
ENCLOSURE 01 
Response Tracking Number: 00035-00-00  RAI: 2.2.1.1.1-001 

RAI Volume 2, Chapter 2.1.1.1, First Set, Number 1: Justify the shear strength 
and compressibility of alluvium and underlying materials within the zones of 
influence of proposed surface facility structures that are based on few shallow test 
data (SAR Section 1.1.5.3.2.6.2.1.1). In particular, describe: (a) the strength and 
compressibility of alluvium as they vary laterally or with depth; (b) the spatial 
relationships or relative amounts and mechanical properties of cemented and un-
cemented alluvium; (c) the strength and compressibility of tuffs that underlie the 
alluvium; and (d) justify the assumption that the subsurface materials supporting 
the foundations (including the tuffs that underlie the alluvium) will be stable and 
undergo only elastic deformations when subjected to static and seismic loading 
(SAR Section 1.2.2.5, BSC 2007j. section 6.2.3, page 16). 

The applicant estimated the shear strength of alluvium using in situ measurements 
of relative density in a few test pits (4–19 ft deep), and concluded that shear 
strength of the alluvium (30 ft to 200 ft thick) does not vary laterally or with depth 
(Attachment I, section I.2.2 pages I-19 to I-29, BSC 2002c of SAR 
Section 1.1.10). SAR Section 1.1.5.3.2.6.2.1.1 did not include compressibility or 
strength of the underlying tuff. Furthermore, the applicant indicates the 
occurrence of cemented and un-cemented zones of alluvium and low-density tuff 
(SAR Section 1.1.5.3.2.6.3), but has not provided information about the spatial 
relationships or relative amounts and mechanical properties of these materials. 
Additionally, the applicant, in assessing the performance of surface-facility 
structures, assumes that the subsurface materials supporting the foundations 
(including the tuffs that underlie the alluvium) will be stable and undergo only 
elastic deformations when subjected to static and seismic loading (SAR 
Section 1.2.2.5, BSC 2007j, section 6.2.3, page 16). However, the applicant has 
not provided supporting technical basis to justify this assumption. Staff needs the 
information to verify compliance with 10 CFR 63.21(c)(1)(ii) and 63.112(c). 

1. RESPONSE 

The information provided below justifies the selection of shear strength and compressibility of 
the alluvium and underlying materials within the zones of influence of the surface facility 
structures. 

(A) The shear strength and compressibility of the alluvium were determined using the 
following methodology. 

 The alluvial soils are dense, with varying amounts of cementation, and contain large 
granular material that is not conducive to standard test procedures (such as triaxial, 
direct shear, or consolidation tests) for evaluating strength and compressibility. 
Therefore, more indirect means are used as is standard in the industry for these types 
of materials. 

 As described in Section I.2.2 of Soils Report for North Portal Area, Yucca Mountain 
Project (BSC 2002c in SAR Section 1.1.10),1 the strength of the alluvium can be 
evaluated using two approaches: (1) correlations between measured shear-wave 
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velocity and standard penetration test blow count, with the blow counts then correlated 
to shear strength, and (2) correlations between relative density and shear strength. The 
second approach was used since it provided a lower, more conservative shear strength. 

 Initially, 22 in-place densities were measured using the water-replacement method on 
6-ft-diameter rings and 20-in. sand cone density tests at depths varying between 4 ft 
and 20 ft within four test pits (test pits TP-WHB-1 through 4 as noted in Geotechnical 
Data for a Potential Waste Handling Building and for Ground Motion Analyses for the 
Yucca Mountain Site Characterization Project2). Associated laboratory tests were 
performed to determine the maximum and minimum densities of the material and the 
relative densities were determined for each ring test. Calculated relative densities of 
the in situ alluvium varied between 25% and 120%, with a mean of 68% and standard 
deviation of 21%. Five different correlations between relative density and internal 
friction angle (friction angle is a measure of the shear strength) were used to arrive at 
the recommended design friction angle of 39° for the alluvium which is stated in SAR 
Section 1.1.5.3.2.4. This value is midway between the mean and lower bound values. 
This approach neglects any cohesion in the alluvium, which would tend to provide 
additional strength, and therefore the selected friction angle is considered to be 
conservative, especially for the large mat foundations that are used for the surface 
facilities. 

 Test results from three later test pits, designated TP-WHB-5 through TP-WHB-7, each 
with three 6-ft ring densities and associated laboratory relative-density tests conducted 
within them, are summarized in SAR Section 1.1.5.3.2.3. These relative-density test 
results ranged between 60% and 102%, thereby confirming the design internal friction 
angle of 39° used for the alluvium. 

 Additional material classifications from the 2005 through 2007 drilling results are 
provided in the geologic logs included in the RAI 2.2.1.1.1-004 response. A 
comparison of the various logged soil types shows that vertically, material types show 
little preference to depth, with a relatively equal distribution between material types at 
depths from 0 ft to almost 200 ft; specifically, the distribution of soil classifications 
does not change perceptibly with depth. 

 Material classification results from the drilling are comparable to those of the test pits. 
Although the soil material is disturbed in the sonic drilling process, there is no 
indication that the drilled gradations differ enough to prevent a direct comparison with 
test pit classifications. When soil classification results from drilling and test pits are 
compared, there are no indications of significant differences in material type or 
property. Therefore, the 2005 through 2007 drilling results capture the lateral 
variability of material properties conveyed in the SAR. Soils throughout the 
north-south and east-west extent of the investigated area yielded nearly identical soil 
classifications, exhibiting no lateral changes in classification with areal extent. 

 Compressibility of the alluvium was determined indirectly from shear-wave velocity 
measurements made in the field and correlations presented in the literature, as 
discussed in Section I.2.3 of BSC 2002c and Appendix B of Supplemental Soils 
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Report.3 Settlement beneath foundation mats was determined for a range of foundation 
dimensions and loadings in Appendix B of Supplemental Soils Report.4 These were 
equivalent spring analyses, in which modulus values were reduced to account for the 
soil strains during loading. In this way, the modulus reduction for dynamic conditions 
is accounted for by the associated strain level for the magnitude of the applied load. 

 On the basis of the items discussed above, the strength and compressibility of the 
alluvium do not vary significantly laterally or with depth and it is concluded that the 
alluvium provides an excellent, stable support for the planned structures. 

(B) With regard to the spatial relationships or relative amounts and mechanical properties 
of cemented and un-cemented alluvium, cementation in the alluvium is conservatively 
neglected for strength considerations, and included in the field measurements of 
shear-wave velocity used in estimating foundation settlement. 

 Test pit logs included in Geotechnical Data for a Potential Waste Handling Building 
and for Ground Motion Analyses for the Yucca Mountain Site Characterization 
Project5 and Technical Report: Geotechnical Data for a Geologic Repository at Yucca 
Mountain, Nevada6 make note of cementation of materials, and although no attempt 
has been made to quantify cementation it is inherently accounted for in 
water-replacement, ring-density testing conducted in seven test pits (test pits TP-WHB 
1 through 7). In addition, comparisons of material types in the ground motion analyses 
demonstrate that the material recovered as a result of drilling at depth is not materially 
different than the material tested in the test pits. The analysis of the mechanical 
properties of uncemented alluvium is presented in the ground motion analyses. 

(C) There are no directly measured values of strength and compressibility in the tuffs (or 
bedrock) beneath the alluvium in Midway Valley; however, approximated and 
comparable properties have been developed from shear-wave velocity and density data 
(ground motion analyses and BSC 2002c). Subsequent to the geotechnical and soils 
report (BSC 2002c; ground motion analyses) there has been additional collection of 
(1) shear-wave velocity data and (2) density data derived from borehole geophysical 
logs. For the 2007 density data, the “Long Spaced Density” data are the same type of 
density data collected in the 2000 boreholes; therefore, these are comparable types of 
data. These more recently collected data are included in the geotechnical data technical 
report7 and in the geologic and geophysical logs included in the response to RAI 
2.2.1.1.1-004. These data continue to indicate the tuffaceous bedrock has greater 
strength than the overlying alluvium. 

 For bearing capacity and settlement considerations, the tuff underlying the alluvium is 
stronger and less compressible than the alluvium, and, due to its presence at a 
minimum of 35 ft beneath the structures, was not considered further. 

(D) Subsurface materials supporting the foundations (including the tuffs that underlie the 
alluvium) are stable and undergo only equivalent elastic deformations under the design 
static and seismic loads. 
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 Calculated bearing capacity of the mat foundations, analyzed in Appendix B of 
Supplemental Soils Report,8 indicated very high values, as would be expected for a 
large foundation on dense granular material. For these conditions and soils, settlement 
is typically of more concern for foundation design. In addition, dense granular soils do 
not exhibit strength loss and remain stable during shaking and therefore can be treated 
as an equivalent elastic material using reduced material stiffness to account for strain 
under the design loads. 

 Compressibility of the alluvium was determined indirectly from shear-wave velocity 
measurements made in the field and correlations presented in the literature as 
discussed in Section I.2.3 of BSC 2002c and Appendix B of Supplemental Soils 
Report.9 Settlement beneath foundation mats was determined for a range of foundation 
dimensions and loadings, including loads matching design seismic levels, in 
Appendix B of Supplemental Soils Report.10 These were equivalent spring analyses, in 
which modulus values were reduced to account for the soil strains during loading. In 
this way, the modulus reduction for dynamic conditions is accounted for by the 
associated strain level for the magnitude of the applied load. This type of analysis is 
considered appropriate whether the loads are of static or seismic origin. 

2. COMMITMENTS TO NRC 

None. 

3. DESCRIPTION OF PROPOSED LA CHANGE 

None. 

4. REFERENCES 

1 BSC (Bechtel SAIC Company) 2002. Soils Report for North Portal Area, Yucca Mountain 
Project. 100-00C-WRP0-00100-000-000. Las Vegas, Nevada: Bechtel SAIC Company. 
ACC: MOL.20021015.0323; ENG.20050823.0018. 

2 BSC 2002. Geotechnical Data for a Potential Waste Handling Building and for Ground Motion 
Analyses for the Yucca Mountain Site Characterization Project. ANL-MGR-GE-000003 
REV 00. Las Vegas, Nevada: Bechtel SAIC Company. ACC: MOL.20021004.0078. 

3 BSC 2008. Supplemental Soils Report. 100-S0C-Cy00-00100-066-00E CACN 001. Las Vegas, 
Nevada: Bechtel SAIC Company. ACC: ENG.20080828.0016; ENG.20081117.0004. 

4 Ibid. 

5 BSC 2002, Geotechnical Data for a Potential Waste Handling Building and for Ground Motion 
Analyses for the Yucca Mountain Site Characterization Project. 
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6 SNL (Sandia National Laboratories) Technical Report: Geotechnical Data for a Geologic 
Repository at Yucca Mountain, Nevada. TDR-MGR-GE-000010 REV 00. Las Vegas, Nevada: 
Sandia National Laboratories. ACC: DOC.20080206.0001. 

7 Ibid. 

8 BSC 2008. Supplemental Soils Report. 

9 Ibid. 

10 Ibid. 
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Response Tracking Number: 00036-00-00  RAI: 2.2.1.1.1-002 

RAI Volume 2, Chapter 2.1.1.1, First Set, Number 2: Provide information on 
the stability of subsurface materials underlying the surface-facility structures and 
any cut or fill slopes near the aging pads or on transportation routes to and from 
the aging pads, during a full range of potential seismic events in the hazard curve 
(SAR Section 1.2.2.1). 

The applicant’s assessment of the performance of surface-facility structures 
assumes the subsurface materials supporting the foundations will be stable and 
undergo only elastic deformations when subjected to static and seismic loading 
(SAR Section 1.2.2.5, BSC 2007j, Section 6.2.3, page 16). However, the applicant 
has not provided a basis to support the stability assumption. Furthermore, SAR 
Figure 1.1-129 indicates excavation for a proposed aging pad could expose the 
alluvium in a cut slope of up to 60 ft high. In addition, transportation routes that 
link the aging pads to other surface-facility structures (SAR Figure 1.2.7-2) could 
involve cut and fill slopes. In addition, the applicant has not provided information 
on stability analysis of slopes adjoining the aging pads or transportation routes. 
This information is required to verify compliance with 10 CFR 63.21(c)(1)(ii), 
and 10 CFR 63.112(c), (e)(8). 

1. RESPONSE 

During the RAI Clarification Meeting conducted on December 4, 2008, the NRC clarified that 
RAI 2.2.1.1.1-002 consists of two parts: (1) assessment of the stability of subsurface materials 
and (2) assessment of the stability of slopes under both static and seismic loading. It was further 
confirmed that the response to RAI 2.2.1.1.1-001 would provide the information for the 
assessment of the stability of subsurface materials for RAI 2.2.1.1.1-002. Therefore, response to 
RAI 2.2.1.1.1-002 is limited to assessment of the stability of slopes under both static and seismic 
loading. 

The cut and fill slopes near the aging pads and on transportation routes (access road) to and from 
the aging pads will be designed to ensure stability under static and design basis ground motion 
loading. 

The aging pads are nominally 3-ft-thick reinforced concrete slabs on grade that provide a stable 
support surface for the vertical aging overpacks and the horizontal aging modules. There is a 
perimeter pathway of compacted aggregate around each concrete slab to allow access for 
equipment. The concrete slabs and pathways have a slight grade in the direction of the natural 
topography to allow for drainage. Within aging pad area 17P, the elevation of each of the seven 
concrete slabs decreases from north to south, producing a terraced layout. There is a similar 
terraced layout for the concrete slabs in aging pad area 17R. This terraced layout minimizes the 
cut and fill required. Also, the elevations of the concrete slabs are set to approximately balance 
the amount of cut and fill. It is expected that the maximum cut and fill within the aging pad area 
will be less than 35 ft. Beyond the perimeter pathway around each of the aging pad areas, there 
will be a shallow slope to existing grade. 
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The nuclear handling facilities are connected to the aging pad areas by an access road. The grade 
for the access road will be within the design parameters of the site transporter. Beyond the 
shoulders of the access road, there will be a shallow slope to existing grade. 

The permanent slopes will be no steeper than 2H:1V.1 Stability of the cut and fill slopes near the 
aging pads and on the transportation routes (access road) to and from the aging pads will be 
evaluated during detailed design by performing a pseudostatic analysis on a simple wedge 
considering the site transporter load and the design basis ground motion-2 (DBGM-2) seismic 
loads to demonstrate adequate factors of safety. 

2. COMMITMENTS TO NRC 

None. 

3. DESCRIPTION OF PROPOSED LA CHANGE 

None. 

4. REFERENCES 

1 BSC (Bechtel SAIC Company) 2008. Supplemental Soils Report. 100-S0C-CY00-00100-000-
00E. Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20080828.0016; 
ENG.20081117.0004, Table 2-2. 

 



ENCLOSURE 03 
 
Response Tracking Number: 00037-00-00 RAI: 2.2.1.1.1-003 

RAI Volume 2, Chapter 2.1.1.1, First Set, Number 3: Justify the adequacy of 
information on subsurface geotechnical properties from site borings used in the 
analysis, design and performance of surface facilities. The justification should 
include discussion on plans, if any, for the number and location of future borings 
or field tests (SAR General Information Section 5.1.6.4; BSC 2007b, section 
7.3.2). 

In SAR General Information Section 5.1.6.4, the applicant refers to a soils report 
BSC 2007b (SAR Section 5.3 General References), supporting geotechnical 
properties. In Section 7.3.2 of the report, the applicant states that there are very 
few borings within the borders of the planned buildings and that “another 
29 borings will be required to provide sufficient coverage of the planned 
facilities.” The additional information is needed to verify compliance with 
10 CFR 63.21(c)(1)(ii) and 10 CFR 63.112(c). 

1. RESPONSE 

The full set of site borings and test pits used to develop the geology and subsurface geotechnical 
properties for the analysis, design, and performance of the surface facilities is shown on SAR 
Figures 1.1-129 and 1.1-145. There are no plans for future borings or test pits. 

RAI 2.2.1.1.1-003 refers to a statement in Revision D of the Supplemental Soils Report (BSC 
2007b from General Information 5.1.6.4)1 that estimates that 29 more borings are needed. This 
statement is not made in the license application. It was initially made in the Supplemental Soils 
Report, Revision A, which was issued in November of 2004.2 Two phases of drilling for 
repository facilities at the surface GROA have been conducted since November of 2004. More 
than 29 holes have been drilled and other geotechnical data have been gathered, as discussed in 
SAR Sections 1.1.5.2 and 1.1.5.3. In August 2008, Revision E of the Supplemental Soils Report 
was issued3 and the statement that “another 29 borings will be required to provide sufficient 
coverage of the planned facilities” was removed. 

The number and location of the existing borings and test pits adequately capture the variability of 
the geology and geotechnical properties across the surface geologic repository operations area 
(GROA) and the variation in the contact elevations among the underlying rock units. As 
discussed in SAR Section 1.1.5.2.7.2, drilling results through 2000 show the base of the alluvium 
in Midway Valley as relatively flat. Results from the 2005 through 2007 drilling not only 
confirm this but also extend the interpretation of a smooth, relatively flat, top-of-bedrock contact 
across two-thirds of Midway Valley from west to east. Alluvium thickness is zero at the base of 
Exile Hill and increases in thickness to almost 200 ft about halfway across the valley, and then 
begins to thin eastward towards Alice Point (SAR Figure 1.1-130). 

As shown in the borehole logs and the mapping and logging of test pits, the alluvium at the 
surface GROA has consistent engineering properties. The major variability with respect to 
foundation design for the surface facilities is the thickness of the alluvium that overlies bedrock. 
The local geologic setting, the relative proximity of the numerous surface facilities, and the 
consistency of the alluvium encountered in the various boreholes were considered in determining 
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the number and location of the boreholes in the 2005 through 2007 drilling program. The 
locations and spacings of the boreholes sufficiently capture the site variability across the surface 
GROA and the variation in the contact elevations among the underlying rock units. Each ITS 
surface facility has a deep borehole penetrating, at a minimum, into the Tiva Canyon Tuff 
crystal-poor member (Tpcp) near the center of the building with additional, shallower boreholes 
near the building corners penetrating through the alluvium. Several boreholes have been drilled 
in the areas where the concrete slabs for the aging pads will be constructed. Given the uniform 
nature of the alluvium across the surface GROA, the borings and test pits shown on SAR Figures 
1.1-129 and 1.1-145 in conjunction with the additional geotechnical data discussed in SAR 
Section 1.1.5 are sufficient to develop the subsurface geotechnical properties for use in the 
analysis, design and performance of surface facilities. 

2. COMMITMENTS TO NRC 

None. 

3. DESCRIPTION OF PROPOSED LA CHANGE 

None. 

4. REFERENCES 

1 BSC (Bechtel SAIC Company) 2007. Supplemental Soils Report. 100-S0C-CY00-00100-000-00D 
CACN 002. Las Vegas, Nevada: Bechtel SAIC Company. ACC: ENG.20080102.0045; 
ENG.20080220.0002; ENG.20080324.0006. 
 
2 BSC 2004. Supplemental Soils Report. 100-S0C-CY00-00100-000-00A ECN 1. Las Vegas, Nevada: 
Bechtel SAIC Company. ACC: ENG.20041108.0006; ENG.20050823.0021. 
 
3 BSC 2008. Supplemental Soils Report. 100-S0C-CY00-00100-000-00E CACN 001. Las Vegas, Nevada: 
Bechtel SAIC Company. ACC: ENG.20080828.0016; ENG.20081117.0004. 
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RAI Volume 2, Chapter 2.1.1.1, First Set, Number 4: Provide the geotechnical 
information and supporting geophysical analyses from the additional boreholes 
drilled during 2006 and 2007 (Buesch and Lung 2008, SNL 2008a – SAR Section 
1.1-10 [1.1.10]) to justify that seismic site response analysis for the Geologic 
Repository Operations Area described in SAR Section 1.1.5.2.5.2 adequately 
reflects site conditions. 

In SAR Section 1.1.5.2.5.2 (pages 1.1-95-1.1-96), the applicant states that 
geotechnical data from 43 boreholes drilled during 2006 and 2007 were still being 
processed at the time the License Application was submitted to the NRC. The 
applicant provided a summary assessment of a subset of the geotechnical 
information from the 2006 and 2007 site characterization activities based on the 
alluvium depths observed in 12 of the 43 boreholes (Buesch and Lung 2008, SNL 
2008a – SAR Section 1.1-10 [1.1.10]). The applicant’s preliminary conclusion, 
based on observations from these 12 boreholes, was that the new information was 
consistent with interpretations based on geotechnical data collected from site 
characterization activities carried out prior to 2006. However, no data or analysis 
is provided in the SAR, or in Buesch and Lung 2008, to support this conclusion. 
The information is needed to complete the review of the DOE site response 
analysis, and verify compliance with 63.21(c)(1)(ii) and 10 CFR 63.112(c). 

1. RESPONSE 

This RAI response provides the geotechnical information from boreholes drilled in 2006 and 
2007 that are identified in Technical Report: Geotechnical Data for a Geologic Repository at 
Yucca Mountain, Nevada (SNL 2008a in SAR Section 1.1.10)1 and Update of Geotechnical 
Boreholes and Test Pit Program through 2007 in Midway Valley, Nevada2 that was not provided 
in the SAR. There are 43 repository facility boreholes in the 2006–2007 drilling program. 
Geologic logs are provided for the 23 boreholes from the 2006–2007 drilling program that 
support the alluvium thickness interpretation presented in SAR Figure 1.1-130. Also, geologic 
and geophysical logs for the additional boreholes used in the geologic observations in Update of 
Geotechnical Boreholes and Test Pit Program through 2007 in Midway Valley, Nevada2 are 
provided. 

Table 6.2-2 of Technical Report: Geotechnical Data for a Geologic Repository at Yucca 
Mountain, Nevada1 provides a listing of the boreholes that provided data used to develop the 
alluvium thickness contour map of Midway Valley (SAR Figure 1.1-130). Graphical geologic 
logs of the boreholes drilled prior to 2006 used in the development of the SAR Figure 1.1-130 
that are currently provided in the license application are listed in Table RAI 2.2.1.1.1-004-1. 
Data from the geologic logs of boreholes UE-25 RF#3 and UE-25 RF#64 were also used in the 
development of the Alluvium Thickness Contour Map of Midway Valley. A descriptive geologic 
log for UE-25 RF#3 is provided currently in Table 1.1-72 of the license application. UE-25 
RF#64 was drilled in 2005 at a location to the northwest of Exile Hill that was being considered 
for the site of an aging pad. A Sample Management Facility geologic log was completed for this 
borehole.3 Because this location was abandoned as the potential site of an aging pad, a detailed 
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geologic log was not completed for UE-25 RF#64. The Sample Management Facility geologic 
log is provided as Figure RAI 2.2.1.1.1-004-1. 

Data from 23 boreholes drilled in 2006 and 2007 were used in the development of SAR 
Figure 1.1-130. Graphical geologic logs of these 23 boreholes are provided in the corresponding 
figures identified in Table RAI 2.2.1.1.1-004-2.4, 5 

Buesch and Lung2 examined data from 12 boreholes drilled during 2006 and 2007, including: 

• An angled borehole that was designed to penetrate the Exile Hill Fault splay (UE-25 
RF#40) 

• Boreholes within or near the boundaries of planned important to safety facilities (UE-25 
RF#30, UE-25 RF#81, UE-25 RF#82, UE-25 RF#85, UE-25 RF#86, and UE-25 RF#92) 

• Boreholes within or near the boundaries of the aging pads (UE-25 RF#67, UE-25 
RF#69, UE-25 RF#71, UE-25 RF#94, and UE-25 RF#102). 

Graphical geologic logs of these 12 boreholes are provided in the corresponding figures 
identified in Table RAI 2.2.1.1.1-004-3.4, 5 

Downhole geophysical logging was performed in a subset of the boreholes drilled in 2006 and 
2007 and was examined by Buesch and Lung2. Table RAI 2.2.1.1.1-004-46 identifies the 
boreholes and the corresponding figures for the geophysical logs. 

SAR Figure 1.1-129 shows the boreholes used in the geotechnical investigation of the geologic 
repository operations area for the design and analysis of the surface facility structures. The data 
and logs for the 2006–2007 boreholes both support and confirm the previous investigations 
addressing alluvium thickness contours, geologic and geophysical data, and uniformity of the site 
conditions. 

2. COMMITMENTS TO NRC 

None. 

3. DESCRIPTION OF PROPOSED LA CHANGE 

None. 

4. REFERENCES 

1SNL (Sandia National Laboratories) 2008. Technical Report: Geotechnical Data for a Geologic 
Repository at Yucca Mountain, Nevada. TDR-MGR-GE-000010 REV 00. Las Vegas, 
Nevada: Sandia National Laboratories. ACC: DOC.20080206.0001. 
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2Buesch, D.C. and Lung, R.C. 2008. Update of Geotechnical Boreholes and Test Pit Program 
through 2007 in Midway Valley, Nevada. Denver, Colorado: U.S. Geological Survey. 
ACC: LLR.20080121.0080. 

3MO0612SMFGLGIB.000. Sample Management Facility Geologic Logs for the Repository 
Facilities Geotechnical Investigations Boreholes. Submittal date: 12/18/2006. 

4GS080983114233.008. December 2008, Revised Geotechnical Borehole Logs of 20 Repository 
Facilities Geotechnical Investigations Boreholes for the Yucca Mountain Waste Handling 
Building, 4/27/2007 through 4/21/2008. Submittal date: 11/22/2008. 

5GS081083114233.009. December 2008, Revised Geotechnical Borehole Logs of 21 Repository 
Facilities Geotechnical Investigations Boreholes for the Yucca Mountain Waste Handling 
Building, 04/27/2007 through 04/21/2008. Submittal date: 11/04/2008.  

6MO0801RFGEOLOG.002. Output Data from the Forensic Evaluation of Geophysical Log Data 
Collected in Support of the Repository Facilities Geotechnical Investigations. Submittal 
date: 01/25/2008. 
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Table RAI 2.2.1.1.1-004-1. Geologic Logs of Boreholes Drilled Prior to 2006 and Included in the SAR 

Borehole Identifier LA SAR Figure 
UE-25 RF#13 1.1-95 
UE-25 RF#14 1.1-96 
UE-25 RF#15 1.1-97 
UE-25 RF#16 1.1-98 
UE-25 RF#17 1.1-99 
UE-25 RF#18 1.1-100 
UE-25 RF#19 1.1-101 
UE-25 RF#20 1.1-102 
UE-25 RF#21 1.1-103 
UE-25 RF#22 1.1-104 
UE-25 RF#23 1.1-105 
UE-25 RF#24 1.1-106 
UE-25 RF#25 1.1-107 
UE-25 RF#26 1.1-108 
UE-25 RF#28 1.1-109 
UE-25 RF#29 1.1-110 
UE-25 RF#42 1.1-111 
UE-25 RF#43 1.1-112 
UE-25 RF#44 1.1-113 
UE-25 RF#45 1.1-114 
UE-25 RF#46 1.1-115 
UE-25 RF#47 1.1-116 
UE-25 RF#48 1.1-117 
UE-25 RF#49 1.1-118 
UE-25 RF#50 1.1-119 
UE-25 RF#51 1.1-120 
UE-25 RF#52 1.1-121 
UE-25 RF#53 1.1-122 
UE-25 RF#54 1.1-123 
UE-25 RF#55 1.1-124 
UE-25 RF#56 1.1-125 
UE-25 RF#58 1.1-126 
UE-25 RF#59 1.1-127 
UE-25 RF#60 1.1-128 
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Table RAI 2.2.1.1.1-004-2. Geologic Logs for 2006-2007 Boreholes Used in Development of 
SAR Figure 1.1-130 

Borehole Identifier Figure RAI 2.2.1.1.1-004 
UE25 RF-31 2 
UE25 RF-33 3 
UE25 RF-34 4 
UE25 RF-35 5 
UE25 RF-36 6 
UE25 RF-37 7 
UE25 RF-38 8 
UE25 RF-39 9 
UE25 RF-41 10 
UE25 RF-57 11 
UE25 RF-75 12 
UE25 RF-76 13 
UE25 RF-78 14 
UE25 RF-79 15 
UE25 RF-80 16 
UE25 RF-83 17 
UE25 RF-95 18 
UE25 RF-97 19 
UE25 RF-104 20 
UE25 RF-105 21 
UE25 RF-106 22 
UE25 RF-107 23 
UE25 RF-112 24 

Source: GS080983114233.008 and GS081083114233.009. 
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Table RAI 2.2.1.1.1-004-3. Geologic Logs for Boreholes Examined by Buesch and Lung 

Borehole Identifier Figure RAI 2.2.1.1.1-004 
UE25 RF-30 25 
UE25 RF-40 26 
UE25 RF-67 27 
UE25 RF-69 28 
UE25 RF-71 29 
UE25 RF-81 30 
UE25 RF-82 31 
UE25 RF-85 32 
UE25 RF-86 33 
UE25 RF-92 34 
UE25 RF-94 35 
UE25 RF-102 36 

Source: GS080983114233.008 and GS081083114233.009. 
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Table RAI 2.2.1.1.1-004-4. Geophysical Logs for Boreholes Examined by Buesch and Lung 

Borehole Identifier Figure RAI 2.2.1.1.1-004 
UE-25 RF#30 37 
UE-25 RF#35 38 
UE-25 RF#37 39 
UE-25 RF#39 40 
UE-25 RF#41 41 
UE-25 RF#69 42 
UE-25 RF#71 43 
UE-25 RF#75 44 
UE-25 RF#82 45 
UE-25 RF#85 46 
UE-25 RF#90 47 
UE-25 RF#94 48 
UE-25 RF#95 49 
UE-25 RF#97 50 

UE-25 RF#106 51 
UE-25 RF#112 52 

Source: MO0801RFGEOLOG.002. 
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RAI Volume 2, Chapter 2.1.1.1, First Set, Number 5: Provide additional 
technical bases to support the conclusion in SAR Section 1.1.5.2.7.2 that the 
thirteen profiles used to model shear wave (VS) and compression wave (VP) 
velocities in the subsurface strata beneath Midway Valley account for the full 
range of variability and uncertainty in subsurface material properties of the tuff 
and alluvium layers underlying the GROA. This information should include 
additional technical bases to justify that impedance contrasts between densely 
welded and weakly to moderately welded tuffs, and between tuff and alluvium, 
are accounted for in the site response analysis (SAR Section 1.1.5.2.5.2). 

In SAR Section 1.1.5.2.7.2 (pages 1.1-97-1.1-99), the applicant states that thirteen 
shear wave velocity profiles were developed for site response modeling to 
represent the variability of subsurface conditions beneath the GROA. From these 
base case profiles, the applicant developed a suite of sixty randomized site 
response VS and VP profiles that were used in the site response modeling 
(BSC 2008[c] – SAR Section 1.1.10). The applicant concludes that these sixty 
randomized site response VS and VP profiles represent the full variability and 
uncertainty of VS and VP in near subsurface of Midway Valley. It is not clear, 
from the information presented in the SAR and in BSC 2008, whether the changes 
in the site response ground motions due to impedance contrast between densely 
welded and weakly to moderately welded tuffs layers is fully accounted for by the 
applicant’s approach. The information is required to verify compliance with 
10 CFR 63.21(c)(1)(ii), 10 CFR 63.112(c) and 10 CFR 63.114(a), (b). 

1. RESPONSE 

This response clarifies the technical basis supporting the conclusion that the 13 base-case 
velocity profiles for the surface geologic repository operations area (GROA), used to model 
shear-wave velocity (VS) and compression-wave velocity (VP) profiles for site-response analysis, 
account for the full range of uncertainty and variability in site properties. Also included in this 
response is the technical basis that the site-response analysis adequately accounts for impedance 
contrasts between densely and weakly-to-moderately welded tuffs and between alluvium and 
tuff. 

1.1 VARIABILITY AND UNCERTAINTY IN ALLUVIUM AND TUFF 

The technical bases to support the conclusion in SAR Section 1.1.5.2.7.2 that the 13 profiles used 
to model VS and VP account for the full range of variability and uncertainty in the alluvium and 
tuff underlying the surface GROA are provided below. 

As described in Section 6.4.2 of BSC 2008c in SAR 1.1.101, the objective of the site response 
analyses is to incorporate the effects of the site materials (tuff and alluvium) on ground motions 
at (1) the depth of the waste emplacement drifts in the repository block and at (2) the ground 
surface of the surface GROA. For each of these sites, a single set of ground motion hazard 
curves and related ground motion inputs are developed. These products are developed such that 
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they are applicable at any location within the overall repository block site or the overall surface 
GROA site, respectively. 

1.1.1 Treatment of Uncertainty and Variability 

Major inputs into the site response model are the VS and VP profiles for each site. Profiles are 
developed that appropriately represent the uncertainty and variability in velocities. Three types 
of uncertainty and variability are addressed: 

• Epistemic (knowledge) uncertainty 
• Deterministic variability 
• Aleatory (random) variability 

The term “epistemic uncertainty” is used for the case in which available data allow alternate 
interpretations of the mean velocity profile. For the surface GROA, this situation occurs in the 
area south of the Exile Hill Fault splay.2 For this area, different velocity measurement techniques 
indicate different mean VS values over some depth ranges. Thus, alternate base-case VS profiles 
are developed to represent this uncertainty in the actual in situ properties. Based on the degree to 
which each alternate interpretation is supported by the available data, weights are assigned.3 For 
the repository block, available velocity data do not lead to the incorporation of epistemic 
uncertainty in the development of base-case velocity profiles.4 

The term “deterministic variability” is used for the case in which the mean velocity profile varies 
spatially in a systematic and known manner. For the surface GROA, this situation occurs for 
velocities on each side of the Exile Hill Fault splay.5 The mean velocity profile to the northeast 
of the splay differs systematically from the one to the south. In addition, the varying thickness of 
alluvium underlying the surface GROA represents deterministic variability. This is also the case 
for the repository block.6 The VS at the approximate depth of the waste emplacement level varies 
systematically resulting in two velocity areas. One area is subdivided into three zones based on 
geology and is characterized by a relatively “stiff” mean velocity profile; the other area consists 
of a single zone and is characterized by a relatively “soft” velocity profile.7 

Aleatory variability results from the random variation of velocity properties that is observed in 
situ. Even for spatial regions that exhibit a consistent mean velocity profile, variability exists 
from location to location. 

Each type of variability and uncertainty is treated differently in the development of site-specific 
ground motions. 

• Aleatory variability is accommodated in site-response modeling by using each base-case 
profile as the basis for stochastically generating 60 profiles that are random, but 
consistent with the mean profile.8 In stochastically generating the profiles, site-specific 
information on the correlation between velocity and layer thickness is used.9 The 
site-response model is run for each of the 60 velocity profiles and the resulting response 
spectra or amplification factors (transfer functions) are averaged taking the results as 
lognormally distributed. 
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• Epistemic uncertainty is accommodated by first developing site-specific mean ground 
motion hazard curves for each alternate interpretation. Development of these hazard 
curves makes use of the transfer functions that accommodate aleatory variability. Then, 
for a given level of ground motion, the mean probabilities of exceedance for the 
alternate hazard curves are averaged using the weights assigned to the different 
interpretations to produce the final hazard curve. 

• For deterministic variability, site-specific hazard results are enveloped to develop a 
single set of ground motions for the repository block site and the surface GROA site. 
That is, first site-specific hazard curves are developed for cases based on the mean 
velocity profiles for the different spatial areas (repository block and surface GROA) and 
different alluvium thickness values (surface GROA only), taking into account aleatory 
variability and epistemic uncertainty. Then, for each value of ground motion, the mean 
probability of exceedance associated with the repository block or surface GROA hazard 
curves is examined and the larger value is chosen for the site-wide repository block and 
site-wide surface GROA hazard curve, respectively. 

This treatment of epistemic uncertainty and aleatory variability is appropriate for the 
determination of mean seismic hazard and associated ground motion inputs. Enveloping of mean 
probabilities of exceedance for hazard curves representing deterministic variability provides 
results that are applicable at any location within each site. Because enveloping is used to obtain a 
site-wide result, the site-wide hazard is conservative (higher probability of exceedance) for 
portions of each site. 

1.1.2 Base-Case Velocity Profiles for the Surface GROA 

Based on the available velocity data and the geologic framework of the site, 13 base-case 
velocity profiles for the surface GROA are developed: a base case for tuff northeast of the Exile 
Hill Fault splay combined with four representative values for alluvium thickness (30, 70, 100, 
and 200 ft) and three base cases for tuff south of the Exile Hill Fault splay, each combined with 
three representative values of alluvium thickness (30, 70, and 100 ft).10 The different base-case 
tuff profiles across the Exile Hill Fault splay and the alluvium thickness values represent 
deterministic variability. South of the Exile Hill Fault splay, alternate interpretations of the mean 
tuff VS profile represent epistemic uncertainty. Aleatory variability is accommodated for each 
base-case profile by using the profile to stochastically generate 60 profiles that are used in site-
response modeling. The resulting transfer functions are used to develop the site-specific hazard 
curves for each combination of epistemic uncertainty and deterministic variability. 

Velocity data for the site, which forms the basis for the developed velocity profiles, were 
acquired using a range of techniques: spectral analysis of surface waves (SASW) surveys, 
downhole seismic velocity surveys, suspension logging surveys, sonic velocity logging, and 
vertical seismic profiling. SASW surveys provide information on the average velocity along the 
length of the survey line. Borehole-based techniques complement the SASW data and provide 
information on velocities in the immediate vicinity of the borehole. Geologic data are used to 
provide insights on the areas or zones in which various representative mean velocity profiles 
apply. Thus, the base-case profiles accommodate alternate interpretations (epistemic uncertainty) 
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that result from measurement techniques having different resolution and averaging properties. 
Base-case profiles also accommodate deterministic spatial variability in velocity properties and 
alluvium thickness. Randomness (aleatory variability) in the geology and non-uniqueness in the 
geophysical interpretation are accommodated in the aleatory component of the site response. The 
same principles used to address variability and uncertainty in velocity profiles for the surface 
GROA are also applied in developing site-specific hazard curves and ground motion inputs for 
the repository block. 

1.2 IMPEDANCE CONTRASTS 

The impedance contrasts between the densely welded and weakly-to-moderately welded tuffs 
and between the tuff and alluvium are appropriately accounted for in the site-response analysis. 
This conclusion is reached because contrasts based on velocity data are variable in amplitude, 
vary spatially, and generally show a poor correlation to lithostratigraphic contacts. 

An impedance contrast at an interface is a function of the velocity and density of the two 
adjacent layers. Impedance contrasts are examined to first-order in terms of seismic velocity 
contrasts. The examination is focused on two important layer boundaries identified in 
Preliminary Evaluation and Analysis of the U.S. Department of Energy Geotechnical Data for 
the Waste Handling Building Site at the Potential Yucca Mountain Repository11 for the surface 
GROA. One boundary is between the alluvium (Qal) and underlying nonwelded tuff (Timber 
Mountain Group, pre-Rainier Mesa Tuff bedded tuff, Tmbt1). The other is between the 
moderately welded Tiva Canyon Tuff–crystal-poor upper lithophysal zone (Tpcpul) and the 
densely welded Tiva Canyon Tuff–crystal-poor middle nonlithophysal zone (Tpcpmn). 

Examination of the 2000 to 2001 downhole and suspension VS profiles for northeast of the Exile 
Hill Fault splay12 shows no evidence for a stable and uniformly distributed impedance contrast 
between densely welded and weakly-to-moderately welded tuffs (taken as the contact between 
the Tiva Canyon Tuff–crystal-poor upper lithophysal unit and the Tiva Canyon Tuff–crystal-
poor middle nonlithophysal unit). (Note that not all boreholes and none of the SASW surveys 
from this data set sample the target contact.) Velocity contrasts are observed in the profiles, but 
their correlation with lithostratigraphic contacts is inconsistent. South of the fault splay, a 
velocity contrast at the target contact is also not observed consistently.13 (Note again that not all 
boreholes and SASW surveys from this area sample the target lithostratigraphic contact.) 
Velocity data from borehole and SASW surveys in this area do show velocity contrasts as a 
function of depth, but the contrasts do not show a consistent correlation with lithostratigraphic 
boundaries. Rather, they vary laterally in depth and amplitude on the scale of borehole separation 
distances (hundreds of feet). Thus, for the surface GROA, a stable and laterally coherent 
impedance contrast between the densely and weakly-to-moderately welded tuffs is not supported 
by the available velocity data. 

The lack of stable and laterally persistent velocity contrasts in the Tiva Canyon Tuff units 
beneath the surface GROA is reasonable. Faulting of the tuff units and variable distribution of 
fractures are geologic factors that contribute to the deterministic and random components of 
velocity variability. 
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The potential existence of an impedance contrast between alluvium and the underlying tuff at the 
surface GROA, is addressed through examination of the velocity data collected in 2000 to 2001. 
These data show a velocity contrast of varying amplitude at a range of depths beneath the surface 
GROA.14 

Table RAI 2.2.1.1.1-005-1 lists the boreholes where downhole velocity data were collected in 
2000 to 2001. The tuff/alluvium shear-wave velocity ratio was calculated for each borehole at a 
depth within 10 ft of the tuff/alluvium contact as identified in the borehole logs. Values of 
1.0 indicate that a velocity contrast was not observed in the downhole data. The mean velocity 
ratio is 1.14 ± 0.21 (Table RAI 2.2.1.1.1-005-1). There is about a ± 10 ft uncertainty in 
identifying the tuff/alluvium contact from drill cuttings for those holes where core was not 
collected and similarly a ± 10 to 15 ft uncertainty in the interpretation of velocity contrasts from 
the downhole transit time data. Given those uncertainties, the shear-wave velocity ratio of the 
nearest velocity contrast to the tuff/alluvium contact was also calculated. The differences in 
depths between observed velocity contrasts and the estimated tuff/alluvium contact ranges up to 
30 ft (Table RAI 2.2.1.1.1-005-1). Thus the velocity contrast represents the tuff/alluvium 
boundary in most cases but may also define a velocity contrast of other origins such as between 
uncemented and cemented alluvium. The mean ratio is 1.37 ± 0.24. 

In most areas of the surface GROA, the alluvium overlies the ignimbrite of Comb Peak (also 
known as Tuff “X”) or bedded tuffs (pre-Rainier Mesa Tuff bedded tuffs and pre-Tuff unit “x” 
bedded tuffs (also known as post-Tiva Canyon Tuff bedded tuffs)). These units have similar 
velocities as the alluvium. Thus, the velocity contrast is generally close to 1. In no case does the 
tuff/alluvium velocity contrast exceed a value of 2 beneath the surface GROA based on the 
available velocity data. The thickness of the alluvium at the surface GROA also varies from less 
than about 30 ft south of the Exile Hill Fault splay to about 200 ft north of the fault splay. Thus 
the tuff/alluvium contact varies with depth across the surface GROA. 

The effects of random impedance contrasts are incorporated into the site response as evidenced 
by a sample of the randomized velocity profiles.15 Because stable and uniform impedance 
contrasts beneath the surface GROA are absent, a probabilistic treatment in the site-response 
analysis is appropriate. One-dimensional deterministic site-response analysis using velocity 
profiles derived from average unit velocities and a geologic model are not representative of the 
variable velocity structure beneath the surface GROA, which has both deterministic and random 
components. 

The site-response analysis is performed for the range of site conditions beneath the areal extent 
of the surface GROA, which includes impedance contrasts of variable amplitudes and depths. 
Thus the consideration of 13 base-case velocity profiles to address epistemic uncertainty and 
deterministic variability and randomization of the profiles to address aleatory variability is the 
appropriate approach in developing the design ground motions based on mean hazard. 

2. COMMITMENTS TO NRC 

None. 
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3. DESCRIPTION OF PROPOSED LA CHANGE 

None. 

4. REFERENCES

1 BSC (Bechtel SAIC Company) 2008. Supplemental Earthquake Ground Motion Input for a 
Geologic Repository at Yucca Mountain, NV. MDL-MGR-GS-000007 REV 00. Las Vegas, 
Nevada: Bechtel SAIC Company, ACC: DOC.20080221.0001. 

2 Ibid., Section 6.4.2.5.1 

 
3 Ibid., Section 6.4.5.1. 

4Ibid., Sections 6.4.2.6 and 6.4.2.9. 

5 Ibid., Section 6.4.2.5.1 

6 Ibid., Section 6.4.2.6. 

7 Ibid. 

8 Ibid., Section 6.4.2.9. 

9 Ibid., Section 6.4.2.10. 

10 Ibid., Table 6.4-13 and Figures 6.4.2-44 to 6.4.2-56 and 6.4.2-64 to 6.4.2-76. 

11 Gonzalez, S.H., Stamatakos, J.A., Murphy, K.R., and McKague, H.L., 2004. Preliminary 
Evaluation and Analysis of the U.S. Department of Energy Geotechnical Data for the Waste 
Handling Building Site at the Potential Yucca Mountain Repository. San Antonio, Texas: Center 
for Nuclear Waste Regulatory Analysis, Section 3.3, page 3-11. 

12 BSC 2002. Geotechnical Data for a Potential Waste Handling Building and for Ground 
Motion Analyses for the Yucca Mountain Site Characterization Project. ANL-MGR-GE-000003 
REV 00. Las Vegas, Nevada: Bechtel SAIC Company. ACC: MOL.20021004.0078, Figures 8, 
10, VII-5 and VII-7. 

13 Ibid., Figures 4, 5, 7, 9, VII-1, VII-2, VII-4, and VII-6. 

14 Ibid., Figures 4 to 19. 

15 BSC 2008. Supplemental Earthquake Ground Motion Input for a Geologic Repository at 
Yucca Mountain, NV, Figure 6.4.2-95. 
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Table RAI 2.2.1.1.1-005-1. Tuff/Alluvium Shear-Wave Velocity Ratio from 2000 to 2001 Downhole 
Velocity Data 

Borehole 
Shear-Wave Velocity Ratio 

within 10 Feet of the 
Contact 

 

Shear-Wave Velocity Ratio 
Closest to Contact 

Approximate Difference 
in Depth (ft) 

UE-25 RF#13 1.00 1.35 -15 
UE-25 RF#14 1.00 1.43 10 
UE-25 RF#15 1.00 1.40 30 
UE-25 RF#16 1.00 1.71 -25 
UE-25 RF#17 1.27 1.27 5 
UE-25 RF#18 1.00 1.74 -10 
UE-25 RF#19 1.00 1.19 -20 
UE-25 RF#20 1.00 1.39 -25 
UE-25 RF#21 1.00 1.30 -30 
UE-25 RF#22 1.61 1.61 5 
UE-25 RF#23 1.36 1.36 -5 
UE-25 RF#24 1.35 1.35 -10 
UE-25 RF#25 1.00 0.71 20 
UE-25 RF#26 1.00 1.48 15 
UE-25 RF#28 1.52 1.52 -5 
UE-25 RF#29 1.18 1.18 -5 
Mean and Sigma 1.14 ± 0.21 1.37 ± 0.24 14.7 ± 9 

NOTE: The mean for the “Approximate Difference in Depth” is calculated from the absolute values of the data 
listed. 

Source: BSC 2002, Geotechnical Data for a Potential Waste Handling Building and for Ground Motion Analyses for 
the Yucca Mountain Site Characterization Project (Figures 4 to 19). 
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RAI Volume 2, Chapter 2.1.1.1, First Set, Number 6: Explain how the two 
reference rock outcrop conditioned seismic hazard curves, one based on the shear-
strain-threshold approach, and the other based on the extreme-stress-drop 
approach, are combined to produce hazard curves shown in SAR Figures 1.1-79 
and 1.1-80. 

In Appendix A4.5.3 of BSC 2008[c] (SAR Section 1.1.10 General References), 
the applicant states that the final conditioned mean seismic hazard curves are 
developed by combining the conditioned hazard curves using both the shear-
strain-threshold approach and the extreme-stress-approach. However, the 
applicant has not explained the method used to combine these hazard curves to 
develop SAR Figures 1.1-79 and 1.1-80. The information is needed to verify 
compliance with §10 CFR 63.21(c)(1)(ii), 10 CFR 63.112(c), and 10 CFR 
63.114(g). 

1. RESPONSE 

Combined conditioning of seismic hazard curves for the probabilistic seismic hazard analysis 
reference rock outcrop is accomplished by applying the two conditioning approaches in series 
(BSC 2008c in SAR 1.1.101). First, the probabilistic seismic hazard analysis reference rock 
outcrop hazard is conditioned using the extreme-stress-drop approach. Next, the extreme-stress-
drop-conditioned hazard curve is conditioned using the shear-strain-threshold approach. Thus, 
conditioning related to the seismic source is applied first, followed by conditioning related to site 
characteristics. The output of the second step provides the final conditioned seismic hazard 
curves (e.g., SAR Figures 1.1-79 and 1.1-80) used in developing site-specific ground motions. 

Details regarding implementation of the two conditioning approaches are provided in the 
response to RAI 2.2.1.1.1-008. 

2. COMMITMENTS TO NRC 

None. 

3. DESCRIPTION OF PROPOSED LA CHANGE 

None. 

4. REFERENCES 

 
1 BSC (Bechtel SAIC Company) 2008. Supplemental Earthquake Ground Motion Input for a 
Geologic Repository at Yucca Mountain, NV. MDL-MGR-GS-000007 REV 00. Las Vegas, 
Nevada: Bechtel SAIC Company. ACC: DOC.20080221.0001; DOC.20080314.0001; 
DOC.20080328.0001, pp. D-30 to D-32. 
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RAI Volume 2, Chapter 2.1.1.1, First Set, Number 7: Provide an updated 
probability distribution of threshold shear strain, similar to Fig. 6-7 of BSC 
2005a, SAR Section 1.1.10 General References, used to develop SAR Figures 
1.1-79 and 1.1-80 (SAR Section 1.1.5.2.5.1 and SAR Section 1.1.10, BSC 2008c 
Appendix A). Also, provide the updated geotechnical data (shear wave velocity 
and strain dependent material properties) used for conditioning reference rock-
outcrop hazard curves (BSC 2008c, Section A4.5.2). 

In BSC 2008c, Section A4.5.2, the applicant states that an updated approach and 
material properties were used for conditioning reference rock outcrop hazard 
curves based on the shear-strain-threshold approach. However, the applicant has 
not provided details of the updated approach. The information is needed to assess 
compliance with 10 CFR 63.21(c)(1)(ii), 10 CFR 63.112(c) and 10 CFR 
63.114(g). 

1. RESPONSE 

This response presents information on the shear-strain-threshold probability distribution used in 
the updated shear-strain-threshold approach described in Section A2.2 of BSC 2008c in 
SAR 1.1.10.1 It also clarifies that the updated geotechnical data forming the basis for 
site-response model results used to implement the conditioning approach are those described and 
provided in Sections 6.4.2 and 6.4.4 of BSC 2008c. 

1.1 UPDATED SHEAR-STRAIN-THRESHOLD PROBABILITY DISTRIBUTION 

The shear-strain-threshold approach to conditioning seismic hazard curves for Yucca Mountain 
recognizes that, if the level of ground motion propagating through the rock mass is high enough, 
the associated shear-strain increment generated in the rock would have caused it to fracture. As 
the type of deformation expected from such high levels of ground motion is not observed, it is 
concluded that the level of ground motion experienced at Yucca Mountain is limited. This level 
of ground motion that has not been exceeded in over 10 million years is taken as a reasonable 
bound to ground motion that can occur within the geologic setting of Yucca Mountain. During 
this time, based on the range of earthquake recurrence interval for the Solitario Canyon Fault that 
was assessed during the probabilistic seismic hazard analysis for Yucca Mountain (SAR 
Table 1.1-66), from 50 to 285 large earthquakes have occurred. 

In Section 6.4.1 and Figure 6-5 of BSC 2005a in SAR 1.1.10,2 uniaxial compression test results 
for 288-mm diameter samples from the Topopah Spring Tuff were interpreted in terms of the 
shear-strain increment from in situ conditions that is required to produce fracturing. Shear-strain 
increments for samples with a height-to-diameter ratio greater than 1.5 fell within the range 
0.09% to 0.25%. Numerical modeling of lithophysal tuff deformation3 corroborated the 
laboratory results. Based on this information, the shear-strain-increment threshold required to 
produce fracturing was characterized as a triangular probability distribution ranging from 
0.09% to 0.25% with a mode of 0.16%.4 The distribution represents uncertainty in the threshold 
value. 
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For the updated implementation of the shear-strain-threshold approach, a uniform distribution 
shown in Figure RAI 2.2.1.1.1-007-1 is used to characterize the shear-strain-increment threshold 
and its uncertainty.5 The range of the distribution is maintained at 0.09% to 0.25%, but each 
value within the range is considered equally likely. For implementation, a two-point discrete 
distribution is used. Conditioning is carried out for shear-strain-increment thresholds of 
0.09% and 0.25% and the resulting hazard curves are averaged using equal weights.6 

1.2 UPDATED GEOTECHNICAL DATA INCORPORATED INTO SITE-RESPONSE 
MODELING 

Implementation of the updated shear-strain-threshold approach uses site-response modeling to 
compute the shear strains that would be generated at the nominal depth of the Topopah Spring 
crystal-poor lower lithophysal zone for different levels of input ground motion at the 
probabilistic seismic hazard analysis reference rock outcrop.7 For the updated approach, 
site-response modeling described in BSC 2008c8 provides the needed shear strain and ground 
motion information. Site-response modeling in BSC 2008c9 uses velocity profile and dynamic 
property curve inputs that differ from those used in a 2004 report.10 The update in model inputs 
derives from consideration of additional geotechnical data that are discussed and provided in 
BSC 2008c11 as well as the use of Approach 3 rather than Approach 2B described in Section 6.1 
of NUREG/CR-6728.12 

Two mean velocity profiles are used in BSC 2008c to characterize the repository block (SAR 
Figure 1.1-135).13 Spectral analysis of surface wave (SASW) data collected in 2004 and 2005,14 
combined with SASW data collected earlier,15 indicate that different portions of the repository 
block are characterized by different mean profiles. These different spatial areas are termed “soft” 
and “stiff” zones reflecting the velocity attained at a depth of about 600 to 1,000 ft. Zones with a 
shear-wave velocity of about 4,000 ft/s are designated “soft” zones and zones with a shear-wave 
velocity of about 6,000 ft/s are designated “stiff” zones.16 Sonic velocity compressional-wave 
and shear-wave data from the vicinity of Yucca Mountain form the basis for the velocity profiles 
of deeper units that cannot be imaged using the SASW technique.17 Because the two base-case 
velocity profiles represent spatial differences in mean velocity characteristics, site-response 
modeling results using the different profiles are weighted equally in conditioning. 

Dynamic material property curve sets for tuff that are used in BSC 2008c (SAR Figure 1.1-
131)18 are similar to those used in the 2004 report.19 They differ only in that, for the updated 
curve sets, the effect of confining pressure (i.e., depth) is taken into account. In both cases, two 
sets of curves are used to represent epistemic uncertainty in properties. Because 
NUREG/CR-6728 Approach 2B20 was used in the 2004 report,21 site response results 
representing epistemic uncertainty were enveloped and thus depth effects on properties did not 
affect calculated ground motions. Approach 3 of NUREG/CR-672822 is employed in BSC 
2008c23 and, in developing site-specific ground motions, results for alternative dynamic material 
property curve sets are averaged using weights.24 The same weights are used in combining 
conditioned hazard curves for the different base-case properties. Data considered in developing 
the base-case sets of curves are described and provided.25 
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Details regarding implementation of approaches to conditioning extreme ground motion are 
provided in the response to RAI 2.2.1.1.1-008. 

2. COMMITMENTS TO NRC 

None. 

3. DESCRIPTION OF PROPOSED LA CHANGE 

None. 
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Figure RAI 2.2.1.1.1-007-1. Uniform Probability Distribution for Shear-Strain Threshold 

NOTE: In implementing shear-strain-threshold conditioning, the uniform probability distribution is treated as a 
discrete distribution consisting of two values (0.09% and 0.25%) that are weighted equally. 

Source: BSC 2008, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Section A2.2. 
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RAI Volume 2, Chapter 2.1.1.1, First Set, Number 8: Explain how the updated 
probability distribution of threshold shear strain and the updated probability 
distribution (density) of bounding horizontal Peak Ground Velocity (PGV) 
developed in BSC 2008c (SAR Section 1.1.10) are used in Equation A-4.2 (BSC 
2008c). 

In BSC 2008c, Section A4.5.2, the applicant states that an updated approach and 
material properties were used for conditioning reference rock outcrop hazard 
curves based on the shear-strain-threshold approach. However, the applicant has 
not provided details of the updated approach. The information is needed to assess 
compliance with 10 CFR 63.21(c)(1)(ii), 10 CFR 63.112(c) and 10 CFR 
63.114(g). 

1. RESPONSE 

This response provides an explanation of how the updated probability distribution of threshold 
shear strain and the updated probability distribution (density) of bounding horizontal PGV are 
developed and used in Equation 4, Section A4.2 of BSC 2008c in SAR 1.1.10.1 The response 
explains that the updated probability distribution of threshold shear strain, which is a uniform 
distribution, is implemented through a discrete representation (γm in Equation 4) consisting of 
two values. This section also explains that the updated shear-strain-threshold conditioning 
approach in BSC 2008c2 is generalized such that conditioning can be applied to multiple ground 
motion measures (not just PGV). It explains further that the conditioning probability is 
determined on the basis of site-response modeling that establishes a relation between shear strain 
at the nominal depth of the Topopah Spring crystal-poor, lower lithophysal zone (Tptpll) and 
ground motion at the probabilistic seismic hazard analysis (PSHA) reference rock outcrop. 

Equation 4 of BSC 2008c3 mathematically represents the updated shear-strain-threshold 
approach: 

∑ > iim xPxxP ][]|[ γγ

]|[ im xP

=>
i

C Px []'   

in which  is the shear-strain conditioned ground motion hazard at the PSHA reference 
rock outcrop for ground motion x, 

CxxP ]'[ >
γ γ>

]ix  is

]|[ im xP

, is the complementary cumulative distribution 
function for shear strains at the repository waste emplacement level (γ) given ground motion xi at 
the PSHA reference rock outcrop with γm, the non-exceeded shear-strain-threshold value [P  
the probability of ground motion xi at the PSHA reference rock outcrop, and the summation is 
over the range (i) of ground motion values defining the hazard curve. 

The term γ γ>  is evaluated on the basis of site-response modeling results.4 The 
site-response modeling results provide the lognormal distribution of shear strain and shear strain 
standard deviation (σln) at the nominal depth of the Tptpll (γ) as a function of ground motion 
level at the PSHA reference rock outcrop (xi). To obtain results for the needed range of ground 
motion level (xi), the modeling is carried out for a suite of 21 input control motion levels ranging 
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from horizontal peak ground acceleration (PGA) of 0.01 to 10 g.5 Appropriate reference 
earthquake response spectra are scaled to the target PGA level6 for the 1-to-2 and 5-to-10 Hz 
response frequency range to provide input ground motion for the site-response model. Because 
mean velocity properties of the repository block vary spatially and mean tuff dynamic material 
properties are uncertain, two base-case inputs are used for each in site-response modeling.7 Thus, 
site response modeling is carried out for 168 combinations of ground motion input level (21), 
response frequency range (2), base-case velocity profile (2), and base-case tuff dynamic material 
property curve set (2). For each combination, aleatory variabilities in velocity profile and tuff 
dynamic material property curve set are taken into account by stochastically developing 
60 profiles and curve sets based on the base cases and determining site response for each. The 
shear strain results for the 60 realizations are used to determine the geometric mean and σln for 
each combination taking the results as lognormally distributed. This provides the information 
that is used to evaluate the term ]|[ im xP γγ > . 

In the updated shear-strain-threshold approach, conditioning is carried out for 9 ground motion 
measures addressed in the PSHA for Yucca Mountain (PGA, PGV, spectral acceleration at 
response oscillator frequencies of 0.3, 0.5, 1, 2, 5, 10, and 20 Hz).8 For each ground motion 
measure, conditioning is carried out for the four combinations of base-case velocity profile and 
tuff dynamic material property curve set. The site-response modeling results for 20 of the 
21 input ground motion levels and reference earthquake response frequency ranges provide the 
relation between ground motion at the PSHA reference rock outcrop and shear strain and shear 
strain σln at the nominal depth of the Tptpll. In developing this relation, site-response modeling 
results for either the 1-to-2 Hz reference earthquake or the 5-to-10 Hz reference earthquake are 
used, depending on the ground motion measure and on the annual probability of exceedance 
(i.e., ground motion level) considered in light of hazard deaggregation results.9 Thus, for each 
combination of base-case velocity profile, tuff dynamic material property curve set, and ground 
motion measure, 20 pairs of ground motion at the PSHA reference rock outcrop and shear strain 
and shear strain σln at the nominal depth of the Tptpll are obtained from the site-response 
modeling results. For implementation of the conditioning equation, interpolation is used between 
points to obtain shear strain and shear strain σln values for the xi values at which the hazard curve 
is defined. For ground motion values greater than those associated with the maximum calculated 
shear strain value, the maximum shear strain and associated shear strain σln values are used. This 
is conservative in that it provides higher ground motion (less reduction from conditioning) than if 
the ground motion–shear strain relation were to be extrapolated at higher ground motion values. 
The conditioning equation for the updated shear-strain-threshold approach is implemented for 
two shear-strain-threshold values (0.09% and 0.25%) to represent the uncertainty in the 
shear-strain threshold. 

The output of the above process consists of eight shear-strain-threshold conditioned hazard 
curves for each ground motion measure, representing the combinations of base-case velocity 
profile, base-case tuff dynamic material property curve set, and shear-strain-threshold value. To 
obtain the final shear-strain-threshold conditioned hazard curve for each ground motion measure, 
the probabilities associated with each hazard curve are averaged with appropriate weights. Each 
shear-strain-threshold value and base-case velocity profile is given equal weight. Equal weights 
for shear-strain-threshold value are used because the probability distribution is taken as uniform. 
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Equal weights are used for base-case velocity profile because the profiles represent known 
spatial variability. Weights for the base-case dynamic property curve sets are assessed to 
represent their assessed probability of representing in situ conditions. 10 

Details on the implementation of the combined conditioning process using the extreme-stress-
drop and shear-strain-threshold approaches, which provides context for the use of the 
shear-strain-threshold probability distribution,11 are provided in the sections below. Responses to 
RAI 2.2.1.1.1-006 and RAI 2.2.1.1.1-007 refer to these sections for details on the overall 
implementation of the conditioning approaches. 

1.1 EXTREME-STRESS-DROP CONDITIONING 

The first step in applying the combined conditioning approaches is to implement the 
extreme-stress-drop approach. Extreme stress drop is characterized as a lognormal distribution 
with a median of 400 bars and a standard deviation (σln) of 0.6.12 This distribution is assumed in 
the context of the point-source stochastic ground motion model13 using a single-corner-
frequency source representation. For the conditioning calculations, the extreme-stress-drop 
distribution is represented by three discrete values: 150, 400, and 1,100 bars with weights of 0.2, 
0.6, and 0.2, respectively.14 In Section 6.2.2.4 and Figures 6.2-22 and 6.2-28 of Earthquake 
Ground Motion Input for Preclosure Seismic Design and Postclosure Performance Assessment 
of a Geologic Repository at Yucca Mountain, NV,15 modeling of extreme ground motion is 
carried out for moment magnitude (M) 6.0 and 6.5, consistent with the range of magnitude that 
dominates seismic hazard at mean annual probabilities of exceedance less than about 10−4. 
Results for each magnitude are weighted equally. Other model inputs used in ground motion 
modeling for extreme-stress-drop conditioning are described.16 To characterize ground motion 
from an extreme-stress-drop earthquake, for each combination of extreme stress drop and 
moment magnitude, 60 ground motion realizations are computed. In each realization, stress drop, 
source depth, crustal attenuation parameter Q0, site attenuation parameter kappa, site velocity 
profile, and tuff dynamic material model curves are randomized. The resulting suite of 5% 
dampeda response spectra are taken to follow a lognormal distribution and their geometric mean 
is calculated. 

]'[]|'[ xxPxP m >Δσ

xxP ]'[ >
]|'[ mm xxP

The resulting distribution of response spectra for the six combinations of extreme stress drop and 
moment magnitude are used to condition the results from the PSHA for Yucca Mountain:17 

  (Equation 1) []' xPxx m
C >=>

in which  is the extreme-stress-drop-conditioned hazard for the PSHA reference rock 
outcrop for ground motion x, 

C

σΔ>
]'[ xxP >

                                                

 is the complementary cumulative distribution 
function for extreme ground motion xm given extreme stress drop Δσm, and  is the 
unconditioned hazard for the PSHA reference rock outcrop. Conditioning is carried out for the 

 
a Unless otherwise indicated, all response spectra mentioned in this document are determined for 
5% damping. 
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PGA hazard curve. ]|'[ mm xxP σΔ>

]|' mm x

 is calculated based on a lognormal distribution using the 
geometric mean value of PGA determined from the point-source ground motion modeling and a 
σln of 0.15. A σln of 0.15 is used rather than the modeled value of σln to avoid double counting 
the effects of variability, which are already included in the unconditioned PSHA results.18 

An example of [xP σΔ>  is shown in Figure RAI 2.2.1.1.1-008-1. For an extreme stress 
drop of 1,100 bars and a moment magnitude of 6.5, the geometric mean for PGA at the PSHA 
reference rock outcrop from the 60 realizations of the response spectrum is about 3.79 g.19 For a 
σln of 0.15, the complementary cumulative probability distribution goes from 1 for PGA less 
than about 2 g to near 0 for PGA greater than about 6 g (Figure RAI 2.2.1.1.1-008-1). Thus, for 
this case, extreme-stress-drop conditioning has no effect on PGA hazard exceedance 
probabilities for PGA less than about 2 g and has a very large effect on hazard exceedance 
probabilities for PGA greater than about 6 g, effectively limiting probabilistic PGA to a 
maximum of about 6 g. 

Extreme-stress-drop conditioning is carried out based on the geometric mean for the modeled 
PGA distribution for each of the six combinations of moment magnitude (M 6.0, M 6.5) and 
extreme stress drop (150, 400, and 1,100 bars). The resulting conditioned PGA hazard curves are 
then combined using the weight associated with each combination to produce a final 
extreme-stress-drop conditioned horizontal PGA hazard curve as shown in Figure RAI 2.2.1.1.1-
008-2.20 

Based on the ratio of final conditioned to unconditioned PGA hazard as a function of mean 
annual exceedance probability, unconditioned uniform hazard spectra from the PSHA are scaled 
to reflect extreme-stress-drop conditioning as shown in Figure RAI 2.2.1.1.1-008-3.21 Using this 
method, the shape of the uniform hazard spectrum determined in the PSHA is maintained, while 
its level of spectral acceleration reflects extreme-stress-drop conditioning. The same scaling 
approach is applied to PGV hazard. Finally, the conditioned uniform hazard spectra are used to 
construct conditioned hazard curves for the ground motion measures addressed in the PSHA 
(0.3, 0.5, 1, 2, 5, 10, and 20 Hz response spectral acceleration; PGA; and PGV). For PGV, in 
addition to conditioning the mean hazard curve, conditioning is also carried out for the 5th, 15th, 
50th, 85th, and 95th fractile hazard curves. 

Figure RAI 2.2.1.1.1-008-4 summarizes the extreme-stress-drop conditioning process. 

1.2 SHEAR-STRAIN-THRESHOLD CONDITIONING 

Implementation of combined shear-strain-threshold and extreme-stress-drop conditioning is 
accomplished by applying the shear-strain-threshold approach to hazard curves that have been 
previously conditioned using the extreme-stress-drop approach.22 This section describes the 
details of the shear-strain-threshold conditioning component of the implementation. 

As described in Section 6.2 of Peak Ground Velocities for Seismic Events at Yucca Mountain, 
Nevada,23 the conceptual basis for the shear-strain-threshold approach is that if high enough 
levels of horizontal PGV affected the entirety of the repository block, they would produce shear 
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strain levels that would cause inter-lithophysal fractures to form pervasively throughout the 
Tptpll. Because geologic investigations do not yield evidence of such damage, it is inferred that 
sufficiently high levels of PGV have not occurred at Yucca Mountain since the tuff was 
deposited approximately 12.8 million years ago. Ground motion site response modeling is used 
to determine the level of horizontal PGV that would be required to generate shear strains 
exceeding the damage threshold, and this level of ground motion is taken as a reasonable bound, 
consistent with the geologic setting of Yucca Mountain. 

In BSC 2008c in SAR 1.1.10,24 the shear-strain-threshold approach implemented in Peak 
Ground Velocities for Seismic Events at Yucca Mountain, Nevada25 is updated to take into 
account additional geotechnical data and enhanced to incorporate aleatory variability in shear 
strain. The approach is also generalized to address the full suite of ground motion measures 
included in the PSHA. Furthermore, the geologic observations for the Tptpll are used to 
condition hazard curves at the PSHA reference rock outcrop rather than at the repository waste 
emplacement level. This allows the shear-strain-threshold-conditioned hazard curves to form the 
basis for development of site-specific ground motions at the surface facilities area as well as at 
the repository waste emplacement level. 

Laboratory uniaxial compression testing of 288-mm-diameter tuff specimens, corroborated by 
numerical simulation of lithophysal tuff deformation, led to the determination of a 
shear-strain-increment threshold beyond which the tuff would exhibit geologically observable 
fracturing. 26 Given uncertainty in the evaluation, this threshold was characterized by a triangular 
probability distribution ranging from 0.09% to 0.25% shear strain with a mode of 0.16%. In the 
updated implementation of the shear-strain-threshold conditioning approach, a uniform 
probability distribution is used,27 maintaining the original 0.09% to 0.25% range (Figure RAI 
2.2.1.1.1-008-5). Implementation using the uniform distribution is carried out by conditioning 
using two discrete shear-strain threshold values (0.09% and 0.25%) and weighting the resulting 
conditioned hazard curves equally. 

Shear-strain-threshold conditioning is carried out using Equation A-4 from BSC 2008c:28 

∑ > iim xPxxP ][]|[ γγ=>
i

C Px []'

]|[ im xP

  (Equation 2) 

in which  is the shear-strain conditioned ground motion hazard at the PSHA reference 
rock outcrop for ground motion x, 

CxxP ]'[ >
γγ > , is the complementary cumulative distribution 

function for shear strains at the repository waste emplacement level (γ) given ground motion xi at 
the PSHA reference rock outcrop with γm, the non-exceeded shear strain threshold value  is 
the probability of ground motion xi at the PSHA reference rock outcrop, and the summation is 
over the range (i) of ground motion values defining the hazard curve. In the case for which 
shear-strain-threshold conditioning is applied by itself (i.e., not in conjunction with 
extreme-stress-drop conditioning),  is the probability of unconditioned ground motion and 
is determined from the unconditioned PSHA hazard curves by differencing. In the case for which 
both the shear-strain-threshold and extreme-stress-drop approaches are applied,  is the 

][ ixP

][ ixP

][ ixP
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probability of extreme-stress-drop-conditioned ground motion and is determined from the 
extreme-stress-drop-conditioned hazard curve by differencing. The term ]|[ im xP γγ >  is 
evaluated using the results from site-response modeling. Note that the 2008 implementation of 
the shear-strain-threshold conditioning approach is an update and differs from the original 2005 
implementation. 

1.2.1 Development of Ground Motions Supporting the Original Shear-Strain-Threshold 
Conditioning Approach 

In the original implementation of the shear-strain-threshold conditioning approach,29 
site-response modeling results from Development of Earthquake Ground Motion Input for 
Preclosure Seismic Design and Postclosure Performance Assessment of a Geologic Repository 
at Yucca Mountain, NV30 were used. Site-response modeling was accomplished using a random-
vibration-theory-based equivalent-linear approach.31 That phase of site-response modeling and 
development of site-specific ground motions used Approach 2B described in Section 6.1 of 
NUREG/CR-6728.32 Site-specific ground motions were determined for a suite of mean annual 
probabilities of exceedance. For shear-strain-threshold conditioning, PGV and shear strain results 
for the nominal depth of the Tptpll for mean annual probabilities of exceedance of 10−4, 
10−5, 10−6, and 10−7 were used. 

In site-response modeling supporting the original implementation, ground motion input to the 
site-response model (control motion) consisted of scaled deaggregation earthquake response 
spectra33 for each mean annual probability of exceedance of interest. For response oscillator 
frequency ranges of 1-to-2 Hz and 5-to-10 Hz, deaggregation earthquakes (magnitude, distance 
combination) were based on the earthquakes controlling the seismic hazard at a particular mean 
annual probability of exceedance. For each response oscillator frequency range, three 
deaggregation earthquakes were developed to represent the distribution of magnitudes 
contributing to ground motion hazard. The deaggregation earthquake response spectra were then 
scaled to match the uniform hazard spectrum from the PSHA in the appropriate frequency range. 
The scaled deaggregation earthquake response spectra, thus, are a representation of the PSHA 
ground motion hazard results. This representation is appropriate for input to the site-response 
model. 

Other key inputs to the site-response modeling are velocity profiles and tuff dynamic material 
property curves that characterize the site materials, including uncertainty in that characterization. 
Development of velocity profiles and sets of tuff dynamic material property curves relied on 
geotechnical information available for the 2004 phase of site-response modeling.34 The seismic 
velocity of the repository block tuff was represented by two mean profiles to characterize the site 
material and its epistemic uncertainty.35 Two sets of tuff dynamic material property curves were 
also developed to characterize the tuff and uncertainty in its properties.36 

Based on the characterization of the repository block tuff and control ground motions, 
site-response modeling was carried out for the various combinations of inputs.37 For each mean 
annual probability of exceedance, combinations were based on the two response oscillator 
frequency ranges, three deaggregation earthquakes for each oscillator frequency range, two tuff 
velocity profiles, and two sets of tuff dynamic material property curves. In addition, for each 
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combination, horizontal site response was calculated for two wave propagator types: inclined 
incident waves and vertically incident waves. For each of the combinations, aleatory variability 
in site properties was taken into account by stochastically generating 60 velocity profiles and sets 
of dynamic property curves based on the mean base-case profiles and sets of curves. Site 
response was calculated for each of the 60 profiles and sets of curves for each combination. 

In the original implementation of the shear-strain-threshold approach, site-response modeling 
based on the above inputs provided the basis for relating horizontal PGV at the repository waste 
emplacement level to seismically produced shear strain at the nominal depth of the Tptpll.38 For 
a given hazard level, PGV and shear strain results, as a function of depth, were aggregated for 
each combination of velocity profile, dynamic property curves, response oscillator range, and 
wave propagator type. Taking the results as lognormally distributed, the geometric mean was 
determined for PGV and shear strain for each combination. Results for PGV and shear strain 
were then arithmetically averaged over the nominal depth range of the Tptpll. Results for the two 
wave propagator types were then averaged. This process was carried out for 4 mean annual 
probabilities of exceedance (10−4, 10−5, 10−6, and 10−7) and resulted in 4 PGV shear-strain pairs 
for each of the 8 combinations of velocity profile, tuff dynamic material property curve set, and 
response oscillator frequency range.39 

Based on these results relating horizontal PGV to shear strain, and using linear interpolation 
between calculated results, the triangular shear-strain-threshold probability distribution was 
transformed to a corresponding distribution for bounding horizontal PGV for each 
combination.40 Each of these distributions was then converted to a corresponding 
complementary cumulative distribution function that was used to condition the site-specific 
horizontal PGV hazard curve for the repository waste emplacement level using: 

]'[]]'[ yyPyyP C >=>  (Equation 3) |[ yyP mm > γ

CyyP ]'[ >
in which y is horizontal PGV at the repository waste emplacement level (taken as equivalent to 
PGV at the nominal depth of the Tptpll),  is conditioned horizontal PGV hazard, 

]|[ mm yyP γ>  is the complementary cumulative distribution function for the probability that the 
bounding horizontal PGV value is greater than y, given the shear-strain-threshold distribution γm, 
and  is the unconditioned horizontal PGV hazard at the repository waste emplacement 
level.

]'[ yyP >
41 The unconditioned hazard curve for the repository waste emplacement level was 

developed using linear interpolation and extrapolation of the logarithm of mean annual 
probability of exceedance and the logarithm of horizontal PGV values for the four hazard levels 
evaluated. For each value of PGV, the final conditioned horizontal PGV hazard curve is 
determined by averaging the probabilities for the 8 conditioned hazard curves associated with the 
8 combinations of velocity profile, tuff dynamic material property curve set, and response 
oscillator frequency range using equal weight.42 
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1.2.2 Development of Ground Motions Supporting the Updated Shear-Strain-Threshold 
Conditioning Approach 

In the updated implementation of the shear-strain-threshold conditioning approach, site-response 
modeling results from BSC 2008c in SAR 1.1.1043 were used to establish the relation between 
shear strain at the nominal depth of the Tptpll and PGV at the PSHA reference rock outcrop. In 
the updated approach other measures of ground motion are also addressed (i.e., PGA, 0.3 Hz, 0.5 
Hz, 1 Hz, 2 Hz, 5 Hz, 10 Hz, 20 Hz spectral acceleration). Similar to the original approach, 
site-response modeling was accomplished using a random-vibration-theory-based equivalent-
linear approach.44 For this updated phase of site-response modeling and development of site-
specific ground motions, Approach 3 from NUREG/CR-672845 was employed.46 As part of the 
implementation of Approach 3, site-response modeling is used to develop a catalog of transfer 
functions (also called amplification factors) relating ground motion at the PSHA reference rock 
outcrop to ground motion and shear strain at the repository waste emplacement level.47 

The catalog of transfer functions is developed for a range of control motion amplitudes.48 
Control motion inputs are based on results of the Yucca Mountain PSHA and are developed such 
that they exhibit PGAs ranging from 0.01 to 10 g.49 This range of inputs provides transfer 
functions appropriate for ground motion levels associated with mean annual probabilities of 
exceedance from 10−2 to 10−8 at the PSHA reference rock outcrop. Reference earthquake 
response spectra derived from the PSHA results50 are scaled such that their PGA values match 
the intended target level.51 Site response is calculated using two scaled reference earthquake 
response spectra for each PGA level: one for the response oscillator frequency range of 1-to-2 
Hz and one for the range of 5-to-10 Hz. Thus, site response is calculated for earthquakes 
dominating both low and high response oscillator frequency ranges for a wide range of input 
PGA amplitudes. 

For the updated approach, updated velocity profiles and dynamic property curve sets were used, 
taking into account geotechnical data collected through 2006. The repository block was again 
represented by two base-case velocity profiles reflecting spatial differences in the observed mean 
velocity of the tuff.52 Tuff dynamic material property curves were updated to incorporate effects 
of confining pressure (i.e., depth). Two base-case sets of curves were again employed to 
represent the epistemic uncertainty in property characteristics.53 In addition, weights were 
developed for the two sets of curves to reflect their assessed likelihood of representing the in situ 
conditions at Yucca Mountain.54 Site-response modeling was carried out for each combination of 
base-case velocity profile (2 cases), tuff dynamic material property curve set (2 cases), response 
oscillator frequency range (2 cases), and control motion PGA level (21 cases).b In addition, for 
each combination, aleatory variability was taken into account by computing the site-response for 

                                                 
b For PGA level, while site response was calculated for 21 control motion PGA levels 
(i.e., 0.01 g, 0.05 g, 0.1 g, 0.2 g, 0.3 g, 0.4 g, 0.5 g, 0.75 g, 1 g, 1.25 g, 1.5 g, 2 g, 2.5 g, 3 g, 4 g, 
5 g, 6 g, 7 g, 8 g, 9 g, 10 g), results from only 20 levels were used in conditioning. Results for 
control motion with PGA of 6 g were omitted (e.g., file SAT.07\EHCS15E3.M12\ 
MSTR10G.009\003\AM1P02B1.IN) as it was judged the density of results was sufficient at that 
level with the remaining results. 
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60 stochastic realizations of velocity profile and tuff dynamic material property curves based on 
the base-case profiles and curves. 

Results of the site-response modeling are used to evaluate the term ]|[ im xP γγ >

[P

 in Equation 2. 
Because the updated shear-strain-threshold probability distribution is taken as uniform with a 
range of 0.09% to 0.25%, the evaluation is carried out for the two end values: 0.09% and 0.25%. 
For each ground motion measure and shear-strain-threshold combination, ]| im xγγ >

]| ix

 is 
evaluated for each of the four combinations of tuff velocity profile and tuff dynamic material 
property curves. Results for either the 1-to-2 Hz response frequency range or the 5-to-10 Hz 
response frequency range are used depending on the ground motion measure and the annual 
probability of exceedance.55 The choice of which result to use is based on which is the dominant 
contributor to seismic hazard for the combination of ground motion measure and mean annual 
probability of exceedance. This is assessed from hazard deaggregation results. For each 
combination of velocity profile and dynamic material property curve, the [ mP γγ >  term is 
evaluated using the results from 20 of the PGA level control motion cases. For values of xi, the 
geometric mean of the shear strain at the nominal depth of the Tptpll from the site-response 
modeling, and the associated shear strain σln, are tabulated. Results for either the 1-to-2 Hz or 
5-to-10 Hz response frequency range are used depending on the ground motion measure and 
annual probability of exceedance.56 The results are then resampled to a common set of ground 
motion values using interpolation and extrapolation. For ground motion values exceeding the 
maximum for which site response modeling was carried out, the calculated shear strain 
associated with that maximum ground motion input is conservatively used. If shear strains were 
extrapolated to higher levels, the probability of exceeding the shear-strain threshold would 
increase and the amount of conditioning reduction in the hazard curves would be greater. A 
generic illustration of the relation between shear strain and ground motion is shown in 
Figure 2.2.1.1.1-008-6. 

For each combination of ground motion measure and shear-strain-threshold value, conditioned 
hazard curves are developed for the four combinations of velocity profile and dynamic material 
property curve set. If the results of only shear-strain-threshold conditioning are desired, 
Equation 2 is evaluated determining  from the unconditioned hazard curve for the PSHA 
reference rock outcrop. If results of combined extreme-stress-drop and shear-strain-threshold 
conditioning are desired, Equation 2 is evaluated determining  from the extreme-stress-
drop conditioned hazard curve for the PSHA reference rock outcrop. Once the conditioned 
hazard curves for the four combinations of velocity profile and dynamic material property curves 
are determined, the final conditioned hazard curve is calculated by taking the weighted average, 
for a given ground motion measure value, of the probabilities from the four conditioned hazard 
curves for each of the shear-strain-threshold values (eight hazard curves).

][ ixP

][ ixP

57 Results for the two 
shear-strain-threshold values and the two base-case velocity profiles are weighted equally; 
results using the different base-case sets of tuff dynamic material property curves are weighted as 
described in BSC 2008c in SAR 1.1.10.58 Figure RAI 2.2.1.1.1-008-7 shows a generic 
illustration of a final conditioned hazard curve and the eight intermediate hazard curves whose 
weighted average is its basis. For PGV, in addition to conditioning the mean hazard curve, 
conditioning is also carried out for the 5th, 15th, 50th, 85th, and 95th fractile hazard curves. 
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Figure RAI 2.2.1.1.1-008-8 summarizes the updated shear-strain-threshold conditioning process. 
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Figure RAI 2.2.1.1.1-008-1. Complementary Cumulative Distribution for the Extreme-Stress-Drop 

Conditioning Case with Moment Magnitude 6.5 and Stress Drop of 
1,100 Bars 

Source: BSC 2008, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV. Appendix D Electronic Attachment, 
File Y06.D\RASCALS\PT.A\EX.6\M65\D01H08\SD1100\LOGN\SA.LOG 
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Figure RAI 2.2.1.1.1-008-2. Extreme-Stress-Drop Conditioned Mean Hazard for Horizontal Peak 

Ground Acceleration 

NOTE: M is moment magnitude; stress drop is the stress parameter for the stochastic point-source ground motion 
model in bars. 

Source: BSC 2008, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Appendix D Electronic Attachment, 
Files Y.06\EHCS15E2.MD1\EX.6\M60\D01H08\SD0150\H1000.OUT, 
Y.06\EHCS15E2.MD1\EX.6\M60\D01H08\SD0400\H1000.OUT, 
Y.06\EHCS15E2.MD1\EX.6\M60\D01H08\SD1100\H1000.OUT, 
Y.06\EHCS15E2.MD1\EX.6\M65\D01H08\SD0150\H1000.OUT, 
Y.06\EHCS15E2.MD1\EX.6\M65\D01H08\SD0400\H1000.OUT, 
Y.06\EHCS15E2.MD1\EX.6\M65\D01H08\SD1100\H1000.OUT, 
Y.06\EHCS15E2.MD1\FRACTILE.PGA\SCALE\FINDIT\FDH1000.DAT 
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Figure RAI 2.2.1.1.1-008-3. Scaling to Obtain Extreme-Stress-Drop Conditioned Uniform Hazard 

Spectra 

NOTE: Top: Ratio between extreme-stress-drop conditioned mean horizontal PGA hazard and unconditioned 
mean horizontal PGA hazard for an extreme stress drop of 1100 bars and M 6.5. Bottom: Example of 
scaling to obtain extreme-stress-drop conditioned uniform hazard spectra for a mean annual probability of 
exceedance of 1-6. 

Source: BSC 2008, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Appendix D Electronic Attachment, File Y06.D\EHCS15E2.MD1\FRACTILE.PGA\SMRAT\H1000.RAT 
and Y06.D\EHCS15E2.MD1\FRACTILE.PGA\SCALE\SCALE.XLS 
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Extreme-Stress-Drop Approach 

Combined Stochastic RVT-based Assess Extreme Stress Drop 
Point-Source Ground Motion and Site Distribution for the Yucca Mountain 
Response Modeling for PSHA Geologic Setting

Figure RAI 2.2.1.1.1-008-4. Flow Diagram for Extreme-Stress-Drop Conditioning 

NOTE: RVT = random vibration theory; UHS = uniform hazard spectra. 

 
• Lognormal distribution with a 

median of 400 bars and σln of 
0.6 

Reference Rock Outcrop 
• Moment Magnitude 6.0 and 6.5 
• Discrete weighted 3-point 

representation of extreme 
stress drop distribution (150, 
400, and 1,100 bars) 

• Randomization of model input 
parameters 

• Output: distribution of response 
spectra (extreme ground 
motion) for each combination of 
moment magnitude and 
extreme stress dro

Condition Horizontal PGA Hazard 
Using Extreme PGA Value 

• Carry out conditioning using 
calculated distribution of PGA 
for each of the six 
combinations of moment 
magnitude and extreme stress 
drop 

• Use ground motion σln of 0.15 
to avoid double-counting 
variability 

• Output: Six intermediate 
conditioned PGA hazard curve 

p 

Final Conditioned Horizontal PGA 
Hazard Curve 

• Compute final conditioned PGA 
hazard curve by averaging 
probabilities of intermediate 
conditioned PGA hazard 
curves using appropriate 
weights Determine Conditioned Uniform Hazard 

Spectra 
• Using ratio of conditioned PGA 

hazard to unconditioned PGA 
hazard, scale unconditioned 
UHS and PGV to obtain 
conditioned UHS and PGV for 
suite of mean annual 
probabilities of exceedance 

Determine Final Conditioned Hazard 
Curves 

• Using conditioned UHS and 
PGV for multiple mean annual 
probabilities of exceedance, 
develop conditioned hazard 
curves for 0.3 Hz, 0.5 Hz, 1 Hz, 
2 Hz, 5 Hz, 10 Hz, 20 Hz 
spectral acceleration and PGV To Shear-Strain-Threshold 

Conditioning 
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Figure RAI 2.2.1.1.1-008-5. Uniform Probability Distribution for Shear-Strain Threshold 

NOTE: In implementing shear-strain-threshold conditioning, the uniform probability distribution is treated as a 
discrete distribution consisting of two values (0.09 and 0.25) that are weighted equally. 

Source: BSC 2008. Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Section A2.2
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Figure RAI 2.2.1.1.1-008-6. Generic Illustration of the Use of Site Response Modeling Results for 

Shear-Strain-Threshold Hazard Conditioning 
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Figure RAI 2.2.1.1.1-008-7. Generic Illustration of Ground Motion Hazard Conditioned Using the 

Combined Shear-Strain-Threshold and Extreme-Stress-Drop Approaches 

NOTE: In the legend, M1 and M3 refer to the “Upper Mean Tuff” and “Lower Mean Tuff” dynamic material property 
curve sets, respectively; B1 and B4 refer to the “soft” and “stiff” base-case velocity profiles for the 
repository block, respectively, 0.09 and 0.25 refer to the discrete shear-strain-threshold values used to 
represent the shear-strain-threshold uniform distribution. 
ESD = extreme-stress-drop. 
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Figure RAI 2.2.1.1.1-008-8. Flow Diagram for Updated Shear-Strain-Threshold Conditioning 

NOTE: RVT = random vibration theory. 

Updated Shear-Strain-Threshold Approach 

RVT-based Equivalent-Linear Site-
Response Modeling for the 
Repository Waste Emplacement 
Level 

• Control motion consisting 
of reference earthquake 
response spectra scaled 
to obtain PGA ranging 
from 0.01g to 10 g. 

• Carried out for both 1-2 
Hz and 5-10 Hz response 
frequency ranges 

• Carried out for 4 
combinations of mean 
velocity profile and 
dynamic material property 
curve sets 

• Output: Shear-strain and 
shear-strain sigma for the 
Topopah Spring lower 
lithophysal unit (taken as 
equivalent to the 
repository waste 
emplacement level) as a 
function of ground motion 
at the PSHA reference 
rock outcrop 

Shear-Strain-Threshold 
• Uniform probability distribution 
• Represented by two equally weighted 

discrete values: 0.09% and 0.25% 

Condition Ground Motion Hazard Using Shear-
Strain-Threshold and Site-Response Modeling 
Results 

• Carry out conditioning for each 
combination of velocity profile, dynamic 
material property curves, and shear-strain-
threshold case (8 combinations) 

• Use site-response model results to 
determine relation between ground motion 
and shear strain 

• Use results for various reference 
earthquake inputs depending on ground 
motion measure and ground motion level 
(annual probability of exceedance) 

• Output: Eight intermediate conditioned 
hazard curves for each ground motion 
measure

Hazard Curve at the PSHA 
Reference Rock Outcrop 

• Unconditioned PSHA 
hazard for implementation 
of shear-strain-threshold 
approach only 

• Extreme-stress-drop 
approach conditioned 
hazard for implementation 
of combined approaches 

Final Conditioned Hazard Curves 
• Compute final conditioned hazard curves 

by averaging probabilities of intermediate 
conditioned hazard curves using 
appropriate weights 
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RAI Volume 2, Chapter 2.1.1.1, First Set, Number 9: Clarify the technical 
bases for development of compression wave (VP) velocity profiles for the surface 
facilities and repository block discussed in SAR Section 1.1.5.2.7.2. (Pages 1.1-98 
and 1.1-100). Explain why the directly measured VP values were not used for the 
VP profiles, in contrast to section 6.4.2.5.2 of BSC 2008c (SAR Section 1.1.10 
General references) that seems to include directly measured VP data from 
boreholes drilled in 2000 and 2001. 

In the SAR Section 1.1.5.2.7.2, the applicant states that the VP profiles were 
derived from the VS profiles and smoothed and extrapolated Poisson Ratio curves. 
In contrast, the applicant states in BSC 2008c that the measured VP profiles from 
fifteen boreholes drilled in 2000 and 2001 were used to first generate the 
smoothed Poisson Ratio curves. The Poisson Ratio curves were extrapolated to 
greater depths based on vertical seismic profiling (VSP) data. The smoothed and 
extrapolated Poisson Ratio curves were then combined with VS profiles to 
recompute VP profiles. These recomputed VP profiles were used in the site 
response analysis and to support average Poisson Ratio values for the Calico Hills 
Formation and Prow Pass Tuff. The applicant has not provided rationale to show 
why the directly measured VP measurements were not used for the VP profiles. 
Moreover, the applicant states that sensitivity calculations show that uncertainty 
in the VP profiles did not significantly alter their modeled results (BSC, 2008c, 
page 6-53). Yet, the applicant has not provided supporting information to 
substantiate this claim. The information is needed to verify compliance with 
10 CFR 63.21(c)(1)(ii) and 10 CFR 63.112(c). 

1. RESPONSE 

This response clarifies the technical basis for development of base-case compression-wave 
velocity (VP) profiles used in vertical site-response modeling. It addresses the use of Poisson’s 
ratio to determine VP profiles based on base-case shear-wave velocity (VS) profiles. The 
response also provides supporting information to examine the sensitivity of ground motions to 
values of Poisson’s ratio used to determine VP profiles for stratigraphic units below the 
Paintbrush Group. 

1.1 TECHNICAL BASIS FOR DEVELOPMENT OF BASE-CASE VP PROFILES 

The technical bases for development of VP profiles for the surface geologic repository operations 
area (GROA) and repository block are provided below. Specifically, the response explains why 
directly measured VP values were not used for VP profiles in Section 6.4.2.5.2 of BSC 2008c 
from SAR 1.1.10.1 

In BSC 2008c, base-case VP profiles for site-response modeling were determined from the base-
case VS profiles and Poisson’s ratio.2 This approach is similar to that used in Section 6.2.3.3.2 of 
the 2004 report, Development of Earthquake Ground Motion Input for Preclosure Seismic 
Design and Postclosure Performance Assessment of a Geologic Repository at Yucca Mountain, 
NV,3 for the repository block. For the surface GROA, however, the 2004 report used downhole 
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and suspension logging VP data to develop base-case P-wave profiles.4 In the current analysis, 
the Poisson’s ratio approach is also applied to the surface GROA. This change is made because, 
with the evolution of the surface facilities layout to cover a larger area than considered in the 
2004 report,5 greater reliance is made on spectral analysis of surface wave (SASW) data to 
characterize the velocity of the site. Interpretations of SASW data provide only S-wave profiles. 
This necessitates the use of Poisson’s ratio to develop VP profiles corresponding to mean 
base-case VS profiles. 

The velocity profiles for the surface GROA and the repository block are developed on the basis 
of available velocity data and the geologic framework of the sites.6 Velocity data for the sites 
were acquired using a range of techniques: SASW, downhole seismic velocity surveys, 
suspension logging surveys, sonic velocity logging, and vertical seismic profiling (VSP). These 
techniques can measure VP and VS except SASW, which only measures VS. Borehole-based 
techniques provide information on velocities in the immediate vicinity of the borehole. SASW 
surveys complement the borehole-based measurements and provide information on the average 
velocity along the length of the survey line. 

Final profiles for site response modeling are developed by combining, as appropriate, the 
component profiles for alluvium, the tuffs of the Timber Mountain and Paintbrush Groups, and 
the VS values for the Calico Hills Formation and Prow Pass Tuff. For the repository block, the 
base-case VP profiles are determined using the base-case VS profiles, which are derived from 
SASW data, and VP/VS ratios calculated from Poisson’s ratio data. There are no directly 
measured VP profiles to determine the base-case VP profiles with the exception of a few shallow 
downhole velocity profiles (< 100 ft) that were measured in 2000 on the crest of Yucca 
Mountain. Eight borehole surveys were performed but the P-wave data are generally unusable 
because of interference from seismic waves that traveled along the steel casing in these 
boreholes.7 The VP/VS ratios applied to base-case VS profiles over depths nominally 
corresponding to tuffs of the Paintbrush Group are derived from Poisson’s ratio values 
determined from VSP data (0.3). The VP/VS ratios applied over depths nominally corresponding 
to the Calico Hills Formation and the Prow Pass Tuff are derived from Poisson’s ratio values 
determined from sonic velocity data (0.25). 

At the surface GROA, VP profiles for tuffs of the lower Timber Mountain Group and upper 
Paintbrush Group are available for 16 downhole surveys and 16 suspension surveys performed in 
2000 to 2001. A total of 38 SASW surveys were also performed at the surface GROA in 2000 to 
2001. In the 2004 to 2005 geotechnical investigation program, 41 SASW surveys at 24 locations 
were performed at the surface GROA to enhance the characterization of the subsurface velocity 
structures in the areas of important-to-safety buildings. No directly measured VP data were 
collected in 2004 to 2005. The 2000 to 2001 and 2004 to 2005 data formed the bases for the VS 
and VP profiles above the Calico Hills Formation (top ~1,300 ft) used in the development of 
design ground motions.8 

Because the SASW survey results are more abundant and cover a significantly greater area than 
the downhole and suspension surveys, the base-case VP profiles for the surface GROA are 
developed based on the base-case VS profiles and an estimate of the mean Poisson’s ratios as a 
function of depth. Poisson’s ratios are calculated based on the 2000 to 2001 downhole and 
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suspension VS and VP data at the surface GROA for tuffs of the lower Timber Mountain Group 
and upper Paintbrush Group and the sonic VS and VP data for the Calico Hills Formation and 
Prow Pass Tuff.9 

1.2 SENSITIVITY ANALYSES 

Figures RAI 2.2.1.1.1-009-1 through RAI 2.2.1.1.1-009-13 show that uncertainty in the 
Poisson’s ratio used to develop VP profiles for the Calico Hills Formation and the Prow Pass 
Tuff does not significantly alter the site-wide ground motion results. 

Base-case VP profiles were calculated from base-case VS profiles on the basis of mean Poisson’s 
ratio values determined from site data.10 For the Calico Hills Formation and the Prow Pass Tuff, 
a Poisson’s ratio value of 0.25 was used based on sonic velocity data.11 VSP data in the vicinity 
of the repository block indicated a constant 0.3 value for Poisson’s ratio at depth.12 Sensitivity 
analyses were carried out to evaluate the impact on ground motion if a Poisson’s ratio value of 
0.3 had been used for the Calico Hills Formation and the Prow Pass Tuff, rather than 0.25.13 For 
the surface GROA, to evaluate sensitivity, two cases were run with the alternate VP profile 
values for the Calico Hills Formation and Prow Pass Tuff (depths below 1,100 ft). The velocity 
profile for the area northeast of the Exile Hill fault splay was used with alluvium thickness 
values of 30 and 200 ft. For the repository block, both base cases were run with the alternate VP 
profile values for the Calico Hills Formation and Prow Pass Tuff (depths below 1,300 ft). 

Comparisons of the vertical 5% damped response spectra for the sensitivity cases to the site-wide 
vertical uniform hazard spectrum (UHS) are shown in Figures RAI 2.2.1.1.1-009-1 to 
RAI 2.2.1.1.1-009-6 for the surface GROA and in Figures RAI 2.2.1.1.1-009-7 to 
RAI 2.2.1.1.1-009-13 for the repository block. For the surface GROA, results are compared for 
ground motion with mean annual probabilities of exceedance of 10−3, 5 × 10−4, 10−4, 10−5, 10−6, 
and 10−7. For the repository block, comparisons are shown for mean annual probabilities of 
exceedance of 10−3, 5 × 10−4, 10−4, 10−5, 10−6, 10−7, and 10−8. For both sites, the comparisons 
show that the sensitivity results are comparable to or slightly less than the respective site-wide 
UHS based on the alternate value of Poisson’s ratio. Thus, the use of 0.3 or 0.25 as the value of 
Poisson’s ratio to convert base-case VS profiles to base-case VP profiles for the Calico Hills 
Formation and Prow Pass Tuff has a negligible impact on site-specific vertical ground motion. 

2. COMMITMENTS TO NRC 

None. 

3. DESCRIPTION OF PROPOSED LA CHANGE 

None. 
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Figure RAI 2.2.1.1.1-009-1. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 
to the Surface GROA Site-Wide Vertical Uniform Hazard Spectrum with 
a 10−3 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the surface GROA with a 10−3 mean annual 
probability of exceedance using a Poisson’s ratio of 0.25 to determine the base-case VP profile from the 
base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. The dotted line and the dashed 
line are the sensitivity results for the VP profile for northeast of the Exile Hill fault splay, with 30 and 200 ft 
of alluvium, respectively, using a Poisson’s ratio of 0.3 to determine the base-case VP profile from the 
base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-97[a]. 
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Figure RAI 2.2.1.1.1-009-2. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 

to the Surface GROA Site-Wide Vertical Uniform Hazard Spectrum with 
a 5 × 10−4 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the surface GROA with a 5 × 10−4 mean 
annual probability of exceedance using a Poisson’s ratio of 0.25 to determine the base-case VP profile 
from the base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. The dotted line and 
the dashed line are the sensitivity results for the VP profile for northeast of the Exile Hill fault splay, with 
30 and 200 ft of alluvium, respectively, using a Poisson’s ratio of 0.3 to determine the base-case VP profile 
from the base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-98[a]. 
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Figure RAI 2.2.1.1.1-009-3. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 

to the Surface GROA Site-Wide Vertical Uniform Hazard Spectrum with 
a 10−4 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the surface GROA with a 10−4 mean annual 
probability of exceedance using a Poisson’s ratio of 0.25 to determine the base-case VP profile from the 
base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. The dotted line and the dashed 
line are the sensitivity results for the VP profile for northeast of the Exile Hill fault splay, with 30 and 200 ft 
of alluvium, respectively, using a Poisson’s ratio of 0.3 to determine the base-case VP profile from the 
base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-99[a]. 
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Figure RAI 2.2.1.1.1-009-4. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 

to the Surface GROA Site-Wide Vertical Uniform Hazard Spectrum with 
a 10−5 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the surface GROA with a 10−5 mean annual 
probability of exceedance using a Poisson’s ratio of 0.25 to determine the base-case VP profile from the 
base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. The dotted line and the dashed 
line are the sensitivity results for the VP profile for northeast of the Exile Hill fault splay, with 30 and 200 ft 
of alluvium, respectively, using a Poisson’s ratio of 0.3 to determine the base-case VP profile from the 
base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-100[a]. 
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Figure RAI 2.2.1.1.1-009-5. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 

to the Surface GROA Site-Wide Vertical Uniform Hazard Spectrum with 
a 10−6 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the surface GROA with a 10−6 mean annual 
probability of exceedance using a Poisson’s ratio of 0.25 to determine the base-case VP profile from the 
base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. The dotted line and the dashed 
line are the sensitivity results for the VP profile for northeast of the Exile Hill fault splay, with 30 and 200 ft 
of alluvium, respectively, using a Poisson’s ratio of 0.3 to determine the base-case VP profile from the 
base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-101[a]. 
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Figure RAI 2.2.1.1.1-009-6. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 

to the Surface GROA Site-Wide Vertical Uniform Hazard Spectrum with 
a 10−7 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the surface GROA with a 10−7 mean annual 
probability of exceedance using a Poisson’s ratio of 0.25 to determine the base-case VP profile from the 
base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. The dotted line and the dashed 
line are the sensitivity results for the VP profile for northeast of the Exile Hill fault splay, with 30 and 200 ft 
of alluvium, respectively, using a Poisson’s ratio of 0.3 to determine the base-case VP profile from the 
base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-102[a]. 
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Figure RAI 2.2.1.1.1-009-7. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 

to the Repository Block Site-Wide Vertical Uniform Hazard Spectrum 
with a 10−3 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the repository block waste emplacement level 
with a 10−3 mean annual probability of exceedance using a Poisson’s ratio of 0.25 to determine the 
base-case VP profile from the base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 
The dotted line shows the sensitivity results for the repository block using a Poisson’s ratio of 0.3 to 
determine the base-case VP profile from the base-case VS profile for the Calico Hills Formation and the 
Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-103[a]. 
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Figure RAI 2.2.1.1.1-009-8. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 

to the Repository Block Site-Wide Vertical Uniform Hazard Spectrum 
with a 5 × 10−4 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the repository block waste emplacement level 
with a 5 × 10−4 mean annual probability of exceedance using a Poisson’s ratio of 0.25 to determine the 
base-case VP profile from the base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 
The dotted line shows the sensitivity results for the repository block using a Poisson’s ratio of 0.3 to 
determine the base-case VP profile from the base-case VS profile for the Calico Hills Formation and the 
Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-104[a]. 
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Figure RAI 2.2.1.1.1-009-9. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 

to the Repository Block Site-Wide Vertical Uniform Hazard Spectrum 
with a 10−4 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the repository block waste emplacement level 
with a 10−4 mean annual probability of exceedance using a Poisson’s ratio of 0.25 to determine the 
base-case VP profile from the base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 
The dotted line shows the sensitivity results for the repository block using a Poisson’s ratio of 0.3 to 
determine the base-case VP profile from the base-case VS profile for the Calico Hills Formation and the 
Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-105[a]. 
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Figure RAI 2.2.1.1.1-009-10. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 

to the Repository Block Site-Wide Vertical Uniform Hazard Spectrum 
with a 10−5 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the repository block waste emplacement level 
with a 10−5 mean annual probability of exceedance using a Poisson’s ratio of 0.25 to determine the 
base-case VP profile from the base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 
The dotted line shows the sensitivity results for the repository block using a Poisson’s ratio of 0.3 to 
determine the base-case VP profile from the base-case VS profile for the Calico Hills Formation and the 
Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-106[a]. 
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Figure RAI 2.2.1.1.1-009-11. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 

to the Repository Block Site-Wide Vertical Uniform Hazard Spectrum 
with a 10−6 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the repository block waste emplacement level 
with a 10−6 mean annual probability of exceedance using a Poisson’s ratio of 0.25 to determine the 
base-case VP profile from the base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 
The dotted line shows the sensitivity results for the repository block using a Poisson’s ratio of 0.3 to 
determine the base-case VP profile from the base-case VS profile for the Calico Hills Formation and the 
Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-107[a]. 
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Figure RAI 2.2.1.1.1-009-12. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 

to the Repository Block Site-Wide Vertical Uniform Hazard Spectrum 
with a 10−7 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the repository block waste emplacement level 
with a 10−7 mean annual probability of exceedance using a Poisson’s ratio of 0.25 to determine the 
base-case VP profile from the base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 
The dotted line shows the sensitivity results for the repository block using a Poisson’s ratio of 0.3 to 
determine the base-case VP profile from the base-case VS profile for the Calico Hills Formation and the 
Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-108[a]. 
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Figure RAI 2.2.1.1.1-009-13. Comparison of Vertical Uniform Hazard Spectrum for Sensitivity Cases 

to the Repository Block Site-Wide Vertical Uniform Hazard Spectrum 
with a 10−8 Mean Annual Probability of Exceedance 

NOTE: The solid curve is the site-wide uniform hazard spectrum for the repository block waste emplacement level 
with a 10−8 mean annual probability of exceedance using a Poisson’s ratio of 0.25 to determine the 
base-case VP profile from the base-case VS profile for the Calico Hills Formation and the Prow Pass Tuff. 
The dotted line shows the sensitivity results for the repository block using a Poisson’s ratio of 0.3 to 
determine the base-case VP profile from the base-case VS profile for the Calico Hills Formation and the 
Prow Pass Tuff. 

Source: BSC 2009, Supplemental Earthquake Ground Motion Input for a Geologic Repository at Yucca Mountain, 
NV, Figure 6.4.2-109[a]. 
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RAI Volume 2, Chapter 2.1.1.1, First Set, Number 10: Justify the location and 
characteristics of faults in Midway Valley within the Geological Repository 
Operations Area (GROA) zone of influence of fault-displacement (SAR Section 
1.1.5.1.4; Figures 1.1-59, 1.1-61, 1.1-64). In particular, address the results of the 
43 additional boreholes drilled during 2006 and 2007 and structural-geologic 
interpretations (Orrell, 2007, SAR Section 1.1.10) about relationships between, 
and potential Quaternary slip on, the Bow Ridge block-bounding fault and splays, 
the Exile Hill fault and splays, and the Midway Valley faults and splays, and 
potential effects on the seismic hazard. Additionally, explain how the fault maps 
provided in figures 1.1-59, 1.1-61 and 1.1-64 and the exposed and buried faults in 
cross sections of the GROA figures 1.1-65, 1.1-66, and 1.1-67 are consistent with 
each other and with the most recent interpretations of the boreholes data. 

In SAR Section 1.1.5.1.4, the location and characteristics of faults in Midway 
Valley are discussed, and Section 1.1.10 includes a reference (Orrell 2007) about 
a preliminary reinterpretation of the 43 additional boreholes drilled during 2006 
and 2007 and effects on location of the Bow Ridge fault and adjacent faults near 
proposed aging pads. However, the SAR discussion does not discuss the data and 
its effects on the fault locations and potential seismic hazard. Apparent 
inconsistencies in SAR maps and cross sections of the GROA, and the incomplete 
use of existing potentially relevant data, make the characterization of faults 
relevant to design considerations for GROA structures and facilities unclear. Staff 
needs this information to verify compliance with 10 CFR 63.21(c)(1)(ii) and 
10 CFR 63.112(b), (c) and (d). 

1. RESPONSE 

The locations and characteristics of the faults in Midway Valley have been derived from a 
number of data sources (Geologic Map of the Yucca Mountain Region, Nye County, Nevada, 1 
the bedrock geologic map of the Yucca Mountain area,2 Geologic Framework Model (GFM 
2000), 3 Orrell 2007 in SAR 1.1.104). Drilling conducted from 2006 through 2007 contributed to 
the updated interpretation of the Bow Ridge Fault as shown in SAR Figure 1.1-59. 

This discussion addresses potential impacts to seismic hazard results related to updated geologic 
interpretations for Midway Valley presented in the SAR (Section 1.1.5.2.7.2, p. 1.1-96; 
Figure 1.1-59). Geotechnical boreholes in Midway Valley drilled in 2006 through 2007 form the 
basis for an updated interpretation of the buried location of the Bow Ridge Fault north of Exile 
Hill shown on SAR Figure 1.1-59 and documented by Orrell.5 Based on data from boreholes 
UE-25 RF#75, UE-25 RF#76, UE-25 RF#78, UE-25 RF#79, and UE-25 RF#80, the main trace 
of the Bow Ridge Fault is interpreted to lie several hundred feet east of its previously interpreted 
location and is shown as such on SAR Figure 1.1-59. Buesch and Lung6 considered data from 
18 boreholes drilled in 2005, depth to bedrock data for 23 boreholes drilled in 2006–2007, and a 
more detailed evaluation of 12 additional boreholes drilled in 2006 through 2007, which are 
located in the vicinity of important to safety (ITS) facilities and aging pads. Based on their 
evaluation, Buesch and Lung observed that, with respect to the locations of faults, results are 
“consistent with the locations of previously identified faults with a few additional minor faults.”7 
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The updated borehole information for the location of the Exile Hill Fault and splays and Midway 
Valley Fault and splays does not significantly impact the seismic hazard analysis. Thus, the 
evaluation of potential impact to seismic hazard provided below only addresses the updated 
interpretation of the Bow Ridge Fault. 

Fault displacement hazard was evaluated in the probabilistic seismic hazard analysis (PSHA) for 
Yucca Mountain in the Probabilistic Seismic Hazard Analyses for Fault Displacement and 
Vibratory Ground Motion at Yucca Mountain, Nevada, Sections 4.2 and 8.2.8 Fault displacement 
hazard (i.e., the annual probability that a given level of fault displacement will be exceeded) was 
evaluated for nine demonstration sites, some of which were characterized by multiple 
hypothetical conditions.9 These sites represent the range of faulting conditions found within the 
GROA. Demonstration site #1 is a location along the Bow Ridge Fault west of Exile Hill.10 
Paleoseismic results, observations of faulting in the Basin and Range province, and seismic 
characterization of seismic sources formed the basis for the assessed fault displacement hazard.11 

The expert teams who characterized fault displacement for the PSHA used two approaches: the 
displacement approach and the earthquake approach. The displacement approach relates fault 
displacement hazard to information on recurrence interval or slip rate for a given demonstration 
site (fault) of interest.12 Contributions to hazard from principal and distributed faulting are not 
discriminated. The earthquake approach13 related fault displacement hazard to the occurrence of 
earthquakes on seismic sources. Contributions to hazard from principal faulting due to 
earthquakes on the fault being evaluated and distributed faulting due to earthquakes on nearby 
faults are assessed explicitly. For both approaches, the revised location of the Bow Ridge Fault 
does not affect the calculation of fault displacement hazard for demonstration site #1. For the 
displacement approach, the spatial relation between the location of demonstration site #1 and 
other seismic sources is not relevant. For the earthquake approach, the distance between 
demonstration site #1 and other seismic sources is unaffected by the change in location of the 
Bow Ridge Fault to the north of demonstration site #1. 

The approach to mitigation of fault displacement hazard is described in Section 5 of Preclosure 
Seismic Design and Performance Demonstration Methodology for a Geologic Repository at 
Yucca Mountain Topical Report.14 The primary design approach is to locate ITS structures, 
systems, and components away from Quaternary faults with a potential for significant 
displacement. The layout of surface facilities shown in the SAR achieves this result. The ITS 
surface facilities avoid the Bow Ridge Fault and the Paintbrush Canyon Fault, the two faults in 
the vicinity of Midway Valley with a potential for significant displacement. The change in the 
location of the Bow Ridge Fault to the north of Exile Hill does not alter this fact. 

In addition to fault displacement hazard, the vibratory ground motion hazard is also evaluated in 
the probabilistic seismic hazard analysis for Yucca Mountain.15 The Bow Ridge Fault is 
considered as an active seismic source by the expert teams involved in the evaluation. In the 
PSHA, the vibratory ground motion hazard is calculated for a point at Easting 547,953 meters 
and Northing 4,077,750 meters16 in the repository block. This location is almost identical to fault 
displacement hazard demonstration site #8.17 The change in location of the Bow Ridge Fault to 
the north of Exile Hill moves the fault farther from the ground motion calculation point. This 
would result in a lower calculated ground motion. However, given the short distance from the 
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ground motion calculation point (less than 5 km), the generally slow change in ground motion 
attenuation for distances less than 10 km,18 and the generally minor contribution to ground 
motion hazard from the Bow Ridge Fault source,19 any change will be negligible. 

Given the above assessment of potential effects on fault displacement hazard and vibratory 
ground motion hazard related to the revised location of the Bow Ridge Fault north of Exile Hill, 
there is no impact to information presented in the SAR. 

The geologic and geophysical logs provided in RAI 2.2.1.1.1-004 show the additional data relied 
upon for determination of the site geology as described in the SAR. 

This request for additional information is related to the request for a geologic map and geologic 
cross sections for the surface portions of the GROA (RAI 2.2.1.1.1, 2nd, #1). When the 
interpretations of the 2006 and 2007 investigations in Midway Valley are completed, an updated 
geologic map and the updated cross sections for the surface portions of the GROA, including an 
updated interpretation of fault locations and characteristics, will be prepared. The plan for the 
updated geologic map and geologic cross sections will be discussed in response to RAI 2.2.1.1.1, 
2nd, #1. While there may be some local, minor changes in the interpretations, it is expected that 
the results will confirm the locations and characteristics of the faults considered in the design of 
the surface facilities. 

2. COMMITMENTS TO NRC 

None. 

3. DESCRIPTION OF PROPOSED LA CHANGE  

None. 

4. REFERENCES 

1 Potter, C.J.; Dickerson, R.P.; Sweetkind, D.S.; Drake, R.M., II; Taylor, E.M.; Fridrich, C.J.; 
San Juan, C.A.; and Day, W.C. 2002. Geologic Map of the Yucca Mountain Region, Nye County, 
Nevada. Geologic Investigations Series I-2755. Denver, Colorado: U.S. Geological Survey. 
TIC: 253945. 
2 Day, W.C.; Dickerson, R.P.; Potter, C.J.; Sweetkind, D.S.; San Juan, C.A.; Drake, R.M., II; and 
Fridrich, C.J. 1998, Bedrock Geologic Map of the Yucca Mountain Area, Nye County, Nevada. 
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ACC: MOL.19981014.0301.  
3 BSC (Bechtel SAIC Company) 2004. Geologic Framework Model (GFM2000). 
MDL-NBS-GS-000002 REV 02. Las Vegas, Nevada: Bechtel SAIC Company. 
ACC: DOC.20040827.0008. 
4 Orrell, S.A. 2007. “Preliminary 2007 Geotechnical Drilling Results from the U.S.G.S. for the 
Waste Handling Buildings and Aging Pad Areas.” Letter from S.A. Orrell (SNL) to R.J. Tosetti 
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5 Ibid. 
6 Buesch, D.C. and Lung, R.C., 2008, Update of Geotechnical Borehole and Test Pit Program 
through 2007 in Midway Valley, Nevada. Denver, Colorado: U.S. Geological Survey. 
ACC: LLR.20080121.0080. p. 7. 
7 Ibid. 
8 CRWMS M&O (Civilian Radioactive Waste Management System Management and Operating 
Contractor) 1998. Probabilistic Seismic Hazard Analyses for Fault Displacement and Vibratory 
Ground Motion at Yucca Mountain, Nevada. Milestone SP32IM3, September 23, 1998. Three 
volumes. Las Vegas, Nevada: CRWMS M&O. ACC: MOL.19981207.0393. 
9 Ibid., Section 4.3.2. 
10 Ibid., Figure 4-9.  
11 Ibid., Section 4.2 and Appendix E. 
12 Ibid., Section 4.2.4.1. 
13 Ibid., Section 4.2.4.2. 
14 DOE (U.S. Department of Energy) 2007. Preclosure Seismic Design and Performance 
Demonstration Methodology for a Geologic Repository at Yucca Mountain Topical Report. 
YMP/TR-003-NP, Rev. 5. Las Vegas, Nevada: U.S. Department of Energy, Office of Civilian 
Radioactive Waste Management. ACC: DOC.20070625.0013. 
15 CRWMS M&O 1998. Probabilistic Seismic Hazard Analyses for Fault Displacement and 
Vibratory Ground Motion at Yucca Mountain, Nevada, Sections 4.1, 5, 6, and 7.2. 
16 MO0401MWDRPSHA.000. Results of the Yucca Mountain Probabilistic Seismic Hazard 
Analysis (PSHA). Submittal date: 03/13/2008. 
17 CRWMS M&O 1998. Probabilistic Seismic Hazard Analyses for Fault Displacement and 
Vibratory Ground Motion at Yucca Mountain, Nevada, Figure 4-9. 
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