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1. PURPOSE

The purpose of this analysis is to evaluate the potential for changes to the hydrogeologic system
caused by fault displacement to affect radionuclide transport in the unsaturated zone at Yucca
Mountain. The potential repository is bounded on the west by the Solitario Canyon fault and on
the east by the Bow Ridge fault. The northern boundary of this structural block is bounded by
the Drill Hole Wash fault. In addition, there are intrablock faults consisting of the Ghost Dance,
Sundance, and Dune Wash faults. For the purposes of this analysis, the focus is on two possible
effects of fault displacement along the bounding faults: (1) uniform change in fracture properties
throughout the UZ flow model domain and (2) change in fracture properties within the faults
only. These two hypothetical end-member cases relate to the mechanical strain that’s either
uniformly distributed throughout the strata bounded by the faults, or localized to the individual
fault zones. In the physical system, the strain would be spatially distributed in some manner that
lies between these end-member cases. This evaluation used the bounding case estimates to
determine if fault displacement can be excluded from consideration with respect to unsaturated
zone (UZ) transport in total system performance modeling.

These two end-member cases were evaluated by simulating the flow and transport in the
unsaturated zone (UZ) for a pulse input tracer at the potential repository location. For a specific
cross-section, computer simulations were performed assuming: (1) a change in fracture
properties throughout the UZ model domain (which assumes all fracture apertures are uniformly
altered), and (2) a change in fracture properties in the fault zones only. Simulations were
performed for the present-day climate and a wetter longer-term average climate case. Tracer
breakthrough curves computed at the water table were used to examine the potential impact
induced on transport in the UZ.

This evaluation supports the analysis of Features, Events, and Processes (FEPs) that may affect
total system performance. The evaluation of FEPs are conducted to comply with the
specifications in the DOE Interim Guidance (Dyer 1999) for justifying the inclusion or exclusion
of FEPs from the total system performance assessment (TSPA). The specific issue of the effects
of fault displacement on UZ transport encompasses four FEPS:

Faulting (1.2.02.02.00)

Seismic activity (1.2.03.01.00)

Hydrologic response to seismic activity (1.2.10.01.00)

Changes in stress produce change in permeability of faults (2.2.06.02.00)

The numbers in parentheses indicate the numerical identification used in the TSPA FEPs
database (CRWMS M&O 1999a). The evaluation and screening of the other aspects of the FEPs
listed above are documented in the UZ FEPs Analysis and Model Report (AMR) (CRWMS
M&O 2000b) and saturated zone (SZ) FEPs AMR (CRWMS M&O 2000c).

Constraints and limitations of this work include the preliminary status of the input data and
software used in the analysis (see Sections 3, 4, and 5). Once these source data and software are
qualified, the results of this analysis can be considered qualified. Until then, the information
developed from this analysis must be considered unqualified. This report has been prepared in
accordance with the work plan, “Fault Displacement Effects on Transport in the Unsaturated

Zone ” (CRWMS M&O, 2000d).
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2. QUALITY ASSURANCE

<

The quality assurance program is applicable to this report. The Performance Assessment
Operations responsible manager has evaluated this activity in accordance with QAP-2-0,
Conduct of Activities. The QAP-2-0 activity evaluation (CRWMS M&O 1999b) determined that
the development of this AMR is subject to the Quality Assurance Requirements and Description
(DOE 2000) requirements. This report is prepared in accordance with AP-3.10Q, Analyses and

Models.

The unsaturated and saturated zone natural barriers have not been classified per QAP-2-3,
Classification of Permanent Items. However the natural barriers have been classified by
hydrogeologic units in the current project Q-List (YMP/90-55Q Rev. 5, 1998). In this document,
the following hydrogeologic units in the UZ were identified as important to waste isolation:
Tiva Canyon Welded, Paintbrush Nonwelded, Topopah Spring Welded, Calico Hills Nonwelded.
In addition, the SZ was listed as a natural barrier important to waste isolation.

ANL-NBS-HS-000020 REV 00 8 . April 2000
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3. COMPUTER SOFTWARE AND MODEL USAGE
The computer software and models used in this report are listed below in Table 1:
Table 1. Computer Software and Software Routines Used in this Report
Software Name Version ' SCM ldentifier Computer Type Documentation
TOUGH?2 V1.3 10061-1.3-00 HP Workstation J2240 Mishra, 1998
FEHM V2.00 10031-2.00-00 Dell Poweredge PC PIl | Zyvoloski, 1993b
extract_xd.f VA software routine HP Workstation J2240 Attachment H
va_ini_ext.f Vi software routine HP Workstation J2240 Attachment !|
alt_tough2_aperf | Vi software routine HP Workstation J2240 Attachment |V
fehm_post.f Vi software routine HP Workstation J2240 Attachment V
T2FEHM2 \Al software routine HP Workstation J2240 Attachment Vi

TOUGH?2 V1.3 and FEHM V2.00 are software for modeling unsaturated zone flow (TOUGH2)
and radionuclide transport (FEHM) in the unsaturated zone. TOUGH2 V1.3 is qualified for use -
on the SUN Ultra Sparc and DEC/Alpha computers only, therefore, its use in this analysis on the
HP Workstation J2240 computer is unqualified. Similarly, FEHM V2.00 is qualified for use on
the SUN Ultra Sparc computer only, therefore, its use in this analysis on the Dell Poweredge PC
PII computer is unqualified.

The selection of TOUGH2, T2FEHM?2, and FEHM to evaluate UZ flow and transport is based
on the fact that these software codes have been developed on the Yucca Mountain Project for just
this purpose. The use of TOUGH2 V1.3 for site-scale flow and T2ZFEHM2 for conversion of the
TOUGH?2 flow field output for input to FEHM V2.00 is documented in CRWMS M&O (1998a).
The use of FEHM V2.00 for site-scale radionuclide transport is documented in CRWMS M&O
(1998b). Installation tests cases were performed for both of these software codes and the

T2FEHM?2 software routine.

3.1 QUALIFIED SOFTWARE

No software qualified in accordance with AP-SL1Q, Software Management, (with the exception
of software routines discussed in Section 3.3) was used in the development of this AMR.

3.2 SOFTWARE UNDER CONFIGURATION MANAGEMENT CONTROL

TOUGH2 V1.3 and FEHM V2.00 are software for modeling UZ flow (TOUGH2) and
radionuclide transport (FEHM) in the UZ. Both of these software codes were obtained from
configuration management in accordance with Section 5.11 of AP-S1.1Q, Software Management,
and were determined to be appropriate for their respective applications. The software was
installed and used in accordance with the available software documentation, indicated in Table 1.

3.3 SOFTWARE ROUTINES

T2FEHM?2 is a software routine that was developed independently (Ho, 1997, see Attachment
V). This software routine is appropriate for the application used in this analysis and is used only
within the range of validation established for the software routine.

ANL-NBS-HS-000020 REV 00 9 April 2000
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o
Additional pre- and post-processing routines listed in Table 1 were specifically developed for use

" . in this analysis (extract_xd.f, va_ini_ext.f, alt_tough2_aper.f, fehm_post.f). These software

" routines are qualified through the‘documentation given in attachments to this analysis, as shown
in Table 1. The executables of these software routines have been obtained using the HP

FORTRAN 90/8700 compiler (version: B.10.20.00).

All software routines are documented in accordance with AP-S1.1Q, Software Management, and
have been verified through visual inspections and/or hand checks as shown in Attachments I

through V.
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4. INPUTS

4.1 DATA AND PARAMETERS

The data and parameter inputs for UZ flow calculations using TOUGH2 presented in this
analysis are contained in the total system performance assessment — viability assessment (TSPA-
VA) three-dimensional UZ flow and transport model (DTN: LB971212001254.001). UZ flow
properties affected by fracture aperture were varied for the sensitivity study reported in this
analysis. For the UZ transport calculations, diffusion and sorption were assigned a value of 0.
Dispersion has been shown to have little effect on transport results in the UZ over a wide range
of dispersivities investigated (CRWMS M&O 1998b; Section 7.6.1.2.6). A dispersivity of 25 m
is the nominal value used for these calculations.

4.2 CRITERIA

A criterion established by the NRC that is relevant to this analysis concerns whether or not an
event is sufficiently unlikely to be excluded from further consideration. According to the DOE’s
Interim Guidance Section 102(j) (Dyer 1999), if the probability of occurrence for an event is less
than 10 per 10* years, then the event may be excluded from further consideration in the total
system performance assessment. In this analysis, events with probability of occurrence less than
this magnitude are excluded from further consideration.

4.3 CODES AND STANDARDS

The applicable standard for this work is ASTM D 5718 — 95, Standard Guide for Documenting a
Ground-Water Flow Model Application. Not all aspects of this standard are applicable to the
present investigation. In particular, calibration of the UZ flow model was performed in an earlier
study, and the sensitivity analysis performed here is for the purpose of identifying model
sensitivity alone, rather than identifying differences in calibration sensitivity compared with

model sensitivity.

This AMR was prepared to comply with DOE’s Interim Guidance (Dyer 1999) which specifies
guidance to be used for evaluations in the absence of the NRC’s final Yucca Mountian
regulation. Subparts of this guidance that are particularly applicable to the data in this
investigation include Subpart B, Section 15 (Site Characterization) and Subpart E, Section 114
(Requirements for Performance Assessment). Subparts applicable to models are outlined in
Subpart E, Sections 114 (Requirements for Performance Assessment) and 115 (Required
Characteristics of the Reference Biosphere and Critical Group).

ANL-NBS-HS-000020 REV 00 11 April 2000
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5. ASSUMPTIONS

5.1 ASSUMPTION 1

The sensitivity studies on a two-dimensional, vertical cross-sectional model are assumed to be
adequate to reveal any important effects of fault displacement on UZ flow and transport. This
assumption is used in Sections 6.2.1 and 6.2.1.4

Basis: Transport in the UZ is dominated by the degree of matrix interaction that can take place.
The transport behavior identified in the cross-sectional analysis (Section 6.2.2.2) demonstrates
that there is at least some matrix transport that occurs in the base-case model because the travel
times to the water table are too long for fracture-only transport. The selected cross-section
contains all the major units that are important to transport, excluding zones of perched water, and
the range of infiltration in this cross-section is reasonably representative of the range for the
three-dimensional model. Perched water zones were found to result in rapid, fracture-dominated
transport to the water table (CRWMS M&O 1998b; Section 7.6.1.2.7). Therefore, the current
cross-sectional model should be more responsive and sensitive to the appearance of early
breakthrough as a result of changes in fracture properties. It follows that testing the sensitivity of
transport to changes in fracture properties in this cross-sectional model is biased in a
conservative direction. Therefore, this assumption does not require further verification.

52 ASSUMPTION 2

Fault displacement effects on radionuclide transport behavior in the UZ are assumed to be
entirely the result of changes to fracture properties in fault zones and/or in the surrounding rock.
The effects of fault displacement on matrix properties are assumed to be negligible. This
assumption is used in Sections 6.2 and 6.2.1.

Basis: Several fracture properties (permeability, capillary pressure, porosity) are a function of
fracture aperture, which can be changed significantly by small strains if these strains are
allocated entirely to the fracture apertures. The sensitivity of fracture aperture to mechanical
strain is due to the small porosity of the fracture continuum. The matrix, on the other hand, has
much greater porosity than the fractures in general, and its properties are not expected to be as
sensitive to mechanical strain. - This assumption is reasonable given the fact that fracture porosity -
is much less than matrix porosity at Yucca Mountain. Therefore, further verification of this

assumption is not required.

5.3 ASSUMPTION 3

Changes in fracture properties are related to dilation or compression of existing fractures rather
than the generation of new fractures. This assumption is used in Section 6.2.1.

Basis: This assumption relies on the fact that the rock at Yucca Mountain is highly fractured and
that fractured rock is mechanically weaker along existing fractures than intact rock. This
assumption is supported by the results of the Probabilistic Seismic Hazard Analysis, which show
that the probability for fault displacement to occur along existing fractures is more likely than for
intact rock (CRWMS M&O, 1998c; Section 8.2.1). Therefore, strain due to fault displacement is

ANL-NBS-HS-000020 REV 00 12 April 2000
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_ P
likely to occur along existing fractures rather than initiate new_fl_"qctures_.f Thig.assumption is
- . reasonable and does not require further verification.

.

54 ASSUMPTION 4

The effects of fault displacement on mountain-scale UZ transport can be evaluated -from the
response for a simulated non-diffusing, non-sorbing tracer. This assumption is used in Section

6.2.1.

Basis: Transport of a non-sorbing tracer is more sensitive to changes in fracture aperture
because fracture/matrix interaction is dominated by the effects of fracture aperture for such a
tracer (given fixed matrix properties). For a non-sorbing tracer, the effects of diffusion are
generally small (CRWMS M&O 1998b; Section 7.6.1.1.6). This assumption is reasonable and
does not require further verification.

5.5 ASSUMPTION 5

Changes to fracture properties are assumed to be uniform, either throughout the UZ domain or
localized to the fault zones. This assumption is used in Section 6.2.1

Basis: A large change in fracture properties over the entire UZ domain (fault zones and fractured
rock) is one bound for the possible effects of fault displacement. Isolating the effects of fault
displacement to the fault zones provides another bound which emphasizes the effects of property
contrasts between the fault zones and the fractured rock. Clearly, this assumption bounds the
expected extremes for the spatial distribution of changes to fracture properties as a result of fault
displacement. This assumption is conservative and does not require further verification.

5.6 ASSUMPTION 6

The transient effects of changes in fracture properties can be neglected (i.e. transport for steady
flow equilibrated to the changed conditions bounds the effects of the change). This assumption is

used in Section 6.2.1.

Basis: This assumption is analogous to the assumption that transient flow effects are negligible.
Tests of transient flow processes related to climate change have shown that transport in a
transient flow environment is accurately approximated using a quasi-steady flow approximation
(CRWMS M&O 1998b; Section 7.4.4.1 and Figures 7-12 and 7-13). Therefore, the transient
effects of changes in fracture aperture are likewise expected to be inconsequential compared with
the resulting changes in steady flow and transport associated with the change. Verification of
this assumption by analogy with the transient flow problem is reasonable and does not require -

further verification.
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5.7 ASSUMPTION 7 -

" Water table elevation is unchanged by any fault dispiacement. This assumption is used in Section
6.2.1.

Basis: This assumption provides a fixed reference point for comparisons of the effects of fault
displacements on radionuclide transport. This assumption is reasonable as a basis for
comparison of the effects of fault displacement. Therefore, further verification of this
assumption is not required. The effects of fault displacement on water table rise is analyzed in
CRWMS M&O (2000b), and the effects are found to be negligible.

5.8 ASSUMPTION 8

The viability assessment (VA) model for UZ flow (CRWMS M&O 1998a) is adequate to
represent UZ flow in this sensitivity study. This assumption is used in Section 6.2.1.

Basis: A new UZ flow model is being developed for use in TSPA-SR. This new flow model
includes a different treatment of fracture/matrix interaction than used in the VA model. Because
the results of the mountain-scale UZ flow and transport analyses are potentially sensitive to the
treatment of fracture/matrix interaction, this assumption is to be verified (TBV) and will require
a re-evaluation with the new UZ flow model.

59 ASSUMPTION 9

Fault displacements may result in changes to perched water. However, the effects of these
changes in perched water on potential radionuclide transport are assumed to be negligible. This
assumption is used in Section 6.2.1.

Basis: The sensitivity of radionuclide transport to different perched water models has been
shown to be small (CRWMS M&O 2000a). Furthermore, the potential release of the perched
water (and associated radionuclides) due to some disruptive event is expected to have a
negligible effect on radionuclide releases at the water table (CRWMS M&O 2000b). This

assumption is based on TBV information and, therefore, is also TBV.

5.10 ASSUMPTION 10

Thermal-hydrologic processes due to waste heat from the potential repository will affect UZ
flow and transport. However, the effects of thermal-hydrologic processes are expected to be
negligible with respect to the sensitivity study conducted in for this report on the effects of fault
displacements on mountain-scale UZ transport. This assumption is used in Section 6.2.1.

Basis: Waste heat from the potential repository will perturb the UZ flow fields and potentially
alter hydrogeologic and transport properties in the UZ. However, these effects are assumed to be
small in comparison with effects caused by the changes in fracture aperture and different climate
conditions (infiltration rates) investigated here. If so, the conclusions based on an isothermal
analysis should also be valid for a thermally-perturbed condition. This assumption requires
further verification and, therefore, is TBV.
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6. ANALYSIS/MODEL

As stated in Section 1, the puf‘pose of this report is to describe the potential for fault
displacement events during the potential repository postclosure period that affect performance
through changes in radionuclide transport in the UZ at Yucca Mountain. In particular, the effects
of fault displacement on potential repository performance will be addressed in terms of changes
in the simulated breakthrough at the water table of a pulse input of tracer at the potential

repository.

The approach for the analysis of fault displacement effects on transport in the UZ is divided into
two distinct components: a review of site description information which provides a basis for
defining bounding conditions and for understanding the physical significance of the results
(Section 6.1); and a modeling component to provide quantitative analysis of the sensitivity of the
UZ flow system to changes in hydrologic parameters (Section 6.2).

6.1 SITE DESCRIPTION INFORMATION

The spatial and temporal patterns of faulting and fracturing of the volcanic bedrock are the
fundamental elements of the structural geology of the potential repository for high-level
radioactive wastes at Yucca Mountain. To document and discuss these patterns, a comprehensive
program of geologic mapping and fractured rock mass studies has been conducted as an integral
part of the site characterization. Of particular importance to this analysis are geologic
observations related to displacement in fault zones and observations of the characteristics of the
faults zones made during the excavation of the Exploratory Studies Facility (ESF) and in the
enhanced characterization of the repository block (ECRB) Cross Drift. The observations are
briefly described in Section 6.1.1. These observations provide a basis for determining the
reasonableness and appropriateness of the range of inputs used in the modeling analysis in
Section 6.2 and for interpreting the level of conservatism represented by the models.

However, the primary controlling factor for amount of flux through the UZ is the amount of
precipitation available to infiltrate and percolate through the UZ. This variable is highly
dependent on climate conditions. To address this variable, present day average and long term
average climate conditions (CRWMS M&O 1998a, Section 2.4.1.1) were used as bounding
conditions. The differences in these climate states are briefly explained in Section 6.1.2.

6.1.1 Geologic Setting

The Yucca Mountain area is cut by steeply dipping, north-south-striking normal faults which
separate the Tertiary volcanics into blocks one to four kilometers wide (Scott 1990). The
potential repository lies in the central block of the central Yucca Mountain structural domain.
The central block is bounded on the west by the Solitario Canyon fault, on the east by the Bow
Ridge fault, and on the north by the northwest-striking Drill Hole Wash fault. The southern
boundary is marked by a transition to structural styles that accompany greater magnitudes of
extension and continue south. Intrablock faults include the Ghost Dance, Sundance, and the

Dune Wash faults.
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The potential repository area is bounded by the Solitario Canyon_fault to the \}/.Qs-t«and the Ghost

- Dance fault to the east. Both faults dip steeply toward the west, and displacement, amount of
" brecciation, and number of assdgiated splays vary considerably along their trace. (Scott and

Bonk 1984; Day et al. 1998a). The two-dimensional cross-section used for the basis of the
modeling for this analysis (Section 6.2.1.4) intersects the Solitario Canyon, Ghost Dance, and

Dune Wash faults. ‘ _ :

Surface geologic mapping (Scott and Bonk 1984; Day et al. 1998a), underground mapping of the
ESF, geophysical surveys, and borehole studies show that the Yucca Crest subblock is little
deformed, and cut only by widely spaced intrablock faults (Ghost Dance and Dune Wash).
Within structural blocks, small amounts of strain are accommodated along intrablock faults. In
many cases, intrablock faults appear to represent local structural adjustments in response to
displacements on the block-bounding faults. Many of the intrablock faults within this part of
Yucca Mountain are short, discontinuous, have minor cumulative displacement (1 to 10 m), and
represent the localization of slip along pervasive preexisting weaknesses in the rock mass (Potter,
Day et al. 1996a, 1996b). In some cases, intrablock faults are expressions of hanging wall or
footwall deformation that affect the block within a few hundred meters of the block-bounding
faults. The eastern and southern edges of the central block, however, are cut by numerous faults
associated with block margin deformation (Solitario Canyon and Bow Ridge faults).

6.1.1.1 Fracture Attributes

The fracture network acts as a significant preexisting weakness in the rock mass that can
accommodate extensional strain through distributed slip along many reactivated joints. Evidence
for reactivation of joints includes the presence of thin breccia zones along cooling joints and
observable slip lineations along joint surfaces (Sweetkind, Potter, and Verbeek 1996). Cooling
joints originally formed as tensional openings, having only face separation, not shear. However,
thin selvages of tectonic breccia are often present along the trace of cooling joints, indicating
later slip. Subsequent analyses performed here (see Sections 6.2.1 and 6.2.2.1) will consider the
dilation or compression of any hydraulically connected fractures at Yucca Mountain, regardless
of whether the fractures originated as tensional openings during cooling of the rock or from past
seismic activity and regardless of distance from the fault.

There are a number of primary controls on fracture characteristics within the Paintbrush Group
that are related to stratigraphy, upon which any later tectonic signature (such as fault
displacement) is superimposed. Fracture characteristics in the pyroclastic flows at Yucca
Mountain are primarily controlled by variations in the degree of welding (CRWMS M&O 1998d,
Section 3.6). The intensity of fracturing increases with degree of welding within the welded
pyroclastic flows because of the presence of cooling joints, and because increasing brittleness of
the rock favors an increase in the number of tectonic joints. Lithophysal development, alteration,
and pumice content are secondary controls important in specific stratigraphic intervals. These
lithostratigraphic controls affect fracture spacing, type, number of sets, continuity of individual
fractures within each lithostratigraphic zone, and they also affect the fracture connectivity of the
network as a whole (Sweetkind and Williams-Stroud 1996, pp. 60 to 66; Sweetkind, Barr et al.

1997, pp. 62 to 67).
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Each lithostratigraphic zone at Yucca Mountain has characteristic fracture attributes, including

- . predominant orientations, spacing, trace length, and joint type (Sweetkind, Barr et al. 1997, p.

B 76); each is unique in its ability to deform by distributed slip. The result is stratigraphic control
of structural geometry—what may be a discrete break in one lithostratigraphic unit may be a
broad zone of distributed deformation in another.

An analysis of fracture apertures is available from the ECRB Cross Drift Study (DTN
GS990408314224.001 and GS990408314224.002). The largest aperture recorded was 520 mm.
Approximately 64 percent of the observed fractures exhibited zero aperture. Of the over 1800
fractures measured, only 40 apertures were measured as greater than 20 mm, or about 2 to 3
percent. The remaining apertures were less than 20 mm.

The relationship of fractures smaller than 1 m in length to faults was evaluated by visual
examination of every fault in the ESF (Sweetkind, Barr et al. 1997, p. 68) that could be
correlated with a fault mapped at the surface (Day et al. 1998a). Four principal conclusions were
reached, based on observations in the ESF (Sweetkind, Barr et al. 1997, pp. 68, 71).

The first conclusion is that the width of the zone of influence on fracture frequency in the
immediate vicinity of a fault is, in general, quite narrow, ranging from less than 1 m to about 7 m

from the fault.

The second conclusion regarding the relationship between faults and fracture attributes is that the
width of the zone of influence in the immediate vicinity of a fault correlates, in a general way,
with the amount of cumulative fault offset. Therefore, faults with the largest potential future
displacement are the most likely to influence the potential repository block. Intrablock faults
with very small amounts of cumulative offset (1 to 5 m) have zones of influence that are 1 to 2 m
in width. Block-margin faults with tens of meters of cumulative offset (faults at ESF Stations
11420 and 70+58) have zones of influence that range up to 6 to 7 m wide. The limited available
data from block-bounding faults are not definitive regarding the nature of attendant fracturing.

The third conclusion is that the width of the zone of influence around a fault does not appear to
be related to depth, at least within the ESF. The width of the zones of influence is similar for
small faults observed along the North Ramp, where overburden is 50 to 60 m thick, as it is for
small faults observed elsewhere in the ESF, where overburden thickness is two to three times
greater. However, upward-splaying faults can result in apparent broad zones of influence at the
surface because of the overlap of fractured zones surrounding individual fault splays.

The fourth conclusion is that the amount of deformation associated with faults appears, in part, to
be dependent upon which lithologic unmit is involved in the faulting. In the ESF, overall
variability in the frequency of fractures 1 m long or longer is primarily a function of lithology, '
not proximity to faults (Sweetkind, Barr et al. 1997, p. 68). Fracture intensity correlates to
lithologic differences, lowest in lithophysal units and nonwelded to partially-welded tuffs, and
highest in densely welded, nonlithophysal rock. Faults within nonwelded to partly welded
portions of the crystal-poor vitric zone of the Tiva Canyon Tuff are generally sharp, discrete
breaks with minimal fault gouge or secondary shear surfaces. Individual pumice clasts along
some faults can be traced to the fault surface without visible sign of breakage, and wall rocks
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show little evidence of deformation. In comparison to brittle, welded rocks, nenwelded units
. apparently can accommodate a greater amount of extensional strain before failing by fracture.

6.1.1.2 Fault Attributes

Information on the significant faults present in the repository area follow. The three faults that
are included in the two-dimensional cross-section used in this analysis (Solitario Canyon, Ghost
Dance, Dune Wash) are specifically described. Neither the Bow Ridge nor the Sundance faults
are included in the two-dimensional cross-section used for the modeling portion of the analysis.
However, information for these faults is pertinent for discussion about the reasonableness of

bounding conditions.

In the following descriptions fault length refers to the maximum length of a given fault or fault
zone as reported or shown on maps in published references (e.g., Piety 1996). Unless otherwise
indicated, the following descriptions for regional faults, including temporal and behavioral data,
are from Piety (1996), and the field reconnaissance work is from Anderson, Bucknam et al.
(1995) and Anderson, Crone et al. (1995). Piety’s report (1996) is an excellent synthesis of most
of the data available for characterizing regmnal faults, and contains an extensive list of published

references.

The Solitario Canyon Fault Zone (SCFZ) The SCFZ is the most laterally continuous fault and
displays the most total offset of any structure in the immediate vicinity of Yucca Mountain. Day
et al. (1998a, p. 6) consider the SCFZ to be one in a series of major north-south trending, block-
bounding faults. The fault has been extensively investigated by trenching at the surface in
Solitario Canyon (Ramelli et al. 1996). The Solitario Canyon fault has normal down-to-the-west
displacement of about 260 m near the potential repository block and is the most significant of the
faults involved in this analysis.

The main trace of this fault extends southward from Yucca Wash for about 18 km. It is located
about 1 km from the western boundary of the potential repository site (Simonds et al. 1995).
Total bedrock displacement varies from 61 m down-to-the-east at the northern end, to more than
500 m down-to-the-west at the southern end (Scott and Bonk 1984). Average dip of the fault
plane is 72°W. Slickensides indicate a component of left-lateral slip.

A continuous 14 km-long Quaternary tectonic and erosional scarp is present at the bedrock-
surficial deposit contact. Trenching evidence suggests four to six mid- to late-Quaternary
surface-rupture events. The evidence for these events provides an estimated cumulative dip slip
of 2.2 £ 0.4 m (Ramelli et al. 1996). Preliminary average slip rates range from 0.01 to 0.02
mm/yr (Ramelli et al. 1996). Minimum and maximum individual displacements range from O to
1.4 m, based on data for events more recent than 500 ka.

Map patterns demonstrate that tectonic mixing of various Paintbrush Group lithologies has
* occurred within the most intensely deformed parts of block-bounding fault systems. This is most
apparent in the Solitario Canyon fault system (Scott and Bonk 1984; Day et al. 1998a). In this
system, which is up to 400 m wide, there are domains in which lenses from stratigraphically
diverse parts of the Tiva Canyon Tuff are juxtaposed; similar zones in which slices of Topopah
Spring Tuff are mixed; and several areas where lenses from more than one Paintbrush Group
formation are tectonically mixed (Day et al. 1998a). Individual fault strands within these
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tectonically-mixed zones are highly brecciated, and in some cases, the fault-bounded lenses have

. ahigh degree of internal brecciation.

The SCFZ was not crossed during the ESF excavation. In the ECRB Cross Drift, the SCFZ was
expected to be composed of two major normal fault strands; the first (eastern strand) was
projected as the “main splay” with a predicted total offset of about 230 m. The second (western
strand) was projected with a predicted cumulative offset of about 165 m (CRWMS M&O,
1998¢). Between these two larger strands, several smaller faults were expected to be associated
with the SCFZ faulting. The tunnel boring for the ECRB Cross Drift was stopped between the
two strands based on programmatic considerations, and the western strand was not intersected.

The as-built geologic cross-section for the ECRB Cross Drift (DTN GS8990408314224.006)
shows that the eastern strand was encountered at Station 25485 (Station 25 means 2500 m from
the start of the survey line and +85 means 85 m from that Station point).and has approximately
260 m of cumulative normal offset. Shears and small faults increase in intensity prior to (east of)
of Station25+00. The SCFZ influences rock in the footwall of the fault to about Station 25+00
(or approximately 85 m from the fault proper) in the form of increased shear intensity. Spacing
of faults and shears decreases, while continuity and amount of cumulative offset increases with
proximity to the eastern strand of the SCFZ. At Station 25+30, a small fault oriented 200/83 is
intercepted by the tunnel. Although the cumulative offset along the fault is approximately 1 m or
less, the rock is intensely fractured after (west of) Station 25+40. The rock from Station 25+80 to
25+82 (between 3 and 5 m from the fault) is a clast-supported breccia. The rock is shattered to
the point of not having recognizable structure. From Station 25+82 to 25+85, the rock is a clast-
supported breccia. The main plane of displacement along the eastern strand of the SCFZ is at
Station 25+85, (left wall, springline). The fault plane is defined by an 8 to 12 cm thick zone of
fault gouge composed of about 85 percent clay and about 15 percent fine to medium sand. The
gouge is firm and was slightly damp at the time of excavation in October 1998, but dry by
February 1999. On the west (hanging wall) side of the fault plane described above, there is a
zone of matrix-supported breccia that extends along the left wall from Station 25+85.5 to
25489.90. The farthest western zone along the eastern strand of the SCFZ is composed of a clast-
supported breccia extending along the left wall from Station 25+89.9 to 25+99.15 (or a distance
of approximately 14 m west of the fault). This zone is bounded on the west side by a thin,
discontinuous, matrix-supported breccia about 10 to 20 cm thick.

Ghost Dance Fault Zone-The Ghost Dance fault is in the central part of the potential repository
block. It is mapped for approximately 3 km as a zone of numerous splays that not only parallel
the main north-trending trace of the zone, but locally branch away from the main trace. In
general, it is a north-striking normal fault zone, dipping steeply west (75° to 85°) with down-to-
the-west displacement. The Ghost Dance fault bifurcates; one branch connects with the
Abandoned Wash fault to the southwest (Scott and Bonk 1984; Day et al. 1996), and a second
branch trends southeast, but does not appear to connect with the Dune Wash fault (Day et al.
1996) subdivided the fault into three sections on the basis of cumulative offset and brecciation.

Along the northern segment, north of Split Wash, the fault is a relatively narrow zone (2to4m
wide) with as much as 6 m of down-to-the-west total displacement.
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- . than the northern segment, and extends from Split Wash to Broken leb Rldge On Antler

N Ridge, there is 13 to 20 m of cumtylative displacement across several splays of the Ghost Dance
that are distributed over a map width of approximately 100 to 150 m (Day et al. 1998a, p. 9).
Individual splays are characterized by 1 to 2 m-wide breccia zones.

To the south on Whale Back Ridge, the fault zone is about 55 m wide and has about 30 m
cumulative down-to-the-west offset. There, the zone is bounded by two north-striking faults.
The eastern fault is the main trace of the Ghost Dance. Locally, the immediate hanging wall of
the principal splay of the Ghost Dance fault is highly fractured. On the south-facing slope of
Broken Limb Ridge, the cumulative offset is less than 6 m, and intense fracturing in the hanging
wall extends about 15 m to the west.

The amounts of displacement and brecciation along the southwestern projection of the Ghost
Dance fault across Highway Ridge are considerably less than those preserved along the central
segment. Cumulative offset on the fault increases to the southwest from Ghost Dance Wash,
becoming about 17 m down-to-the-west in Abandoned Wash on the eastern splay of the

Abandoned Wash fault (Day et al. 1998a, p. 10).

In the Ghost Dance Wash area (near the southern bend in the ESF), displacement on the fault is
less than 3 m both on the surface and in the ESF, and deformation is also confined to a relatively
narrow zone (2 m) of intense fracturing and brecciation.

The Geotechnical Baseline Report (CRWMS M&O 1998e, p. 4-15) stated that the Ghost Dance
fault might be encountered in the ECRB Cross Drift, but the fault should have minimal
cumulative offset. The geologic cross section from the Baseline Report accurately predicted the
fault in the vicinity of Station 4+80. A shear (i.e., less than 0.1m displacement) was encountered
at Station 4499 (left wall, springline) which has been identified as the northern distal end of the
Ghost Dance fault. This feature is the only north-trending, conspicuous discontinuity in this
portion of the tunnel. The feature consists primarily of a 1 to 10-cm thick zone of silty/sandy
gouge with clasts. The gouge thickens slightly in the crown to 10 cm, but is only 2 to 4-cm thick
elsewhere. The gouge is surrounded by a zone of intensely fractured and crushed rock. On the
right wall, this fractured zone is approximately 0.4 m thick on the east side of the feature, and
0.6 m thick on the west side of the feature (DTN GS990408314224.003) . ‘

Dune Wash Fault-This south- and southeast-trending fault is mapped along the eastern side of
‘the potential repository site for a distance of 3 km. It is mapped in exposures of bedrock as a
west-dipping normal fault with down-to-the-west displacement. Toward the northern end of the
fault, Tertiary volcanic rocks are displaced a 