that cut 

Yucca Mountain. DOE is now considering expanding the repository area beyond the main
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repository block in order to reduce the thermal load likely to be experienced by the host rock 

[see for example CRWMS M&O, 2001]. However, fault and fracture characteristics of the host 

blocks in the various proposed designs for an expanded repository have not been characterized.  

Two tunnels, the Exploratory Studies Facility (ESF) and Enhanced Characterization of the 

Repository Block (ECRB) have been excavated in order to aid the characterization of the main 

repository block with respect to rock type, faults, and fractures [Mongano et al., 1999; CRWMS 

M&O, 2000] (Fig. 1b). A wealth of information has been obtained to that end. However, the 

detailed data have not been linked to the larger structural elements of Yucca Mountain, and no 

models exist that will assist in the prediction of small faults and fractures in areas where no 

tunnels have been excavated. In this paper, we use existing data, including that acquired by 

DOE, to evaluate displacement patterns on mapped faults at Yucca Mountain in order to 

understand structural controls on small-scale faulting and fracturing at Yucca Mountain. Based 

on this analysis, we find that in areas where detailed studies have been conducted, displacement 

gradients on mapped faults can be used as indicators of distributed deformation at smaller scales 

within the adjacent rock. In addition, the potential expanded waste emplacement areas occupy 

structural positions in which the characteristics of faults and fractures may differ from those in 

the main repository block. Because fault displacement gradients strongly influence deformation 

in adjacent fault blocks, the potential repository expansion areas require further analysis.

2. Background
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Surface exposures at Yucca Mountain consist of faulted and fractured Miocene silicic 

volcanic rocks, primarily the Tiva Canyon Tuff of the Paintbrush Group [Sawyer et al., 1994].  

Also part of the Paintbrush Group, but less well-exposed than and stratigraphically below the 

Tiva Canyon Tuff, is the Topopah Spring Tuff. DOE has designated a series of welded units 

within the Topopah Spring Tuff as the proposed repository host horizon (RHH). Specifically, the 

RHH consists of the lower third of the upper lithophysal zone, and the middle nonlithophysal, 

lower lithophysal, and lower nonlithophysal zones of the crystal-poor member of the Topopah 

Spring Tuff [CRWMS M&O, 2001]. The top of the RHH is represented as a horizon within the 

DOE Geologic Framework Model version 3.1 [CRWMS M&O, 2000], which is a 

three-dimensional interpretation of the structure and stratigraphy at Yucca Mountain (Fig. 2a,b).  

The structural geology of Yucca Mountain is dominated by west-dipping, extensional 

faults with strike trends between 0000 and 0300 (Fig. 2). Faulting developed in the Paintbrush 

Group tuffs at Yucca Mountain over the last 13 million years in a stress system with a vertical 

al, initially with Y3 directed EW then evolving to the current situation with a3 directed toward 

3000 [Zoback et al., 1981; Morris et al., 1996]. In addition to the dominant normal faults, small 

numbers of strike-slip and reverse faults have been mapped [Day et al., 1998a,b; Mongano et al., 

1999]. West-dipping, normal faults define the primary fault architecture of western Yucca 

Mountain [Ferrill et al., 1999a]. Slip on these faults has generated the eastward-dipping fault 

blocks that characterize the area.  

Thus far, fault characterization at Yucca Mountain has progressed along three tracks.  

First, the area has been mapped by traditional field geological methods at a variety of scales 

[Scott and Bonk, 1984; Simonds et al., 1995; Day et al., 1998a,b]. Second, fault and fracture data
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has been collected from detailed pavement mapping at the surface of Yucca Mountain [e.g., 

Barton and Hsieh, 1989; Barton and Larsen, 1995; Barton et al., 1993; Sweetkind et al., 1997] 

with the goal of determining the influence of these structures on the infiltration of surface water 

into the main repository block, and as analogs for fracturing within the main repository block.  

Third, the walls of the ESF and ECRB have provided a wealth of detailed fault and fracture data 

from mapping and detailed line surveys conducted during the active tunneling phase [Mongano 

et al., 1999; CRWMS M&O, 2000]. Traditional geological mapping is capable of detecting and 

representing faults with displacements greater than about 1.5 m under favorable circumstances or 

greater than 5 m elsewhere [Day et al. 1998a,b], whereas mapping of tunnel walls, where 

colluvium and vegetation do not obscure the rock, recorded faults with displacements as small as 

0.02 m [Mongano et al., 1999; CRWMS M&O, 2000].  

Larger (field-mappable) faults are important indicators of the overall structure and fault 

block deformation at Yucca Mountain [e.g., Young et al., 1992a,b; Ferrill and Morris, 2001].  

Smaller faults are more difficult to detect using surface geological mapping techniques but are 

more numerous than larger faults. For example, the North Ramp of the ESF traverses the mapped 

traces of 14 faults with displacements of 5 m to 50 m [Day et al., 1998a,b], whereas mapping of 

the tunnel walls (Appendix 1) of the North Ramp identified 262 faults with displacements as 

small as 0.02 m. Small faults do not accommodate a major component of regional-scale 

deformation, however, permeability architecture, rockfall potential, failure strength and fracture 

characteristics are all strongly influenced by small faults and fractures [U.S. Department of 

Energy, 1998].
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3. Fault displacement gradients, faults and fractures 

Wherever faults exhibit displacement gradients, strain is transferred into adjacent fault 

blocks and the intensity of the resultant deformation is commensurate with the steepness of the 

displacement gradient. Two primary manifestations of this strain transfer in the case of 

extensional normal faults are: (i) cutoff parallel elongation [Ferrill and Morris, 2001] (Fig. 3a), 

and (ii) strike-perpendicular distributed deformation in zones of displacement deficit, which has 

been recognized in the Canyonlands (Utah) [Trudgill and Cartwright, 1994] and the English 

Midlands Coalfield [Peacock and Sanderson, 1994; Huggins et al., 1995; Childs et al., 1995] 

(Fig. 3b). Both of these strain transfer mechanisms can be recognized in the Ghost 

Dance-Abandoned Wash fault system at Yucca Mountain (Fig. 2b).  

3.1. Cutoff-parallel elongation 

Fault-parallel elongations experienced by rock adjacent to faults are determined by fault 

displacement gradients, fault slip vectors, and initial stratal orientations [Ferrill and Morris, 

2001]. Elongation parallel to the stratal cutoff line (line of intersection between rock strata and 

fault plane) can be positive (length increase) or negative (length decrease) and depends only on 

angular relationships [Ferrill and Morris, 2001]. Therefore, the elongation can be calculated for 

sections of a fault between cutoff line data points. Details of stratal cutoff lines for all principal 

geologic strata (horizons) at Yucca Mountain can be extracted from the DOE Geologic 

Framework Model [CRWMS M&O, 2000] (Fig. 2a). The resulting data can be assembled into a 

3D fault gap model for any given horizon. In this paper we use a fault gap model for the top of
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the RHH generated from data within the DOE Geologic Framework Model [CRWMS M&O, 

2000] (Fig. 2b) because it is the top of the lithologic package that DOE has selected to host the 

proposed repository.  

3.1.1. Fault slip vectors 

Fault slip vectors are required for our analysis. Using the 3D fault gap model, detailed 

geometry of the fault surfaces between offset cutoff lines can be generated (Fig. 2b). These 

surfaces can then be used to determine the slip vector field throughout the study area. This is 

done by using slip tendency analysis [Morris et al., 1996] to investigate a range of stress systems 

likely to have been extant at the time of faulting. In computing slip tendency, the directions of 

maximum resolved shear stress within a fault surface are computed. For any portion of the fault 

surface,the direction of maximum resolved shear stress is the likely slip direction [e.g., Bott, 

1959; Morris et al., 1996]. Each stress system will yield a unique slip vector field. By using a 

range of stress systems likely to have been operating during faulting, a range of likely slip vector 

fields can be computed, and their effects on cutoff elongation can be examined.  

The period of most active faulting at Yucca Mountain is generally thought to have been 

during the Miocene (13 to 10 Ma) [Sawyer et al., 1994; Morris et al., 1996; Snow and Wernicke, 

2000]. At that time, the orientation of extension (i.e., minimum principal stress) was between 

WSW (2600) and NW - SE (3000) [Zoback et al., 1981; Morris et al., 1996]. Vertical principal 

stress was determined primarily by lithostatic pressure, which is approximately 21 MPa at a 

depth of about 1 km for rocks with densities similar to those at Yucca Mountain [Ferrill et al., 

1999b]. In order for the rocks to have been close to failure, and thus to have experienced active



9

faulting, the differential stress (a, - a3) must have been approximately 15MPa [Hoek and Brown, 

1988; Mandl, 1988], therefore the minimum stress (a3) would have been on the order of 6 MPa.  

Given these two constraints, 02 could have varied within these limits. High values of a2 [low 

values of R, where R = (a, - a2)/(al - a3)] give rise to conditions conducive to both normal and 

strike-slip faulting [Morris et al., 1996], and to a large number of mapped fault traces at Yucca 

Mountain that would have experienced cutoff-parallel elongation (Appendix 2). Lower a2 (and 

higher R) values would give rise to less strike-slip faulting and a smaller number of fault traces 

that would have experienced cut-off parallel elongation (Appendix 2).  

Data from borehole breakouts, active faulting, earthquake nodal planes, and fault 

orientation indicate that Yucca Mountain currently experiences a normal faulting regional stress 

system with a3 oriented approximately WNW (300' azimuth), and a 02 value close to that of a, 

[Stock et al., 1985; Stock and Healy, 1988; Harmsen, 1994; Morris et al., 1996; Ferrill et al., 

1999b]. This stress system accounts for the dominance of normal faulting in the area and the 

synchronous oblique-slip to strike-slip activity on many NW-striking faults. It is also consistent 

with interpretations of the slip events associated with the 1992 Little Skull Mountain earthquake 

[Stock and Healy, 1988; Harmsen, 1994; Morris et al., 1996] which occurred at a depth of about 

8 kin, 16 km ESE of Yucca Mountain.  

Models of the tectonic evolution of North America during the Cenozoic in which the 

Juan de Fuca Ridge was subducted beneath North America creating the San Andreas fault 

system [Atwater, 1970] explain the transition of the Great Basin from compressional to 

extensional tectonics. Within this context, extension at Yucca Mountain has reached its current 

orientation by clockwise rotation of the stress field since about 20 Ma [Zoback et al., 1981;
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Morris et al., 1996]. Zoback et al. [1981] show an orientation of approximately WSW for 

horizontal extension during the time period 20 Ma to 10 Ma and an extension direction of WNW 

from 1OMa to the present [Zoback et al., 1981]. Strikes of normal faults that cut the 12.8 Ma and 

younger volcanic rocks at Yucca Mountain show a pronounced maximum from 0050 to 015' as 

seen in a length-weighted circular histogram (Fig. 4a). A heave-weighted circular histogram of 

normal fault strike directions (Fig. 4b) exhibits a similar, but broader maximum (from 3550 to 

0150). Variability in the orientations of normal faults could indicate rotation of extension 

direction with time, however, the great preponderance of data indicating an approximately 

west-directed extension direction (azimuth of 2650 to 2850; Fig. 4a,b,c,d) suggests that most 

deformation occurred or at least initiated early in the rotation history. In the context of the 

analysis presented in this paper, stress rotation during the last 12.8 Ma modifies the detailed 

character and distribution of cutoff elongation, but does not increase or decrease the length of 

mapped fault traces (Appendix 2 F through J).  

3.1.2. Initial stratal orientation 

The orientation of a stratal cutoff line with respect to the slip vector influences the nature 

and magnitude of the elongation experienced by that cutoff line [Ferrill and Morris, 2001]. In the 

case of the volcanic tuffs at Yucca Mountain, strata were probably horizontal prior to faulting.  

However, as faulting progressed, an east dip would have developed in fault blocks. Increasing 

east dip of strata modifies the detailed character and distribution of cutoff elongation (illustrated 

by parts K through 0 in Appendix 2). In addition, the rotation of the regional extension direction
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from 2650 to 3000 would have progressively rotated the average stratal dip direction towards 

ESE.  

3.2. Progressive deformation at Yucca Mountain 

Deformation in fault blocks starts with the initiation of fault displacement and continues 

to accumulate over time with each increment of fault slip. This progressive deformation of fault 

blocks is in accord with changing stress state, fault geometry, and stratal orientation. The 

deformation state at any given time is the result of this accumulated deformation. Single maps of 

fault cutoff elongation of the form illustrated in each element of Appendix 2 cannot capture the 

full deformation history. For example, early in the history of faulting, when the regional 

extension direction was approximately 265 *, there would have been fewer, shorter, and smaller 

(in terms of displacement) faults at Yucca Mountain than are currently present. Extension 

direction has rotated over time, and as faults grew the slip vectors on those faults would have 

changed concomitantly with the changing stress conditions and fault orientations. Fault growth 

would also have controlled stratal dip in fault blocks and, consequently, cutoff line orientations 

would have evolved through time.  

Many faults in Appendix 2, especially those with NW-SE strikes are modeled to have 

experienced significant negative cutoff elongations (shortening parallel to cutoff lines). The 

maps in Appendix 2 are constructed using all the present-day faults represented in the DOE 

Geologic Framework Model [CRWMS M&O, 2000], and, for each case, all faults are subjected 

to the same regional stress system and conditions of initial stratal orientation. Faults with 

orientations that deviate markedly from the regional average probably initiated in response to
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local variations in the regional stress system (the result of displacement gradients on the larger 

faults), and therefore the cutoff elongations modeled here would only apply when the local 

perturbation has been relieved by slip on that fault or faults. Once the local perturbation has been 

relieved and the fault responds to the full regional stress field, the modeled elongations of 

Appendix 2 would become relevant, and in appropriate conditions might represent the current 

situation on such a fault.  

Complex though this evolution appears, it is possible to place reasonable bounds on some 

of the major determining conditions. The earliest extension direction experienced by the volcanic 

rocks at Yucca Mountain was probably 2650 (Zoback et al., 1981). At that time, the newly 

erupted rocks were probably close to horizontal in orientation. The strong preferred orientation 

of all faults (Fig. 4) and the common occurrence of near strike-slip motion on NW-SE trending 

faults indicates a stress magnitude ratio R that is low, approximately 0.25 to 0.3 [Morris et al., 

1996]. Therefore, at about 13 Ma the cutoff elongation strains at Yucca Mountain could be 

portrayed by Fig. 5a. The principal source of uncertainty in Fig. 5a is the number of faults 

represented; it is likely that many of the faults shown would not have existed and those that did 

were shorter and accommodated less displacement than those in Fig. 5a. Currently, the regional 

extension direction is 3000, the stress magnitude ratio R remains low at approximately 0.25 to 

0.3 [Morris et al., 1996), and the stratal dip is approximately 80 E tan average based on data 

from the DOE Geologic Framework Model [CRWMS M&O, 2000]). Thus, Fig. 5b represents 

the cutoff elongation strain resulting from the latest increment of fault slip at Yucca Mountain.  

Constraints on young faulting activity are provided by the mapping of Simonds et al. [1995].  

Their results show that the western Yucca Mountain fault system (especially the Windy Wash
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fault) has been active in the late Quaternary (Fig. 5b). Their mapping provides only a minimum 

estimate of Quaternary fault activity, however, because bedrock against bedrock fault slip is 

difficult to date [Simonds et al., 1995]. Figs. 5a and 5b, therefore, place reasonable bounds on 

the earliest and latest increments of cutoff elongation strain at Yucca Mountain.  

3.3. Strike-perpendicular distributed deformation 

Displacement patterns on the four dominant faults at Yucca Mountain (Fig. 6) indicate 

that they have operated as part of a segmented fault system in which the collective assemblage of 

faults have a coherent cumulative displacement [e.g., Peacock and Sanderson, 1994; Huggins et 

al., 1995; Dawers and Anders, 1995], and therefore have the potential to rupture in concert in the 

event of a major earthquake [Ferrill et al., 1999a]. The Paintbrush Canyon and Solitario Canyon 

faults, for example, have an antipathetic displacement relationship south of 4076000 (UTM 

northing in meters) whereas the cumulative (combined) heave across the two faults varies 

smoothly (Fig.6); north of 4076000 the antipathetic relationship continues, although the 

cumulative heave of these faults decreases. This local decrease (deficit) in cumulative heave is in 

part compensated for by the presence of both the Windy Wash and Fatigue Wash faults. Further 

apparent heave deficit in the cumulative heave profile is not real, but rather is the result of data 

truncation on the Northern Windy Wash and Fatigue faults at the western edge of the DOE 

Geologic Framework Model [CRWMS M&O, 2000] volume. Transfer of displacement between 

two overlapping extensional faults can be accomplished in a number of ways, for example 

increased stratal dip in the area of interaction is commonly observed [Huggins et al., 1995]. Less 

commonly reported is an increase in the number of smaller faults and fractures contributing to
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the regional extension. Such an increase, however, is an important component of fault block 

deformation in at least one location at Yucca Mountain.  

4. Ghost Dance-Abandoned Wash fault system 

Using a combination of geologic maps and data from the DOE Geologic Framework 

Model [CRWMS M&O, 2000], we have identified an area of interaction between the Ghost 

Dance and Abandoned Wash faults [Area 4 in figure 9a of Ferrill and Morris, 2001]. This area is 

of especial interest because the Ghost Dance fault lies between the two fault blocks now 

designated as the "Upper" and "Lower" blocks that originally constituted the proposed 

repository site [Scott and Bonk, 1984], and is now pierced by the ESF (Fig. 7a). This area 

represents one of the few opportunities to evaluate extremely detailed fault and fracture data in 

the context of larger faults mapped by traditional field geological methods. Mapping of the ESF 

Main Drift (approximately NS section) identified a 750 to 800 m long zone within the Topopah 

Spring Tuff in which fracture frequency averages 4.2 fractures per meter (21 fractures per 5 

meter interval) [Mongano et al., 1999; CRWMS M&O, 2000]. This zone is referred to as the 

Intensely Fractured Zone (IFZ), and is dominated by fractures and faults that have strikes 

between 1150 (at the north end) and 150° (at the south end) [Mongano et al., 1999; CRWMS 

M&O, 2000] (Fig. 7c). The Main Drift of the ESF runs parallel to, and less than 250 m west of, 

the Ghost Dance fault within its hanging wall. The IFZ is associated with the segment of highest 

displacement on the Ghost Dance fault [Mongano et al., 1999; CRWMS M&O, 2000] (Fig. 7b).  

Also plotted in Fig. 7c is a 5 meter running average of fracture frequencies along the ESF Main
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Drift wherever this running average exceeds 20 fractures per 5-meter interval. Black lines at an 

angle to the Main Drift indicate the dominant fracture orientation for each 500 meter segment of 

the Drift [Mongano et al., 1999]. Orientation of the dominant fracture trends (strikes) along the 

Main Drift contrast sharply with the NS strikes of the bounding faults. In fact, the NW-SE 

dominant fracture trend seen in the Main Drift contrasts with the dominant fault trends at Yucca 

Mountain in general (compare dominant fracture trends in Fig. 7c with Fig. 4a through c).  

Most fractures within the IFZ are thought to be cooling joints influenced by extension 

shortly after eruption of the tuffs [Buesch and Spengler, 1998]. Cutoff elongation caused by slip 

on the Ghost Dance fault would have been appropriately oriented (sub-parallel to the strike of 

the fault) to generate these local fracture orientations. We interpret the IFZ as the result of cutoff 

elongation strains generated by displacement gradients developed on the Ghost Dance fault (e.g., 

Fig. 3a). If fractures in the IFZ are indeed related to both tuff cooling and fault displacement, the 

Ghost Dance fault is at least as old as the Topopah Spring Tuff. Early activity on the Ghost 

Dance fault, or a west-dipping, normal fault very close to the position of the Ghost Dance fault, 

is also supported by a 1 km offset of the base Tertiary unconformity, interpreted from a seismic 

line across Yucca Mountain that was acquired in 1994 [Brocher et al., 1998].  

The broader history of development of the Ghost Dance and Abandoned Wash faults is 

also illuminated by the displacement patterns illustrated in Fig. 7a,b. Displacement gradients 

along a fault result from the cumulative slip history and reflect fault growth and linkage [e.g., 

Childs et al., 1995; Ferrill et al., 1999a]. For example, displacement maxima and minima can be 

used to identify fault segments and provide insight into how small faults grow into larger faults 

[e.g., Ferrill et al., 1999a]. An individual fault segment is defined as a portion of a fault between
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two displacement minima and that exhibits a simple displacement maximum [Childs et al., 1995] 

(Fig. 7a,b). At the stratigraphic level being investigated, each fault segment would have 

propagated along strike from its initiation point, which now appears as the displacement 

maximum near the center of the segment [Childs et al., 1995]. Displacement patterns on the 

Ghost Dance and Abandoned Wash faults are consistent with the faults having propagated 

southward and northward respectively and established an overlap zone - an extensional fault 

relay ramp [e.g., Childs et al., 1995; Ferrill and Morris, 2001]. A connecting fault has been 

mapped [Day et al., 1995, 1998a] that breaches the ramp and connects the Ghost Dance and 

Abandoned Wash faults (Figs. 7 and 8). In common with many relay ramps, summing 

displacement on the Ghost Dance and Abandoned Wash faults reveals local decrease or deficit 

in the cumulative displacement in the area of overlap between the bounding faults [Childs et al., 

1995; Ferrill and Morris, 2001] (Fig. 7b). Such displacement deficits are compensated for by 

deformation processes other than slip on the principal bounding faults. Common modes of 

displacement compensation are increased synthetic bed dip in the relay ramp [e.g., Peacock and 

Sanderson, 1994; Huggins et al., 1995] or, as here, increased density of faulting and fracturing 

(Fig. 8). The area of overlap between the Ghost Dance and Abandoned Wash faults is one of 

general displacement deficit (Fig. 7b) and contains numerous small faults (Fig. 7a). Fault density 

(trace length per square km) is high in the general area of overlap (5.2 km / km2, see northern 1 

km square in Fig. 8) and extremely high adjacent to the greatest displacement deficit (10.1 

km'km2, see southern 1 km square in Fig. 8). The West Ridge connecting fault system is another 

example at Yucca Mountain where local fault density is associated with displacement gradients 

on larger scale faults (see analysis in Ferrill and Morris, 2001). As in the case of the IFZ, faults
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in the West Ridge connecting fault system have NW-SE trends and are not consistent with the 

dominant fault pattern. Instead, they represent local variability in smaller-scale fault block 

deformation. The southern part of potential expanded repository Block 7 is within the West 

Ridge connecting fault system (Fig. 5c). Based on this investigation, we conclude that 

expansion of the proposed repository into other fault blocks would encounter areas with 

significant variability in the fault and fracture network characteristics. This variability is, in part, 

controlled by displacement patterns on block bounding faults.  

5. Conclusions 

Detailed analyses of the data available for the main repository block at Yucca Mountain 

reveals that relationships exist between smaller faults and fractures and the larger faults. In 

particular, displacement gradients on the larger faults have a strong influence on the orientation 

and distribution of smaller faults and fractures. Two aspects of displacement gradient-driven 

deformation are cutoff elongation and displacement deficit compensation.  

Cutoff elongation and the resulting distribution and orientation of fractures within fault 

blocks are sensitive to stress system and resulting slip directions at the time of faulting and initial 

bed orientation. Analyses of strains generated by fault displacement gradients indicate that many 

parts of Yucca Mountain may have experienced both extensional and contractional strains 

greater than 2 or 3 %, sufficient to generate fractures. The variable extension direction at Yucca 

Mountain since the inception of faulting (about 13 Ma) suggests that cumulative strain patterns 

are likely complex and strains generated by fault displacement are more pervasive than a single 

stress state "snapshot" would suggest. We have previously identified an area of interaction at
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Yucca Mountain between the Northern Windy Wash and Fatigue Wash faults [area 1 in Ferrill 

and Morris, 2001] (Fig. 1). This area, the West Ridge connecting fault system, has experienced 

high cutoff elongation clearly manifest as a zone of steeply southwest dipping strata containing a 

high concentration of mapped normal faults [Day et al., 1998a,b]. Both the Northern Windy 

Wash and Fatigue Wash faults, in the area of the West Ridge connecting fault system, exhibit 

high cutoff elongations (Fig. 5, Appendix 2).  

Displacement deficit compensation is illustrated by the example of the Ghost 

Dance-Abandoned Wash fault system. The area of overlap between these two faults exhibits a 

marked cumulative displacement deficit. In addition, this area contains a large number of small 

faults oriented sub-parallel to the larger faults and contributing to the overall extension. The fault 

density in this locality is anomalously high, approximately twice that of surrounding areas 

outside the influence of the displacement deficit zone.  

We have shown that there is considerable variability (in terms of orientation and 

intensity) in the fault and fracture framework of Yucca Mountain. As DOE considers expanding 

the proposed repository area beyond the volume of rock between the Bow Ridge and Solitario 

Canyon faults, it should be recognized that different fault blocks have experienced different 

deformation histories, producing different strain states. Expansion to other fault blocks would 

require analysis of each fault block with respect to fault and fracture populations. In order to 

understand the fault and fracture framework of other fault blocks in relation to structural position 

within the fault network, it is necessary to investigate the possibility that fault displacement 

gradients have influenced strain intensity and caused variability in orientation and intensity of 

small-scale faulting and fracturing in the fault blocks.
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Appendices 

Appendix 1. Fault and fracture data from the Exploratory Studies Facility are available in 

electronic format from http://m-oext.ymp.gov/html/prod/db-tdp/sep/intemet/default.htm. Data 

from the following files were used in this paper: 

9606006A, 9606006B, 9609018, 9609020, 9708014A, 9708014B, 9711020, 9711021, 

9711022, 9711023, 9711024, 9711025, 9711027.  

Appendix 2. A series of 15 cutoff elongation maps were generated to illustrate the influence of 

stress tensor R value (see equation in Section 3.1.1), direction of extension (a3), and stratal 

orientation (dip) at the time of fault initiation. These cutoff elongation maps are illustrated in 

Fig. Al, and controlling parameters are provided in Table Al.
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Table Al. Magnitudes of maximum (or), intermediate (c2), and minimum (03) principal 

compressive stresses, R values, extension directions, and original bed dips used for cutoff 

elongation analyses are shown in maps A through 0 in Appendix 2 

Map in Extension Original 

Appendix 2 o• 02 03 R Direction Bed Dip 

A 21 19 6 0.13 270 0 

B 21 17 6 0.27 270 0 

C 21 15 6 0.40 270 0 

D 21 13 6 0.53 270 0 

E 21 11 6 0.67 270 0 

F 21 17 6 0.27 260 0 

G 21 17 6 0.27 270 0 

H 21 17 6 0.27 280 0 

I 21 17 6 0.27 290 0 

J 21 17 6 0.27 300 0 

K 21 17 6 0.27 270 0 

L 21 17 6 0.27 270 2 

M 21 17 6 0.27 270 4 

N 21 17 6 0.27 270 6 

0 21 17 6 0.27 270 8
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Figure captions 

Figure 1. (a) Shaded relief map (from U.S. Geological Survey, 1999) showing location of Yucca 

Mountain within Walker Lane and Basin and Range physiographic province (after Twiss and 

Moores; Fig. 1 in Oldow, 1992). (b) Location map of Yucca Mountain illustrating potential 

repository emplacement areas (yellow outlines) [CRWMS M&O, 2001], principal faults (red 

lines) [Day et al., 1998a], and the surface projections of the two tunnels (blue lines): Exploratory 

Studies Facility (ESF), and the Enhanced Characterization of the Repository block (ECRB).  

Background is a Landsat Thematic Mapper image.  

Figure 2. Views of the Geologic Framework Model version 3.1 [CRWMS M&O, 2000].  

(a) View of the model from the ground surface down to the top of the Repository Host Horizon 

(RHH). (b) View of the model showing the top of the RHH and underlying stratigraphy to 

illustrate the fault gaps. The ESF is displayed as a solid yellow line where it lies above the RHH 

and a dashed yellow line where it lies within it. The Ghost Dance-Abandoned Wash fault 

system is highlighted by a gray rectangle. (c) View of the RHH cutoff lines against faults 

modeled within the Geologic Framework Model. The cutoff lines are used to construct fault 

surfaces between the hanging wall and footwall cutoff lines, the model is then placed in a stress 

tensor field - in this case ("1 = vertical, 21 MPa, Y2 = horizontal, azimuth 0000, 17 MPa, and Y3 = 

horizontal, azimuth 2700, 6 MPa. Here bedding is assumed to have been horizontal prior to fault 

motion. Cutoff elongations are calculated for each segment of each cutoff line and displayed 

color-coded according to the scale.
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Figure 3. Displacement gradients and distributed deformation. (a) Cutoff elongation strain 

developed as a result of a propagating normal fault. Deformation is depicted as being 

preferentially partitioned into the hanging wall because this is likely common at Yucca Mountain 

[Ferrill and Morris, 2001]. (b) Displacement deficit compensation and cutoff elongation within 

an extensional relay ramp combine to develop a network of small faults sub-parallel to, and a 

connecting fault oblique to the regional trend respectively.  

Figure 4. Circular histograms of features indicating fault strikes at Yucca Mountain.  

(a) Cumulative fault trace length I data from Geologic Framework Model version 3.1 [CRWMS 

M&O, 2000] 1, (b) Fault segment length weighted by cumulative EW heave I data from Geologic 

Framework Model version 3.1 [CRWMS M&O, 2000]), (c) Scarps and lineaments in alluvium 

indicating probable late Quaternary fault motion (data from Simonds et al., 1995), (d) Fault 

traces, bedrock-alluvium contacts and other features indicating possible late Quaternary fault 

motion (data from Simonds et al., 1995).  

Figure 5a,b. Maps of traces of faults at Yucca Mountain where they intersect with the RHH 

I data extracted from the DOE Geologic Framework Model version 3.1 [CRWMS M&O, 2000]).  

The cutoff elongation for each segment of the cutoff lines is displayed color-coded according to 

the scale in 2 % increments. All cutoff lines in each map are modeled as subject to the same 

stress tensor throughout the map and assuming the same initial (pre-faulting) bedding 

orientation, different maps illustrate different conditions of stress and initial bedding orientation 

and these conditions are shown in the inset at top right of each map. (a) Likely stress conditions
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at Yucca Mountain 12.8 million years ago. (b) Likely stress conditions at Yucca Mountain now.  

Also shown are the locations of evidence for late Quaternary age faulting [Simonds et al., 1995].  

(c) Detail of the West Ridge connecting fault system under conditions existing at 12.8 Ma. The 

high positive extensions on the sections of the Northern Windy Wash and Fatigue Wash faults 

correspond to the location of the connecting fault system that has developed to accommodate 

these strains. The actual geometry of the connecting fault system is more complicated than 

modeled by the DOE Geologic Framework Model [Day et al., 1998a; Ferrill and Morris, 2001].  

Figure 6. East-west component of horizontal displacement (heave) on the major faults at Yucca 

Mountain. Plotted here are the heave profiles for the Solitario Canyon, Paintbrush Canyon, 

Northern Windy Wash, and Fatigue Wash faults. In addition, the cumulative (combined) heave 

of these four faults is shown together with the cumulative heave of all faults within the DOE 

Geologic Framework Model. Bold vertical lines at the ends of lines indicate the points at which 

the faults are truncated by the edges of the model.  

Figure 7. The Ghost Dance-Abandoned Wash fault system. (a) Map from Day et al. [1998a] 

with the Ghost Dance and Abandoned Wash faults highlighted together with the connecting fault 

that breaches the extensional relay ramp between the two faults (see Fig. 8 for key). (b) Throw 

profiles of the Ghost Dance-Abandoned Wash fault system using data from the DOE Geologic 

Framework Model [CRWMS M&O, 2000]. (c) Outline map illustrating segment analysis of the 

Ghost Dance-Abandoned Wash fault system. Also shown are the predominant fault and
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fracture orientations for each 500 m section of the ESF Main Drift, and the fracture frequency 

(f/5 m) profile (calculated at 5 meter intervals) along the Main Drift of the ESF [Mongano et al., 

1999].  

Figure 8. Detail from geological map by Day et al. [1998a]. The two, one kilometer square areas 

used to calculate the fault densities are outlined. Fault density for the southern area, which 

contains the fault network developed as a result of displacement deficit in the linked Ghost 

Dance-Abandoned Wash fault system, is approximately 10.1 km/km2 . Fault density in the 

northern area is approximately 5.2 km/km2.  

Figure Al. Cutoff elongation maps of Yucca Mountain faults based on data extracted from the 

DOE Geologic Framework Model [CRWMS M&O, 2000], cutoff lines are color-coded 

according to the scale from -10 % to +10 % in 2 % increments. Values and orientations of the 

principal stresses and initial stratal orientations for each map are given in Table Al.
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