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1 INTRODUCTION 

This report presents a summary of the inputs provided to Jason Associates Corporation in 
support of the Postclosure Repository Supplemental Environmental Impact Statement (SEIS-3).  
In September 2008, the U.S. Nuclear Regulatory Commission (NRC) released U.S. Nuclear 
Regulatory Commission Staff’s Adoption Determination Report for the U.S. Department of 
Energy’s Environmental Impact Statements for the Proposed Geologic Repository at Yucca 
Mountain (NRC 2008 [DIRS 186113]).  Jason Associates Corporation, the organization 
primarily responsible for preparation of SEIS-3, has requested assistance from the Lead 
Laboratory.  Ten tasks, including a final report, were conducted to provide Jason Associates 
Corporation with: (1) information regarding groundwater flow paths and discharges in the central 
and southern Death Valley subregions beyond the 18-km accessible environment, 
(2) information from TSPA-LA results regarding radionuclide mass release rates, 
(3) breakthrough curves that will assist the nonradiological contaminant modeling, (4) an 
estimate of the cross section of the plume at the 18-km accessible environment, and (5) an 
explanation of the total system performance analysis for the license application (TSPA-LA) 
groundwater protection analysis. 

This report has been prepared in accordance with SCI-PRO-009, Postclosure Analysis Reports 
and the analysis outline Work in Support of the Postclosure Repository Supplemental 
Environmental Impact Statement (SEIS-3) (AO-037).  During the execution of AO-037, 
additional groundwater flow simulations, as noted in Section 3.1, have been performed as 
directed by the U.S. Department of Energy (DOE).  Model files generated as part of this work 
are archived in the AO-037 folder of the Lead Laboratory SharePoint site. 

2 INPUT AND SOFTWARE 

This analysis uses data from the TSPA-LA (including its supporting process and component 
models) and the Death Valley regional groundwater flow model (Belcher 2004 [DIRS 173179]).   

Table 1 lists inputs used in this analysis and provides explanations for appropriate use of 
unqualified data.  

Table 1. Inputs Used in this Analysis 

Section Input DIRS Number 
3.1 Death Valley Regional Groundwater Flow System Model 173179 

3.2 Site-scale Saturated Zone Transport Model 184806 

3.3 Results from Sections 4.1 and 4.2 — 

3.4 Results from Section 4.3.and Saturated Zone Flow and Transport Abstraction 
Model 

183750 

3.5 TSPA Model 183478, 183751, 
183752 

3.6 Saturated Zone Flow and Transport Abstraction Model 183750 

3.7 NA — 

NOTE: DIRS = Document Input Reference System. 

LSA-AR-037 REV 00 1 May 2009 



Table 2 lists software used for this analysis.  In addition, post-processing codes were written in 
Intel Visual Fortran version 11.0.066 to extract heads and particle-track information from flow 
models as described in Sections 3.2, 3.3, and 4.1.  Furthermore, off-the-shelf software products 
Microsoft Excel 2007 and SURFER 8 were also used for post-processing model outputs 
described in Sections 3.1, 3.2, and 4.1. 

Table 2. Software Used in this Analysis 

Section Software Name and 
Version DIRS Number Software Tracking Number Platform Used 

3.1 MODFLOW 2000 
V.1.13.00 

NA NA Windows XP 

3.1 MODFLOW 2000 
V.1.18.00 

NA NA Windows XP 

3.1 MODFLOW 2005 
V1.5.00 

NA NA Windows XP 

3.2 18km.F90 

18km-spdis.F90 

NA NA Windows XP 

3.3 MODPATH V. 5.0 NA 232 Windows XP 

3.4 Not Applicable — — — 

3.5 CWD v2.0 162809 

181037 

10363-2.0-00 

10363-2.0-01 

Windows 2000 

Windows 2003 

3.5 EXDOC_LA v2.0 182102 11193-2.0-00 Windows 2000 

Windows 2003 

3.5 FEHM v2.26 185792 10086-2.26-00 Windows 2000 

Windows 2003 

3.5 GetThk_LA v1.0 181040 11229-1.0-00 Windows 2000 

Windows 2003 

3.5 GoldSim v9.60.300 184387 10344-9.60-03 Windows 2000 

Windows 2003 

3.5 InterpZdll_LA v1.0 167885 

181043 

11107-1.0-00 

11107-1.0-01 

Windows 2000 

Windows 2003 

3.5 MFCP_LA v1.0 167884 

181045 

11071-1.0-00 

11071-1.0-01 

Windows 2000 

Windows 2003 

3.5 MkTable_LA v1.0 181047 

181048 

11217-1.0-00 

11217-1.0-01 

Windows 2000 

Windows 2003 

3.5 PassTable1D_LA v2.0  181051 11142-2.0-00 Windows 2000 

Windows 2003 

3.5 SCCD v2.01 181157 

181054 

10343-2.01-00 

10343-2.01-01 

Windows 2000 

Windows 2003 

3.5 SEEPAGEDLL_LA 
v1.3 

180318 

181058 

11076-1.3-00 

11076-1.3-01 

Windows 2000 

Windows 2003 
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Table 2. Software Used in this Analysis (continued) 

Section Software Name and 
Version DIRS Number Software Tracking Number Platform Used 

3.5 SZ_Convolute 
v3.10.01 

181060 10207-3.10.01-00 Windows 2000 

Windows 2003 

3.5 TSPA_Input_DB v2.2 181061 

181062 

10931-2.2-00 

10931-2.2-01 

Windows 2000 

Windows 2003 

3.5 WAPDEG v4.07 181774 

181064 

10000-4.07-00 

10000-4.07-01 

Windows 2000 

Windows 2003 

3.6 NA — — — 

4.1 DVRFS-vgrad.F90 
DH_head.F90 

– – Windows XP 

4.3 xtract_path_LCA.for NA NA Windows XP 

4.3 xtract_path_LCA_cou
nt.for 

NA NA Windows XP 

4.3 HGUloc.F90 
HGU_name.F90 

NA NA Windows XP 

NOTE: DIRS = Document Input Reference System. 

3 EVALUATION 

This report documents the development of the inputs that have been transmitted to Jason 
Associates Corporation for the purpose of developing responses to NRC requests for SEIS 
supplementations (SEIS-3).  This section describes the methodologies used for developing these 
inputs, followed by a summary of the results in Section 4.  The analyses include the development 
of the steady–state flow fields between the accessible environment and points of interest to 
groundwater discharge (Section 3.1), the estimated radionuclide plume at the accessible 
environment (Section 3.2), the analysis of groundwater flow paths and flow rates for the present-
day climatic condition (Section 3.3), and the estimated flow paths and flow rates for future 
wetter climates (Section 3.4).  In addition, Section 3.5 describes the calculation of radionuclide 
mass release rates from the TSPA-LA, Section 3.6 discusses a qualitative assessment of 
breakthrough characteristics of nonradiological contaminants based on similar radionuclide 
breakthroughs simulated with TSPA-LA, and Section 3.7 documents the methods used in TSPA-
LA for calculating groundwater quality parameters for comparison to the groundwater protection 
standard.  

To facilitate the discussion of results from this analysis, Figure 1a shows the subbasins, sections, 
and geographic and prominent topographic features of the Death Valley regional groundwater 
flow system (DVRFS).  The DVRFS region encompasses approximately 100,000 km2 in Nevada 
and California and is bounded by latitudes 35°00'N and 38°15'N and by longitudes 115°00'W 
and 118°00'W. The DVRFS region is in the southern Great Basin, a subprovince of the Basin 
and Range physiographic province.  The region includes several large valleys, including the 
Amargosa Desert, Pahrump Valley, and Death Valley; and also includes several major mountain 
ranges (Belcher 2004 [DIRS 173179], pp. 9 and 11).   
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The DVRFS region is underlain by a sequence of basin fill, volcanic rocks, and a principal 
carbonate aquifer.  The thick sequence of Paleozoic carbonate rock extends throughout the 
subsurface of much of central and southeastern Nevada and crops out in the eastern one-half of 
the region. Fractured Cenozoic volcanic rocks in the vicinity of the Nevada Test Site (NTS) and 
permeable Cenozoic basin fill throughout the region locally are important aquifers that interact 
with the regional flow through the underlying Paleozoic carbonate rocks. Stratigraphic units in 
the region are disrupted by large-magnitude offset thrust, strike-slip, and normal faults (Belcher 
2004 [DIRS 173179], p. 27). 

The DVRFS is divided into the northern, central, and southern subregions and a number of 
basins and sections within each basin (Belcher 2004 [DIRS 173179], Figure D-5).  The region 
receives recharge through precipitation in the mountains and lateral flow through the carbonate 
aquifer, and discharges through seeps and springs, evapotranspiration, groundwater pumpage, 
and lateral flow (Belcher 2004 [DIRS 173179], p. 142).  Most of the basins seldom contain 
perennial streams or other surface-water bodies (Belcher 2004 [DIRS 173179], p. 11). The 
Amargosa River drains Yucca Mountain and surrounding areas to Death Valley. The nearest 
impoundments to Yucca Mountain are Ash Meadows, which drains to the Amargosa River 
through Carson Slough (DOE 2008 [DIRS 180751], p.3-26). 
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NOTES: For illustration purpose only. Thick black line represents the boundary of the DVRFS model.  Thin black 

lines are the boundary between the subbasins and subbasin sections within the DVRFS. White numerical 
and alphabetical labels are subbasin sections. Cyan lines are fault zones. Orange line is the boundary of 
the Nevada Test Site.  Yellow labels are prominent topographic features and locations of interest. Open 
circles represent springs and discharge locations. 

Figure 1a. Geographic and Prominent Topographic Features of the Death Valley Regional Groundwater 
Flow System 
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3.1 MODIFICATION OF THE DEATH VALLEY REGIONAL GROUNDWATER 
FLOW MODEL  

To support the groundwater transport calculations to be performed by Jason Associates 
Corporation, five sets of simulations were run, three of which were to determine steady-state 
hydraulic heads and particle paths from the edge of the accessible environment down gradient.  
These simulations were run for: 

• No groundwater pumping (Case 1) 

• Initial estimate of long-term groundwater pumping conditions and return rates (Case 2) 

• More realistic estimate long-term groundwater pumping conditions and return rates 
(Case 3). 

• Transient simulation of current pumping into the future (Case 4) 

• Transient simulation of pumping including proposed additional pumping to the east of the 
Nevada Test Site (Case 5) 

Case 4 considers the continuation of the current (year 2003) level of pumping for another 500 
years, and Case 5 includes additional groundwater withdrawal from carbonate and alluvial 
aquifers east of the Nevada Test Site as proposed by the Southern Nevada Water Authority.  
Cases 3 through 5 were added to the original work scope for this report under the direction of the 
U.S. Department of Energy. 

Cases 1 through 5 were performed using a modified version of the DVRFS model published by 
Belcher (2004 [DIRS 173179]).  The simulations were run as forward simulations using the 
hydraulic properties calibrated by Belcher (2004 [DIRS 173179]).  Changes were made to the 
DVRFS model (Belcher 2004) for the present-day climate to conduct the simulations described 
above.  The Belcher (2004 [DIRS 173179]) DVRFS model was developed with MODFLOW 
2000 (Harbaugh et al. 2000 [DIRS 155197]) for simulation of transient flow conditions for the 
period of 1913 to 1998 (DTN:  MO0602SPAMODAR.000).  The model simulates a pre-
pumping condition for prior to 1913 and pumping for the period of 1913 to 1998.  Updated 
versions of the DVRFS model have been provided by the USGS for transient simulation of the 
period from 1912 to 2003 and for simulation using MODFLOW 2005 (Harbaugh 2005 [DIRS 
186106]) (Appendix A). Years 1998 and 2003 were chosen for these simulations because they 
represented the last period of time for which published groundwater withdrawal data were 
available during the development of the 2004 and 2005 versions of the DVRFS model. The 
double precision version of MODFLOW 2000, version 1.13.00 was used for the simulations for 
Cases 1 to 3.  MODFLOW 2005 was used for Cases 4 and 5.  Nomenclature and files names for 
the five cases are included in Table 3. 

Note that the USGS has updated the model input files used in this modeling exercise twice since 
its original release.  These updates are described in the memo from Claudia Faunt (Appendix A).  
First, the drain observation file (drob_tr.txt, Appendix A, Table 1) was updated to include 787 
entries, the total number of drain observations used in the updated DVRFS model (2005).  
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Second, scale factors for the storage parameters were updated.  An error was identified in the 
scale factors for the storage parameters in the report documenting the 2004 DVRFS model 
(Belcher 2004 [DIRS 173179]).  A relatively large value for a storage scale factor (1) was 
identified in the model input files after the report was published.  A significantly smaller value 
(10−10) is considered more reasonable.  Since publication of the report, the values were updated 
by the USGS in the archived 2004 DVRFS model files (Appendix A).  Updates are for values 
used during parameter estimation and sensitivity analyses, hence these changes are not part of 
forward runs discussed here. 

Table 3. Summary of Nomenclature and File Names Used 

Case Description 

Model 
Run 

Name 
Input and 

Output Files MNW File WEL File 
Particle 

Tracking Files 
1 Pre-pumping pdss1 pdss1_mf2k.zip 

[originally called 
Pre-pumping.zip] 

NA NA pdss1_mpath.zip 

2 2003 
estimate of 
long-term 
pumping 
rates 

pdss5 pdss5_mf2k.zip 

[originally called 
Pumping.zip] 

test5.MNW test5.wel pdss5_mpath5.zi
p 

3 Reduced 
estimate of 
long-term 
pumping 
rates 

pdss6 pdss6.zip scaled.MNW scaled.WEL Pdss6_mpath-
mplot.zip 

4 Transient pdt1 pdt1_mf2005_inp
.zip 

mnw_dvrfs_2503.txt wel_irr_ret_2503.
txt 

N/A 

5 Transient 
with 
additional 
groundwater 
withdrawal 

pdt2 pdt2_mf2005_inp
.zip 

mnw_dvrfs_2503_ 
snwa.txt 

wel_irr_ret_2503
_snwa.txt 

N/A 

NOTE: MNW and WEL files are MODFLOW input files prepared in using the Multi-Node-Well package (Halford and 
Hanson 2002) and the WEL package (Harbaugh et al 2000), respectively. 

The first step for running Cases 1 through 3 was to convert the original transient model to 
steady-state.  For Case 1, this was done per the instructions of Blainey et al. (2006 [DIRS 
186071], pp. 20 to 22).  Files BAS_active.txt, CHOB_15reg.txt, CHD_15reg_tr.txt, 
DIS_WT_CONFINED.txt, DRN_tr.txt, DROB_tr.txt, HFB_final_tr.txt, HUF2_CONFINED.txt, 
HOBS_sstr.hyd, MULT.txt, OBS.txt, OC.txt, PCG.txt, RES.txt, RCH_tr.txt, SENSITIVITY.txt, and 
ZONE.txt from the 2004 DVRFS model (as contained in the publicly released file 
archive_model_tr.zip) were modified where appropriate and renamed as shown in Appendix A, 
Table 1.  

Cases 2 and 3 were developed on the basis of Case 1. For these cases, both pumping and return 
flow were modeled.  The pumping data are simulated using the Multi-Node-Well option of 
MODFLOW (Halford and Hanson 2002 [DIRS 186107]). Pumping rates for the year 2003 were 
used for the initial estimate of long-term pumping conditions (Moreo and Justet 2008 
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[DIRS 185968]) for Case 2.  For Case 2, file MNW_withdrawal_1_7_20.txt from the 2004 
DVRFS model was modified and renamed test5.mnw, and a new file, test5.wel, was added for 
the return flow (Table 3). 

Many difficulties are associated with estimating return flows.  These include uncertainties in the 
magnitude and timing of pumping, in the hydraulic properties of unsaturated zone sediment, and 
delineating the actual areas where water is or was returned to the environment.  In the 2004 
DVRFS model (Belcher 2004 [DIRS 173179]), for each withdrawal point, return flow was 
estimated to be 20% of the estimated annual pumpage, lagged by seven years (Appendix A) and 
returned to the top model layer.  The same method of calculation and values were used for the 
updated DVRFS model (2005) (Appendix A).  To more easily distinguish pumping and return 
flow, a separate WEL Package (Harbaugh 2005 [DIRS 186100]) input file was developed to 
apply the irrigation return flow.  Separating the pumping and irrigation return flow allows for 
future updates to pumping and return flow separately.  The separation also aids in varying the 
percentage of return flow and the lag time through automated parameter estimation methods. 

The pumping data for the period of 1913 to 2003 were provided in MNW file new_mnw_03.txt 
and the corresponding irrigation return data were provided in WEL file new_irr_ret_03.txt by 
Claudia Faunt of the USGS (Appendix A).  The pumping rates contained in these files are 
consistent with 2003 groundwater withdrawal data published in USGS Data Series 340 (Moreo 
and Justet 2008 [DIRS 185968]).  The data files provided by the USGS were modified such that 
they only contain the 2003 pumping data. 

For Case 3 pumping and return flow rates were uniformly reduced by a factor of 0.023 such that 
they result in a drawdown of 0.2 m (0.7 ft) from the copper washer reference elevation in Devils 
Hole from the current conditions.  The copper washer was installed on a wall of Devils Hole by 
the USGS to measure the water level in the pool in 1962, and has since been replaced by an 
ordinary bolt. The minimum pool level in Devils Hole has been set forth by the U.S. Supreme 
Court at 2.7 ft (0.82 m) below the datum (Cappaert v. United States 1976; United States v. 
Cappaert 1978).  Currently the pool level is at about 2 ft (0.6 m) below the datum (Figure 1b).  
Therefore, the maximum future drawdown that is allowed at this location is 2.7 – 2 = 0.7 ft or 
0.2 m.  Case 3 also incorporated the planned groundwater withdrawal from well J-13 to support 
repository operations.  The assumed pumping rate from well J-13 is 1,452 m3/day (266 gpm) and 
no return flow was assumed.  Table 3 lists MNW and WEL files used in Case 3.  

The transient model (Case 4) was constructed on the basis of the 2005 DVRFS model using the 
1913 to 2003 pumping rates by Claudia Faunt (Appendix A).  The 2005 DVRFS model was an 
extension of the 2004 DVRFS model (Belcher 2004 [DIRS 173179]), which modeled the 
DVRFS for the period of 1912 to 1998, to incorporate pumping rates between 1999 and 2003.  
The 2005 DVRFS model was developed to run with MODFLOW 2005.  In Case 4, the 2005 
DVRFS model was modified to simulate effects of continued pumping at the 2003 level of 
groundwater withdrawals for another 500 years (2003 to 2503).  This modification resulted in the 
new MNW and WEL files mnw_dvrfs_2503.txt and wel_irr_ret_2503.txt.  In addition, 
MODFLOW input files DIS_WT_CONFINED.txt, OC.txt, DRN_tr.txt, RCH_tr.txt, and 
CHD_15reg.txt were modified.  The complete set of input files are saved in 
pdt1_mf2005_inp.zip. 
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                                                                      Year 
Source: http://nevada.usgs.gov/doe%5Fnv/sitepage_temp.cfm?site_id=362532116172700 (accessed on 2/19/09). 

NOTES: Although displayed as “Ground-water Level, in feet below land surface” in the USGS GWSI database on 
the above website, the left vertical axis actually shows the depth of water level in the pool below the datum 
(i.e., the copper washer which was replaced with a regular bolt in 2002.  The datum was reset from 
2359.9 to 2360 m in 2002) (Personal communication between Glenn Locke of USGS and Wayne Belcher 
of DOE, March 2, 2009). 

Figure 1b. Measured Water Levels in Devils Hole (AM-4) 

Finally, Case 5 was conducted to evaluate the additional impact on Devils Hole water level and 
upward hydraulic gradient between the carbonate aquifer and overlying aquifers as a result of 
proposed groundwater pumping for water supply in Indian Springs, Three Lakes, and Tikaboo 
Valleys east of the Nevada Test Site by the Southern Nevada Water Authority (SNWA).  This 
case simulates additional groundwater withdrawal from the carbonate aquifer at Tikaboo Valley 
North well 53948TVN (Layers 1 to 3, Row 52, Column 136) at a rate of 2,587 acre-ft/yr and 
another 8,018 acre-ft/yr from seven other wells along U.S. Highway 95.  The cluster of new 
wells along U.S. Highway 95 includes one from the carbonate aquifer (Layers 1 to 4, Row 114, 
Column 126, rate 5,400 acre-ft/yr), and 6 others from the alluvial aquifer (Row 115, Column 
125; Row116, Column126; Row 117, Column 127; Row 119, Column 130; Row 120, Column 
131; and Row 120, Column 132, all screened in layers 1 to 4, each with a total rate of 2,618 acre-
ft/yr).  These well locations and pumping rates are based on a May 17, 2005 application to the 
Nevada State Engineer's Office by SNWA and a subsequent ruling on June 15, 2006 by the 
Nevada State Engineer (http://water.nv.gov/scans/rulings/5621r.pdf). Locations of the permitted 
wells are obtained from the permits available at the State’s Water Rights database 
(http://water.nv.gov/water%20Rights/permitdb/permit.cfm) and were converted into Universal 

LSA-AR-037 REV 00 9 May 2009 



Transverse Mercator (UTM) coordinates and model cell indices by the USGS (Wayne Belcher, 
personal communication, February 25, 2009). This case simulates the increased level of pumping 
assuming this pumping started in year 2003 and continues for another 500 years.  Table 3 lists 
MNW and WEL files used in Case 5.  The complete set of input and output files for Case 5 can 
be found in pdt2_mf2005_inp.zip. 

3.2 ESTIMATION OF RADIONUCLIDE PLUME AT THE ACCESSIBLE 
ENVIRONMENT 

Particle tracks using the DVRFS model, which has heads calculated with MODFLOW, are 
conducted with MODPATH and visualized with MODPLOT.  The start points of the particle 
tracks for this modeling effort are derived from the base-case site-scale saturated zone (SZ) 
transport model (SNL 2007 [DIRS 184806]).  In the base-case site-scale SZ transport model, 
10,000 particles are released from random locations below the footprint of the repository and 
uniformly distributed with depth throughout the top layer of this model.  Particles are tracked in 
the base-case site-scale SZ transport model subject to the effects of advection and dispersion 
until they exit the model boundary.  These particle tracks are analyzed to determine the location 
where they cross a plane defined at the 18-km compliance boundary at UTM Northing 4,058,256 
m to define the starting location for MODPATH particle tracking using results from the Death 
Valley regional groundwater flow model as described in Section 3.3.  Subsequent transport 
calculations will be performed by Jason Associates Corporation.  There were three steps 
involved in determining these locations: 

• Run a transport simulation using the base-case site-scale SZ transport model (SNL 2007 
[DIRS 184806]); in this simulation, the expected value for dispersivity, 100 m 
(SNL 2008 [DIRS 183750], Table 6-8), was used 

• Establish particle starting locations as the positions where they cross the accessible 
environment boundary from output file 

• Translate particle tracks from UTM coordinates used in the base-case site-scale SZ 
transport model (SNL 2007 [DIRS 184806]) to local coordinates used in the Death 
Valley regional groundwater flow model (Belcher 2004 [DIRS 173179]) to establish 
starting locations. 

The FEHM v. 2.26 (Table 2) SPTR particle-tracking routine was used to model the particle 
tracks from below the Yucca Mountain repository to the accessible environment at 4,058,256 m 
UTM Northing in the site-scale SZ transport model (SNL 2007 [DIRS 184806]).  Ten thousand 
particles were distributed randomly below the repository footprint.  Dispersion was included in 
the particle tracking.  The results of this simulation are in output file sz06_sptr.sptr2.  Particle 
tracks at the accessible environment boundary were extracted from the FEHM SPTR output 
using utility code 18km.F90 (Table 2). All particle tracks were read into a FORTRAN array, 
which was searched until the y-location (Northing) of the particle was less than 4,058,256 m (the 
location of the accessible environment boundary). Then, the corresponding spatial x-locations 
(Easting) and z-locations (elevation) are calculated through linear interpolation between the 
locations at the time step that the particle crossed the 18-km compliance boundary and the 
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particle locations at the previous time step.  A total of 8,024 particles crosses the accessible 
environment boundary within the time period of the simulation. 

Initial particle tracks were extracted by translating the FEHM coordinates, which are in UTM 
Zone 11 coordinates, to local coordinates in the DVRFS model.  To do so, UTM northing 
coordinates had 3,928,000 m subtracted from them and UTM easting coordinates had 437,000 m 
subtracted from them.  This translation was performed within utility code 18km.F90.  Table 4 
lists DVRFS coordinates data. 

Table 4. Local and UTM Coordinates for the DVRFS Model 

Corner 
Grid Node  

(row, column) 
UTM Northing 

(m) 
UTM Easting 

(m) 
Local (Model) 
Northing (m) 

Local (Model) 
Easting (m) 

Northwest 1, 1 4,219,000 437,000 291,000 0 

Northeast 1, 160 4,219,000 677,000 291,000 240,000 

Southeast 194, 160 3,928,000 677,000 0 240,000 

Southwest 194, 1 3,928,000 437,000 0 0 

NOTE: All values are in the units of meters. 

The FEHM SPTR particle-tracking routine has the output format ordered by time such that all 
particles that are active at a given time step are listed sequentially. When a particle exits the 
model domain, it is no longer listed in the data table for any subsequent time step. Particle 
starting locations and positions where they cross the accessible environment boundary are 
extracted; 8,024 particles were found. 

3.3 PARTICLE TRACKING ANALYSIS FOR CURRENT CONDITIONS 

The particle tracking analysis was conducted to provide: 

• Predominant groundwater flow paths in the central and southern Death Valley subregions 
beyond the accessible environment 

• Major discharge locations 

• Specific discharge estimates along the predominant flow path. 

The particle tracking analysis was performed for Cases 1 to 3 described in Section 3.1 (pre-
pumping and two different pumping conditions) using MODPATH V5.0 (11/6/08 release).  
Table 3 includes pertinent file names.  Particle starting positions were those determined from the 
analysis described in Section 3.2.  These starting locations are consistent with the “plume” 
started at the accessible environment as simulated with representative base-case parameter values 
with the site-scale transport model (as described in Section 3.2).  The MODPATH option of 
particles passing through weak sinks was used.  The porosity for all model cells was set equal to 
1 for the calculation of specific discharge described below. 

Specific discharges were calculated for each particle track by summing the path segments for 
each particle (i.e., calculate the path length) and dividing the path length by the travel time.  A 
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utility code 18km-spdis.F90 was used for these calculations.  The code outputs particle number, 
path length, and specific discharge.  Excel 2007 was used to develop the histogram and 
cumulative distribution plots.  Note that the travel time estimates from these simulations are not 
realistic because the actual porosity is less than unity (on the order of 0.1).  Specific discharges 
were only calculated for Cases 1 and 2. 

3.4 ESTIMATION OF SPECIFIC DISCHARGE AND FLOW PATHS FOR FUTURE 
CLIMATIC CONDITIONS 

Specific discharge for the wetter future climate was estimated using the specific discharge values 
obtained for the present-day climatic conditions (Sections 3.3 and 4.3) and a linear scale factor 
(the same approach as in the TSPA–LA, see SNL 2008 [DIRS 183750], Section 6.5[a]).  A 
higher water table is expected in the Yucca Mountain and surrounding areas under future wetter 
climatic conditions.  In the TSPA-LA, a scaling factor was used to increase groundwater specific 
discharge from the present-day conditions to account for the effect of water table rise under 
future wetter climates.  This approach assumes that the flow paths are similar under the future 
wetter climatic conditions based on the fact that simulations with a previous version of the Death 
Valley regional flow model under wetter glacial climatic conditions indicate that the 
groundwater flow paths from below Yucca Mountain do not significantly change (D’Agnese et 
al. 1999 [DIRS 120425]).  However, the flow paths in the Death Valley groundwater basin may 
be shortened based on reviews of additional paleospring discharge data. The scaling factor was 
chosen to be the same as the factor developed for the site-scale SZ model for the glacial-
transition climate, 3.9 (see SNL 2008 [DIRS183750], Table 6-4[a]). The increase in groundwater 
specific discharge will result in an increase in groundwater flow rates and in rates of contaminant 
transport in the saturated zone.  

A literature review was conducted to estimate present and paleodischarge areas as well as 
discharge rates.  This information was used in comparison to the modeling results described in 
Sections 4.3 to better evaluate potential flow paths south of the accessible environment. 

3.5 CALCULATION OF RADIONUCLIDE MASS RELEASE RATES FROM THE 
TSPA-LA 

Jason Associates Corporation requested the mean, median, 95th percentile, and 5th percentile 
values of annual radionuclide mass release rate and cumulative release for the 300 realizations in 
TSPA–LA.  The annual mass release rates and cumulative releases were requested for sum of the 
1,000,000-year groundwater dose modeling cases (Drip Shield Early Failure, Waste Package 
Early Failure, Igneous Intrusion, Seismic Ground Motion, and Seismic Fault Displacement) and 
for the 1,000,000-year Nominal Modeling case alone.  This information was provided at the 
boundary between the unsaturated zone and the saturated zone and at the accessible environment 
for the 49 radionuclide species, including multiple colloidal forms, tracked in the TSPA-LA 
Model. 

As the data at the unsaturated zone and saturated zone boundary were not saved when running 
the TSPA-LA Model for the license application documentation, the simulations had to be re-run 
for this analysis.  The TSPA-LA Model v5.005 was updated to automatically export the 
unsaturated zone and saturated zone release information.  Specifically, time history results 
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elements that export calculated results to text files were added for the mass flux rates and 
cumulative releases from the Engineered Barrier System (EBS), unsaturated zone, and saturated 
zone.  Time history elements were added for the 49 radionuclide species tracked in the TSPA-LA 
Model.  In addition, release rates for dissolved and colloidal isotopes (“Ic,” “If,” and “Ifcp”) 
were added together to yield one release history per isotope.  For each of the five 1,000,000-yr 
groundwater dose modeling cases, the models were re-run to export the time history results.  
Dose comparisons were made to confirm that the calculations agree with the compliance runs.  
The results were then processed through EXDOC_LA v2.0 (Table 2) to yield expected quantities 
for each epistemic realization.  Once the expected quantities for each epistemic realization were 
calculated, the values were summed together over all modeling cases to yield a total release 
history. The summation files are Read_Histories_Calc_RN_Total_UZ_Flux_2021.gsm and 
Read_Histories_Calc_RN_Total_SZ_Flux_2021.gsm.  Mean, 5th-percentile, median, and 95th-
percentile values were then reported at selected time steps for the annual mass release rates and 
cumulative releases at the unsaturated zone/saturated zone boundary and at the accessible 
environment.  The Nominal Modeling Case was also re-run to export release histories at the 
unsaturated zone/saturated zone boundary and at the accessible environment. 

To reduce the computational burden of the downstream calculations to be run, Jason Associates 
Corporation requested a time-step schedule of “no more than 20.”  This schedule is much coarser 
than the time steps produced by the TSPA-LA Model runs.  The Drip Shield Early Failure, 
Waste Package Early Failure, and Seismic Ground Motion cases used a time step schedule with 
470 variable length time steps (Table 5).  The Igneous Intrusion and Fault Displacement 
modeling cases used a 500-year time step length over the 1 million year analysis period resulting 
in 2,000 time steps.  In order to capture short duration spikes in the calculated histories, the 
release data for the five modeling cases were added together using a time step schedule that 
included the smallest time step length from any of the five modeling cases.  Therefore, a total of 
2,020 time steps were used to sum the data from the five modeling cases.  This schedule applies 
a 250-year time step length up to 10,000 years and a 500-year time step length thereafter up to 
1,000,000 years. 

Table 5. TSPA-LA Model Time-Step Schedule for the Ground Motion, Drip Shield Early Failure, and 
Waste Package Early Failure Modeling Cases 

Time Range (years) #Steps Length (years) 
0 to 10,000 40 250 

10,000 to 100,000 180 500 

100,000 to 120,000 20 1,000 

120,000 to 160,000 20 2,000 

160,000 to 1,000,000 210 4,000 

 

The identification of 20 suitable time steps from the 2,020 time steps to characterize the curves 
over a 1,000,000 year period is subjective and was determined by observing trends in the 
cumulative release data.  This analysis considers the mean cumulative release for 49 different 
species, which are each released from the unsaturated zone and saturated zone at different rates.  
Thus it is possible that the reduced time step schedule selected for one species may not be the 
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optimal selection for another species.  Because downstream calculations are not expected to 
process the different radionuclides together, it is not necessary to output the same time step 
schedule for each species. 

To determine the optimal schedule, first the mean cumulative release from the unsaturated zone 
was determined using the time step schedule with 2,020 time steps.  The cumulative release 
value at 1,000,000 years for each species was used to normalize the release histories to fractional 
cumulative release histories according to Equation 1:   

CRRN (ti )fCR,RN (ti ) = CRRN (t 1,000,000− yr )  (Eq. 1) 

where  fCR,RN(ti) = fraction of 1,000,000-yr cumulative release at time ti 

CRRN(ti) = cumulative release (g) at current time step 

CRRN(t1,000,000-yr) = cumulative release (g) at 1,000,000 years 

ti= time (yr) of current time step. 

Using the cumulative release results calculated above, the calculations also compute the 
corresponding release rates for the same time step schedule.  To compute average release rates 
over the specified time period, the total release during a time step, calculated as the difference 
between the cumulative release at the end of the current time step and the cumulative release at 
the end of the previous time step, is divided by the time step length: 

CRRN (ti ) −CRRN (ti−1 )
 rateRN (ti ) =  (Eq. 2) 

ti − ti−1

where rateRN(ti) = release rate (g/yr) at time ti 

CRRN(ti) = cumulative release (g) at current time step 

CRRN(ti-1) = cumulative release (g) at previous time step 

ti= time (yr) of current time step 

ti-1 = time (yr) of previous time step. 

Cumulative releases and average release rates from the saturated zone were determined using the 
same methods described for the unsaturated zone analysis. 

The technique used to provide the reduced set of time steps was based on the 5% quantiles of the 
cumulative release curve for each radionuclide.  In particular, for each radionuclide a normalized 
cumulative release curve was calculated by dividing the original cumulative release history 
(i.e., the 2000-point history from the GoldSim output file) with the cumulative release at 
1,000,000 years.  Then, the chosen 20 time steps from the cumulative release history for each 
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radionuclide were points that fall just prior to each 5% quantile of the fractional cumulative 
release curve.  The values of the 20 time steps were generally different for each radionuclide.  
The 20 instantaneous annual mass release rates that correspond to the 20 reported cumulative 
release values were derived by averaging the release over each 5% quantile.  For example, the 
instantaneous or annual mass release rate reported for the cumulative curve between the 5% and 
10% quantile was equal to (the cumulative release at the 10% quantile minus the cumulative 
release at the 5% quantile)/(time step length).  The value of this “average” annual release rate 
was applied at the upper end of the interval (in this example at the time step corresponding to the 
10% quantile). 

To verify the results, calculations for 14C were performed using three different techniques.  MS 
Excel was used to report the final results.  Calculations were also performed using GoldSim (see 
EIS_TimeStep_Resolution.gsm) for mean release results, and MathCad (see 
EIS_UZ_Time_Resolution_C14.xmcd) for the statistics data.  The GoldSim and MathCad 
implementations were only used for verifying the MS Excel calculations (see 
Compare_Techniques_C14.xls).   

Analysis of 14C for the Igneous Intrusion case shows that while EXDOC_LA v2.0 can correctly 
process rate information, the calculation may not be accurate for cumulative release histories.  
When the cumulative release histories from the unsaturated zone were processed through 
EXDOC_LA v2.0, the expected cumulative unsaturated zone release data that include 
probability weighting for 14C results shows an increase at times beyond 950,000 years (Figure 
2a), whereas which is inconsistent with the cumulative release histories data directly out of the 
GoldSim model (Figure 2b), which data remain flat during this time period (Figure 2b).  Note, 
that the scale for the Y-axes is different in Figures 2a and 2b because the data in Figure 2a are 
probability weighted and the data in Figure 2b are not probability weighted.  Therefore, despite 
exporting a significant amount of cumulative release data from the GoldSim models, these data 
are not used in this analysis.  Instead, expected release rates are calculated and integrated to yield 
expected cumulative release histories. 
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Figure 2. Cumulative Releases of 14C from the Unsaturated Zone: (a) Expected Values Calculated by 
EXDOC_LA; and (b) Unweighted Values Calculated by GoldSim 
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3.6 EVALUATION OF BREAKTHROUGH CURVES FOR NONRADIOLOGICAL 
CONTAMINANTS 

The SEIS Supplementations require an analysis of the transport of nonradiological contaminants 
in the saturated zone from beneath the repository to the boundary of the accessible environment 
and beyond.  Contaminants of concern include nickel, molybdenum, and vanadium, which 
originate from the degradation of Alloy 22 and Stainless Steel Type 316 in the repository 
(David Lester, Jason and Associates Corporation, personal communication, December, 2008).  
Sorption of these metals during transport in the saturated zone may be an important process and 
representative values of sorption coefficients must be defined.  However, additional transport 
simulations with the saturated zone flow and transport abstraction model will not be performed 
for these metals.  Instead, results from the existing radionuclide breakthrough curves will be used 
by choosing the most representative radioelements for these metals, based on similar values of 
sorption coefficients.   

The most representative radioelements for which there are existing breakthrough curves are 
identified by comparing the uncertainty distributions for sorption coefficients of radioelements 
with the recommended single values of sorption coefficients for nickel, molybdenum, and 
vanadium.  Specifically, the median values from the uncertainty distributions of sorption 
coefficients for all radioelements (SNL 2008 [DIRS 183750], Tables 6-8 and 6-7[a]) are 
compared to the recommended values for the metals and the full distribution of sampled values 
are also plotted for comparison to the recommended values.  Recommended values of sorption 
coefficients for nickel, molybdenum, and vanadium in volcanic rocks and alluvium are 15, 0, and 
8 mL/g, respectively (David Lester, Jason and Associates Corporation, personal communication, 
December, 2008).   

An alternative approach was also used for the evaluation in which a single SZ transport 
simulation is performed for each of the nonradiological contaminants.  This approach utilizes the 
SZ flow and transport abstraction model (SNL 2008 [DIRS 183750]) and expected values for 
input parameters to produce expected breakthrough curves in the saturated zone under glacial-
transition climatic conditions for nickel, molybdenum, and vanadium.  The expected values of 
other parameters used to simulate the saturated zone breakthrough curves for the nonradiological 
contaminants are those defined for the median case in the SZ transport model validation 
(SNL 2008 [DIRS 183750], Table 7-1[a]). 

3.7 NOTE ON ANALYSIS FOR COMPARISON TO GROUNDWATER 
PROTECTION STANDARD  

A detailed explanation of the analysis of radionuclide releases for comparison to the groundwater 
protection standards is provided in the TSPA model report (SNL 2008 [DIRS 183478], 
Sections 6.3.11, 8.1.2, and 8.1.2[a]).  A summary of the approach is provided in Section 4.7, with 
detailed citations of the technical basis to the TSPA model report and other sources. 
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4 ANALYSIS RESULTS AND CONCLUSIONS 

This section summarizes the results of the analyses described in Section 3.  

4.1 SIMULATED FLOW FIELDS 

Contours of simulated hydraulic heads for layers 1, 2, 3, and 4 are shown below for Cases1 (left, 
pre-pumping conditions) and Case 2 (right, initial estimate of long-term pumping conditions) 
(Figures 3 through 6).  Layers 1 through 4 were selected because these are the DVRFS model 
layers that represent the alluvial aquifer and the upper volcanic aquifer through which particles 
released from the 18 km accessible environment boundary are expected to travel. 

The simulated hydraulic heads for pre-pumping conditions (Case 1) are similar to those 
presented by Belcher (2004 [DIRS 173179], Figure F-46).  For any given layer, simulated heads 
for Case 2 (2003 pumping conditions) differ from those for Case 1 in several areas, indicating 
effects of pumping.  In addition, a comparison of Figures 3 through 6 showed that the hydraulic 
heads in layers 1 through 4 are similar, indicating little vertical hydraulic gradient within the 
alluvial aquifer (this observation is specific for Case 1 and Case 2).  

Figures 3 through 6 also show that under continued pumping at the 2003 level, hydraulic heads 
near Devils Hole (UTM Northing 4,031,154 m and Easting 563,596 m) are approximately 
613.3 m.  An examination of the 2004 DVRFS model output showed that the simulated hydraulic 
head at this location is 691.7 m for year 1998.  Therefore, continued pumping at the 2003 level 
yields a model-simulated drawdown of 78.4 m (691.7 m – 613.3 m) (257.2 ft) from the 1998 
water level.  Because the 1998 measured pool stage in Devils Hole was about 0.6 m (2 ft) below 
the “copper washer” datum (Figure 1b), a 78.4-m (257.2-ft) drawdown would bring the pool 
stage well below the threshold of 0.2 m (0.7 ft) above the datum as set forth by the Supreme 
Court (Cappaert v. United States 1976; United States v. Cappaert 1978).  These court-imposed 
limitations guide the Case 3 simulations. 

Note that simulated hydraulic heads near Devils Hole differ by about 30 m from the measured 
water levels due to model and data uncertainties associated with the 2004 DVRFS model 
(Belcher 2004 [DIRS 173179], p. 345).  Therefore, model simulation results from the modified 
models should be used with caution.  Despite limitations inherent in the 2004 DVRFS model, it 
is reasonable to use the model to perform a comparative study to evaluate the differences in 
modeled water levels resulting from different levels of groundwater withdrawal.  
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Source:  HeadContours.srf in FigureFiles.zip. 

NOTES: Hydraulic heads are in meters. Datum is NAVD88. Hydraulic head contours were generated using MODPATH V5.0, post-processed using procedures 
described in Appendix C, and then overlaid on the base map (contained in file Basemap_full.srf). 

Figure 3. Layer 1 Hydraulic Heads for (a) Case 1 (pre-pumping) and (b) Case 2 (pumping) 
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Source:  HeadContours.srf in FigureFiles.zip. 

NOTES Hydraulic heads are in meters. Datum is NAVD88. Hydraulic head contours shown were generated using MODPATH V5.0, post-processed using 
procedures described in Appendix C, and then overlaid on the base map (contained in file Basemap_full.srf). 

Figure 4. Layer 2 Hydraulic Heads for (a) Case 1 (pre-pumping) and (b) Case 2 (pumping) 
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Source:  HeadContours.srf in FigureFiles.zip. 

NOTES: Hydraulic heads are in meters. Datum is NAVD88. Hydraulic head contours shown were generated using MODPATH V5.0, post-processed using 
procedures described in Appendix C, and then overlaid on the base map (contained in file Basemap_full.srf). 

Figure 5. Layer 3 Hydraulic Heads for (a) Case 1 (pre-pumping) and (b) Case 2 (pumping)  

 



Sandia N
ational Laboratories Licensing Support A

nalysis 037 
   

 

 

Source:  HeadContours.srf in FigureFiles.zip. 

NOTES: Hydraulic heads are in meters. Datum is NAVD88. Hydraulic head contours shown were generated using MODPATH V5.0, post-processed using 
procedures described in Appendix C, and then overlaid on the base map (contained in file Basemap_full.srf). 

Figure 6. Layer 4 Hydraulic Heads for (a) Case 1 (pre-pumping) and (b) Case 2 (pumping) 
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Hydraulic heads simulated for the reduced level of long-term pumping (Case 3) for layer 1 are 
shown in Figure 7.  Heads for layers 2 through 4 are similar to those shown in the figure.  With 
the reduced pumping, the modeled steady-state hydraulic head at Devils Hole is 691.5 m, which 
represents a drawdown of about 0.2 m (0.7 ft) from the current pool stage of about 0.6 m (2 ft) 
below the “copper washer” datum.  Thus, the modeled drawdown is now within the threshold set 
by the Supreme Court (Cappaert v. United States 1976; United States v. Cappaert 1978). 

LSA-AR-037 REV 00 23 May 2009 



 

Source:  HeadContours.srf in FigureFiles.zip. 

NOTES: Hydraulic heads are in meters. Datum is NAVD88. Hydraulic head contours shown were generated using 
MODPATH V5.0, post-processed using procedures described in Appendix C, and then overlaid on the 
base map (contained in file Basemap_full.srf). 

Figure 7. Simulated Layer 1 Hydraulic Heads for Case 3 (reduced pumping conditions) 

Next, hydraulic heads at Devils Hole were examined for Cases 4 and 5 by running the utility 
code DH_head.F90 with MODFLOW output file HEADSOUT.txt.  Output from this examination 
include file DevilsHole.hed.  These input and output files are contained in 
files:  pdt1_mf2005_inp.zip and pdt2_mf2005_inp.zip for Cases 4 and 5, respectively.  Figure 8a 
shows the simulated heads for the copper washer datum (Column 85, Row 126 in the model, 
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which includes UTM 563,596 m Easting and 4,031,154 m Northing) for Case 4.  The heads are 
identical in Layers 1 through 4, indicating no vertical gradient at this location.  Figure 8b shows 
the corresponding drawdowns from the simulated head at the ‘“copper washer” for year 2003 
(approximately 692.3 m, see file:  pdt1_DevilsHole_head.xls contained in pdt1_mf2005_inp.zip).  
The water level in 2003 represents the current water level (see Figure 1b).  This simulation 
shows that at approximately year 2016, the drawdown of 0.2 m is reached at Devils Hole (Figure 
8b; see also file:  pdt1_DevilsHole_head.xls contained in pdt1_mf2005_inp.zip). At the end of 
year 2453, the drawdown from the 2003 water level at Devils Hole has reached about 7 m.  

 

Source:  pdt2_DevilsHole_Head.xlsx in pdt2_mf2005_inp.zip. 

NOTES:  Hydraulic heads are in meters. Datum is NAVD88. Case 4 drawdown was calculated from the simulated 
hydraulic head for year 1998, and Case 5 drawdown was calculated from the simulated hydraulic head for 
year 2003. Figures present the simulated heads and drawdowns for layers 1 through 4; however, 
simulated heads for layers 1 through 4 are identical.    

Figure 8. Simulated Hydraulic Heads and Drawdowns at the Devils Hole “Copper Washer” Datum: (a) 
Case 4 Hydraulic Head; (b) Case 4 Drawdown; (c) Case 5 Hydraulic Head; and (d) Case 5 
Drawdown 

Figures 8c and 8d present the simulated hydraulic heads and drawdowns for Case 5.  As can be 
seen, the simulated heads and drawdowns at Devils Hole are similar to those shown in Figures 8a 
and 8b. The simulation indicates that the additional pumping from the proposed wells in Indian 
Springs, Three lakes, and Tikaboo Valleys east of the Nevada Test Site described in Section 3.1 
would result in an increase of up to 0.3 m in drawdowns of water level at Devils Hole 
(pdt2_DevilsHole_head.xls contained in pdt2_mf2005_inp.zip).  As a result, the water level 
would fall below the threshold level set in the Supreme Court decision (i.e., 2.7 ft or 0.82 m 
below the copper washer, see Section 3.1) before year 2016.  The increase in the drawdown 
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would reach its maximum around year 2053, after which it would gradually decrease with time.  
The effect of the additional pumping would dissipate by year 2453.  

Finally, we evaluate the impact of groundwater pumping on the vertical hydraulic gradient 
between the carbonate and overlying alluvial-volcanic aquifers. Upward vertical hydraulic 
gradients have been observed in individual boreholes with isolated test intervals such as those 
between the regional Paleozoic carbonate aquifer and the overlying volcanic or alluvial aquifers 
as observed at UE-25 p#1 and NC-EWDP-2D/2DB (BSC 2004 [DIRS 170009], Section 6.3.2, 
Table 6-4). At UE-25 p#1, water levels in the Paleozoic carbonate rocks are about 20 m higher 
than those in the overlying volcanic rocks. Water levels measured within the carbonate aquifer at 
NC-EWDP-2DB are about 7 m higher than levels measured in overlying volcanic rocks. The 
generally upward gradients effectively limit the downward potential for migration of water 
within the tuffs or between the tuffs and the underlying regional Paleozoic carbonate aquifer, and 
maintain flow paths originating from beneath the repository in the volcanic system. Although 
locally downward hydraulic gradients are observed, these may be attributed, in most cases, to the 
presence of local recharge conditions and low permeability confining units, or perched 
conditions (BSC 2004 [DIRS 170009], Sections 6.3.2, 6.4, and 7.1.1).  

In this analysis, we extracted information from the Case 5 simulation to evaluate the impact of 
groundwater withdrawal on the upward vertical gradient from the carbonate aquifer.  The vertical 
hydraulic gradient was calculated using two methods for year 2016 when the water level in Devils 
Hole is projected to reach the threshold of 2.7 ft (0.82 m) below the copper washer, with results 
illustrated in Figures 9a and 9b.  In Figure 9a, the vertical hydraulic gradient was calculated using the 
simulated head values at the lowermost cell center of volcanic unit and the uppermost part of the 
lower carbonate-rock aquifer (LCA) or the lower carbonate-rock aquifer (thrusted) (LCA_T1).  The 
hydraulic gradient was calculated by extracting simulated hydraulic heads from the MODFLOW 
output file HEADSOUT.txt and MODFLOW input files ibound1.asc, lay1_wt_sim.asc and 
layx_top.asc (where x = 1, 2,…, 16 is the layer index number) using utility code DVRFS-
vgrad.F90 (Table 2).  All these files are included in file pdt2_mf2005_inp.zip.  In Figure 9b, the 
vertical hydraulic gradient was calculated using the simulated heads at the water table and the 
uppermost node in the LCA or the LCA_T1.  The upper carbonate-rock aquifer (UCA) was not used 
to define the Paleozoic contact because it comprises only 0.12% by volume of the site-scale saturated 
zone flow model (SNL 2007 [DIRS 177391], Table 6-5).  The upper clastic-rock confining unit 
(UCCU) and lower clastic-rock confining unit (thrusted) (LCCU_T1) were also not included because 
they are confining units.  In both analyses, if neither the LCA nor the LCA_T1 was present in a 
specific location, the upper boundary of the next lower unit below the LCA was used in the hydraulic 
gradient calculation (i.e., the uppermost node of either the lower clastic confining unit (LCCU), the 
crystalline confining unit (XCU) or the intrusive confining unit (ICU)). Vertical gradient was not 
calculated for areas where the carbonate aquifer is absent or the Paleozoic units outcrop.   

Contour maps of the vertical hydraulic gradient from the Case 5 simulation, generated as defined 
above are shown in Figures 9a and 9b.  A positive value indicates an upward gradient and a 
negative value indicates a downward gradient.  Figures 9a and 9b show that there is an upward 
vertical gradient from the Paleozoic carbonate aquifer near the Yucca Mountain repository.  This 
is consistent with the observed head differences in the vicinity of wells UE-25 p#1 and 
NC-EWDP-2D/2DB as discussed above and with the simulation result from the site-scale SZ 
flow model presented in the DOE responses to RAI 3.2.1.3.8-003.  After the predominant 
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groundwater flowpaths originating from Yucca Mountain enter Amargosa Desert, the vertical 
gradient is changed to be slightly downward, before recovering to be moderately upward further 
south along the flow paths.  The location of this transition zone is somewhat different from that 
estimated from the site-scale flow model (see Figure 1.2 of the DOE responses to RAI 3.2.1.3.8-
003) due to the differences between the site-scale SZ flow model and the Death Valley regional 
flow model discussed in Saturated Zone Site-Scale Flow Model (SNL 2007 [DIRS 177391], 
Section 6.5.2.2) and SAR Section 2.3.9.2.2.3, pp. 2.3.9-21 and 2.3.9-22.  Similar patterns of 
vertical gradients are shown for the two methods of calculating the vertical gradient (carbonate to 
volcanic and carbonate to water table).  In comparison with Figure 9a, Figure 9b shows that the 
vertical gradient between the carbonate aquifer and the overlying volcanic aquifer is generally 
similar to that between the carbonate aquifer and the water table (i.e. the combined alluvial-
volcanic aquifers), although there are some differences where the volcanic aquifer units are 
absent (most noticeably east and northeast of Yucca Mountain).  

In addition, Figures 9c and 9d present simulated vertical hydraulic gradients for the pre-pumping 
condition.  Similar to Figure 9a, Figure 9c plots the vertical hydraulic gradient that was calculated 
using the simulated head values at the lowermost volcanic unit in the Crater Flat Group and the 
uppermost part of LCA or LCA_T1. Similar to Figure 9b, Figure 9d presents the vertical hydraulic 
gradient that was calculated using the simulated head values at the water table and the uppermost 
node in the LCA or the LCA_T1. When compared to Figures 9a and 9b, respectively, Figures 9c 
and 9d show that post-development pumping in, for example, Amargosa Desert, Specter Range, 
and Pahrump Valley since year 1912 has resulted in slight changes of the upward gradient 
between the carbonate aquifer and overlying alluvial-carbonate aquifers.  In areas of Pahrump 
Valley southeast of Yucca Mountain and away from the flow paths, pumping causes the reversal 
of the vertical hydraulic gradient from slightly upward to slightly downward. In the Amargosa 
Desert along the flow paths south and southwest of Yucca Mountain, the opposite effect is 
noticed—pumping from the shallow alluvial aquifer actually helps to change the gradient from 
slightly downward to slightly upward.  Elsewhere, and including in the immediate vicinity of the 
Yucca Mountain, however, the upward hydraulic gradient is not significantly impacted.     

Figures 9e and 9f show the vertical gradients calculated for year 2453. The figures indicate that 
continuous pumping would result in a nearly complete reversal of the downward gradient in the 
Amargosa Desert, and some localized expansion or contraction of areas of downward gradient in 
Pahrump Valley.  For years 2016 and 2453, there are no significant changes to the hydraulic 
gradient in the Death Valley area.  This trend can also be clearly seen in Figure 9g which 
presents the change of vertical gradient with time at Amargosa Desert (an area of heavy 
pumping) and near wells UE-25 p#1 and NC-EWDP-2DB (where upward gradients from the 
carbonate aquifer are observed).  Figure 9g shows that pumping causes a decline in the vertical 
gradient in mid 1990s near UE-25 p#1 and NC-EWDP-2DB, after which it rebounds.  
Throughout the simulation period, the gradient near UE-25 p#1 remains upward from the 
carbonate aquifer to the water table.  Although the DVRFS model simulated a slightly downward 
vertical gradient in the cell containing NC-EWDP-2DB, which is explained below, the gradient 
also trends up with time as influenced by pumping.   The effect of pumping is most pronounced 
in the heart of pumping wells at Amargosa Desert.  In Row 117, Column 72, for example, heavy 
pumping from the shallow production wells actually helps to increase the gradient from slightly 
downward to moderately upward.   
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Source:  vgrad-carb2wt.png in Vgrad-Surfer.zip. 

NOTES:  Hydraulic gradient is upward if positive and downward if negative. Red curves are particle tracks from the 
repository simulated with the site-scale saturated zone flow model. 

Figure 9a. Simulated Vertical Hydraulic Gradient between the Carbonate Aquifer (or Deeper Crystalline 
Units) and the Water Table for Case 5 for Year 2016 

LSA-AR-037 REV 00 28 May 2009 



 

Source: vgrad-carb2volc.png in Vgrad-Surfer.zip. 

NOTES:  Hydraulic gradient is upward if positive and downward if negative.   Red curves are particle tracks from the 
repository simulated with the site-scale saturated zone flow model. 

Figure 9b. Simulated Vertical Hydraulic Gradient between the Carbonate Aquifer (or Deeper Crystalline 
Units) and the Overlying Volcanic Aquifer for Case 5 for Year 2016 
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Source: vgrad-carb2wt-t0.png in Vgrad-Surfer.zip. 

NOTES:  Hydraulic gradient is upward if positive and downward if negative.   Red curves are particle tracks from the 
repository simulated with the site-scale saturated zone flow model. 

Figure 9c. Simulated Vertical Hydraulic Gradient between the Carbonate Aquifer (or Deeper Crystalline 
Units) and the Water Table for the Pre-pumping Condition (Stress Period 1 from Case 5) 
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Source: vgrad-carb2volc-t0.png in Vgrad-Surfer.zip. 

NOTES:  Hydraulic gradient is upward if positive and downward if negative.   Red curves are particle tracks from the 
repository simulated with the site-scale saturated zone flow model. 

Figure 9d. Simulated Vertical Hydraulic Gradient between the Carbonate Aquifer (or Deeper Crystalline 
Units) and the Overlying Volcanic Aquifer for the Pre-pumping Condition (Stress Period 1 
from Case 5) 
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Source: vgrad-carb2wt-2453.png in Vgrad-Surfer.zip. 

NOTES:  Hydraulic gradient is upward if positive and downward if negative.   Red curves are particle tracks from the 
repository simulated with the site-scale saturated zone flow model. 

Figure 9e. Simulated Vertical Hydraulic Gradient between the Carbonate Aquifer (or Deeper Crystalline 
Units) and the Water Table for Case 5 for Year 2453 
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Source:  vgrad-carb2volc-2453.png in pdt2_mf2005_inp.zip. 

NOTES:  Hydraulic gradient is upward if positive and downward if negative.   Red curves are particle tracks from the 
repository simulated with the site-scale saturated zone flow model. 

Figure 9f. Simulated Vertical Hydraulic Gradient between the Carbonate Aquifer (or Deeper Crystalline 
Units) and the Overlying Volcanic Aquifer for Case 5 for Year 2453 
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Source: Vgrad_local.xlsx in pdt2_mf2005_inp.zip. 

NOTES:  Hydraulic gradient is upward if positive and downward if negative. 

Figure 9g. Vertical Hydraulic Gradient between the Carbonate Aquifer (or Deeper Crystalline Units) and 
the Water Table as a Function of Time (Case 5) 

Simulated hydraulic head, drawdown, and hydraulic gradients are also evaluated at the key 
locations of wells UE-25 p#1 and NC-EWDP-19D with the DVRFS model for Cases 1 to 5.  
Well UE-25 p#1 is located approximately 3 km downgradient of the repository and is a location 
at which the vertical hydraulic gradient between the regional Paleozoic carbonate aquifer and the 
overlying volcanic units has been measured.  Well NC-EWDP-19D is approximately located 
where the inferred flow paths from beneath the repository in the saturated zone cross the 18-km 
boundary of the accessible environment.  Simulated values of head are given for all five 
modeling cases in Table 6.  The simulated values of drawdown in head relative to Case 1 are 
given in Table 7 for Cases 2 to 5.  The values of average simulated vertical hydraulic gradient 
between the carbonate aquifer and the volcanic unit at the location of well p#1 for all cases is 
given in Table 8.  The values of average horizontal gradient near the water table between the 
locations of well p#1 and 19D are also given in Table 8.  Values of simulated vertical hydraulic 
gradient are calculated based on a vertical distance of about 1,078 m between layers 1 and 12 of 
the DVRFS model.  Values of horizontal hydraulic gradient are calculated based on a horizontal 
distance of 18,248 m between the model cell centers for the cells containing wells p#1 and 19D. 



Table 6. Simulated Hydraulic Head at the Approximate Locations of Well UE-25 p#1 and Well NC-
EWDP-19D 

Simulated Head (m) 

Location Case 1 
(steady state)a 

Case 2 
(steady state)b 

Case 3 
(steady state)c 

Case 4  
(500 years of 

pumping)d 

Case 5  
(500 years of 

pumping)e 
Well p#1 
(volcanics) 729.2 685.2 727.0 724.3 724.2 

Well p#1 
(carbonate) 741.7 697.6 738.7 736.5 736.4 

Well 19D 
(alluvium) 713.0 664.3 711.1 703.1 703.0 

Sources: afile:  test1.LIS in pdss1_mf2k.zip  
 bfile:  test5.LIS in pdss5_mf2k.zip 
 cfile:  test6.LIS in pdss6.zip 
 dfile:  HEADSOUT.txt in pdt1_HEADSOUT.zip 
 efile:  HEADSOUT.txt in pdt2_HEADSOUT.zip 

Table 7. Simulated Drawdown Relative to Pre-pumping Conditions at the Approximate Locations of Well 
UE-25 p#1 and Well NC-EWDP-19D 

Simulated Drawdown (m) 

Location Case 2 
(steady state) 

Case 3 
(steady state) 

Case 4  
(500 years of 

pumping) 

Case 5  
(500 years of 

pumping) 
Well p#1 
(volcanics) 44.0 2.2 4.9 5.0 

Well p#1 
(carbonate) 44.1 3.0 5.2 5.3 

Well 19D 
(alluvium) 48.7 1.9 9.9 9.9 

 

Table 8. Simulated Hydraulic Gradients at the Approximate Location of Well UE-25 p#1 and between 
the Location of Well UE-25 p#1 and Well NC-EWDP-19D 

Average Hydraulic Gradient 

Location Case 1 
(steady state) 

Case 2 
(steady state) 

Case 3 
(steady state) 

Case 4  
(500 years of 

pumping) 

Case 5  
(500 years of 

pumping) 
Vertical Gradient 
at Well p#1 
(carbonate to 
volcanics) 

1.16 × 10−2 

(upward) 

1.15 × 10−2 

(upward) 

1.09 × 10−2 

(upward) 

1.13 × 10−2 

(upward) 

1.13 × 10−2 

(upward) 

Horizontal 
Gradient Between 
Well p#1 and Well 
19D (shallow) 

8.88 × 10−4 1.15 × 10−3 8.71 × 10−4 1.16 × 10−3 1.16 ×10−3 
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The steady-state results for Case 2 show large drawdown in head, a slight decrease in the 
magnitude of the upward vertical gradient at p#1, and a moderate increase in the horizontal 
hydraulic gradient in the area between the repository and the boundary of the accessible 
environment.  A drawdown of about 40 to 50 m is simulated to occur for all locations, with a 
somewhat greater drawdown in the carbonate aquifer at well p#1.  The upward vertical gradient 
is maintained at well p#1 and it is decreased in magnitude by about 1%, relative to Case 1.  The 
average horizontal hydraulic gradient near the water table between the locations of well p#1 and 
well 19D is increased by about 30%.   

The steady-state results for Case 3 show patterns of drawdown and hydraulic gradients similar to 
those from Case 2, but with diminished impacts.  Simulated drawdown in head relative to Case 1 
ranges from about 2 m to about 3 m for these locations.  The upward vertical gradient at p#1 is 
decreased by about 6% and the horizontal gradient is decreased by about 2%.   

Results for Case 4 and Case 5 indicate moderate drawdown in head at these locations, a minor 
decrease in the upward vertical hydraulic gradient at p#1, and a modest increase in the horizontal 
hydraulic gradient between the repository and the 18-km boundary.  Simulated drawdown of 
about 5 m after 500 years of pumping occurs at the location of well p#1, with slightly greater 
drawdown in the carbonate aquifer versus the volcanic aquifer (4.9 m versus 5.2 m drawdown in 
Case 4).  Drawdown at the location of well 19D is about 10 m and is greater than at well p#1, as 
expected given that well 19D is located closer to pumping wells in the Amargosa Desert than 
well p#1.  The upward vertical gradient at well p#1 is maintained after more than 500 years of 
pumping in Case 4 and Case 5, but is decreased in magnitude by only about 3%.  The average 
horizontal hydraulic gradient near the water table between the locations of well p#1 and well 
19D is increased by about 31% relative to Case 1 because of the greater drawdown in the area of 
well 19D.  The additional pumping in Case 5 has no significant impact on the drawdown or 
changes in hydraulic gradients, relative to Case 4.   

Overall, these results from the DVRFS model indicate that the upward vertical hydraulic gradient 
between the carbonate aquifer and the overlying volcanic aquifer in the area of Yucca Mountain 
is maintained even for long periods of pumping from the regional groundwater flow system.  
Decreases in the magnitude of the upward vertical gradient with long-term pumping are small.  
Increases in the horizontal hydraulic gradient along the inferred flow paths in the saturated zone 
from beneath Yucca Mountain are modest and well within the envelope of uncertainty in the 
groundwater specific discharge multiplier used in radionuclide transport simulations for the 
TSPA model (SNL 2008 [DIRS 183750], Section 6.5.2.1[a]).  Case 2 likely overestimates the 
impacts of pumping given the long time required to achieve the steady-state conditions 
represented in this model and the intolerably large drawdowns in groundwater levels on a 
regional basis.   

Limitations of the DVRFS Model 

When interpreting DVRFS model results, several caveats are noted. While overall the model 
does a good job of simulating water levels, flow paths, and specific discharges, it must be noted 
that this is a “regional” model and only regional conclusions should be drawn. That is, flow paths 
may be representative of general flow directions, but it would be inappropriate to query the 
model for the deepest penetration of a particle and suggest that flow paths reach exactly this 
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depth (at least not with any known certainty). Moreover, the coarseness of the DVRFS model 
grid (1,500 × 1,500 m in the horizontal and 16 layers in the vertical direction, as compared to 
250 × 250 m in the horizontal and 26 layers in the vertical direction in the site-scale SZ flow 
model) suggests that results should not be interpreted at a scale finer than a single cell. Also, 
while the global water budget has been conserved across the model domain, locally, it is 
expected that perhaps significant differences in recharge and discharge will exist. For example, 
in the middle of Death Valley, the model-estimated evapotranspiration rate from the middle 
basin (in model cell OBS-DV-MIDDL) is more than three times that estimated with observation 
data (Belcher 2004 [DIRS 173179], Table F-4), suggesting that modeled flow paths might be 
preferentially drawn to this discharge point. 

Nevertheless, while it is noted that each individual modeled scenario may not be globally 
accurate in space and time because of the approximations and assumptions built into the DVRFS 
model, much higher confidence can be placed in the relative differences between two modeled 
scenarios. For example, while the prediction of local water level might indicate a notable 
disparity from the observed water table (especially if no calibration data are available nearby), 
changes in predicted water levels due to various pumping scenarios can be estimated with more 
confidence. That is, relative differences between model results can be assessed with more 
confidence. 

Overall, while using the DVRFS to draw conclusions about regional groundwater flow is 
appropriate, querying the model for detailed/local predictions should yield estimates that are 
considered with an appropriate level of uncertainty. For example, Figure 9g shows that the 
model-estimated vertical gradient for well NC-EWDP-2DB is nearly a constant downward 
gradient of −0.002, while an observed increase in head of 7.2 m at depth suggests an upward 
gradient of about 0.02 (BSC 2004 [DIRS 170009], Table 6-4 and Table A-6; SNL 2007 [DIRS 
177391], Table 6-8). Because each model cell in the DVRFS model occupies an area of 2.25 
km2, the model estimates only indicate, at best, results generalized to this scale. Moreover, an 
observation from a single well within this model cell should not be extrapolated to such a broad 
scale just as the model results should not be considered accurate at highly localized scales. An 
examination of model outputs also suggests other differences between the site-scale saturated 
zone flow model and the DVRFS model are due to differences in spatial discretization, the 
underlying hydrogeological framework model, and calibration of hydrologic properties. For 
instance, these differences are also responsible for the differences in simulated vertical gradients 
discussed earlier and seen in Figure 1.2 of the RAI 3.2.1.3.8-003 responses and Figures 9a and 
9c presented herein.  For the area of UTM Northing ~4075000 m and ~4055000 m, the DVRFS 
model predicts a larger area of downward gradient (Figures 9a and 9c) and nearly all of the 
particle tracks penetrating the lower carbonate aquifer in or near the Amargosa Desert before 
reemerging in the overlying volcanic and discharging into the alluvial unit into the floor of Death 
Valley (files:  ptrack-unit_pdss1.dat in ptrack-unit_pdss1.zip and ptrack-unit_pdss5.dat in 
ptrack-unit_pdss5.zip), while Figure 1.2 of the RAI 3.2.1.3.8-003 responses show that the site-
scale model predicts the particles would stay within the overlying units between the accessible 
environment and the Amargosa Desert.  

For these reasons, this analysis places an emphasis on interpreting the DVRFS model results in 
terms of relative changes between the pumping and non-pumping conditions.  
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4.2 ESTIMATED RADIONUCLIDE PLUME AT THE ACCESSIBLE 
ENVIRONMENT 

Of the 10,000 particles released from below the repository, 8,024 particles cross the accessible 
environment boundary.  Figure 10 shows the locations of these particles at the accessible 
environment boundary.  The “plume” at the access environment boundary is approximately 
3,300 m wide (from 548,200 m to 551,500 m Easting UTM). At this boundary, the particle 
locations are dispersed through DVRFS model layers 1 through 4, to a depth of about 220 m 
below the current water table.  

 

Source: InjectionPoints.pxp (Igor) in FigureFiles.zip. 

Figure 10. Locations of Particles Released from below the Repository and Tracked with FEHM’s SPTR 
Routine at the Accessible Environment Boundary 

4.3 RESULTS OF PARTICLE TRACKING ANALYSIS FOR PRESENT-DAY 
CONDITIONS 

Particle tracking results are presented in Figures 11 to 15 for Case 1 (pre-pumping), Case 2 
(2003 estimate of long-term pumping rates), and Case 3 (reduced estimate of long-term 
pumping).  Particles were released in the alluvial units in the DVRFS model as described in 
Section 4.2.  Figure 10 is an estimate of the cross section of the plume at the 18-km accessible 
environment. 

Figure 11a shows that without pumping (Case 1), particle tracks that originate from the plume at 
the accessible environment boundary would flow through Amargosa Desert toward the areas of 
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Furnace Creek springs and the floor of Death Valley, with a small fraction toward Alkali Flat 
(i.e., Franklin Lake Playa). Of the 8,024 particles originating at the accessible environment 
boundary, 8,023 particles generally follow the following flow path to first enter the volcanic 
aquifer, then through intervening layers travel through the lower carbonate aquifer, and then 
reemerge through the volcanic aquifer and discharge into cell Row 128, Column 49 in Layer 1 
(see file:  ptrack-unit_pdss1.dat in ptrack-unit_pdss1.zip).  Layer 1 in this location corresponds 
to hydrostratigraphyc unit 26 (file ptrack-unit_pdss1.dat in ptrack-unit_pdss1.zip), which is the 
YACU unit (Younger alluvial confining unit) (Belcher 2004 [DISR 173179], Table E-1). This 
model cell is located within the so-called middle basin of Death Valley labeled as OBS-DV-
MIDDL (see file drb_tr.txt contained in archive_model_tr.zip, which is publicly released by the 
USGS).  At this location, the DVRFS model-estimated evapotranspiration rate for the middle 
basin is more than three times that estimated with observation data (Belcher 2004 [DIRS 
173179], Table F-4).  Due to the uncertainties associated with the DVRFS model as discussed in 
Section 4.1, this discharge location should be generally regarded as the areas of Furnace Creek 
springs and the floor of Death Valley.  One particle is predicted to discharge into cell Row 127, 
Column 82, Layer 1, which is within Alkali Flat.   

Figure 11b illustrates the vertical flow paths for Case 1.  Note that due to the uncertainties in the 
DVRFS model as discussed in Section 4.1, there are differences between this result and those 
simulated with the site-scale saturated zone flow model (see Figure 1.2 of the RAI 3.2.1.3.8-003 
response).  For example, while the result from the site-scale saturated zone flow model shows 
that the flow paths are relatively shallow and stay within the overlying units, the DVRFS model 
result indicates that some of the particle would flow downward into the lower carbonate aquifer 
along the flow paths in the northern Amargosa Desert area (see also file:  ptrack-unit_pdss1.dat 
in ptrack-unit_pdss1.zip for details).   

Detailed information about the hydrogeologic units along the simulated particle paths from the 
18-km boundary are extracted from the DVRFS model for use in a simplified one-dimensional 
radionuclide transport model for SEIS analyses.  Information on the radionuclide transport 
parameters of effective porosity, bulk density, and sorption coefficients for these hydrogeologic 
units is also provided.  The average total flow path length between the 18-km boundary and 
discharge locations in Death Valley for particles in Case 1 is 55.9 km (see file:  jason_dat.xls).  
The percentages of the flow path length within each of the hydrogeologic units along the flow 
path and recommended values of radionuclide transport parameters are given in Table 9.   

The information on the hydrogeologic units along the flow path for the non-pumping case 
(Case 1) was extracted from the particle tracking output for this case into the file ptrack-units-
pdss1.dat using the utility code DVRFS-vgrad.F90.  The total distance traveled in each 
hydrogeologic unit by each particle was extracted from the file ptrack-units-pdss1.dat using the 
utility codes HGUloc.F90 and HGU_name.F90.  These data were then exported to the 
spreadsheet jason_dat.xls for the calculation of average flow path lengths in each hydrogeologic 
unit.  The FORTRAN utility code xtract_path_LCA.for was used to calculate the distances from 
the boundary of the accessible environment to each model cell in which the LCA unit was 
encountered by each particle using the data in the file ptrack-units-pdss1.dat.  This output is 
contained in the file LCA_distr.dat.   
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There is variation in the flow path length in the LCA (Lower Carbonate Aquifer) hydrogeologic 
unit and in the location where the LCA unit is encountered among the particles used in the flow 
path analysis.  As indicated in Table 9, the average flow path length in the LCA unit is 40.4% of 
the total flow path length.  Among all of the particles used in the analysis the 5th percentile of 
the total flow path length between the 18-km boundary and the discharge location in Death 
Valley is 35.1% and the 95th percentile is 49.2% (see file:  jason_dat_LCA_range.xls).  The bulk 
of the flow path length in the LCA unit occurs along the flow paths beneath the Funeral 
Mountains.  However, about 9% of the particles go deep enough beneath the northern Amargosa 
Desert in the first 15 km downgradient of the 18-km boundary to encounter the LCA unit in that 
area.  Of the total percentage among all particles of about 40% of the flow path length in the 
LCA unit, about 39% occurs beneath the Funeral Mountains and about 1% occurs beneath the 
northern Amargosa Desert.   

Values of effective porosity and bulk density are given for all of the hydrogeologic units for the 
non-pumping and the pumping cases, based on the expected values from the saturated zone flow 
and transport abstraction model (SNL 2008 [DIRS 183750]).  Note that the Older Alluvial 
Aquifer (OAA), Upper Volcanic- and Sedimentary-Rock Unit (VSU), and Lower VSU 
hydrogeologic units consist of alluvium or basin-fill material and are assigned the median 
effective porosity and bulk density values of alluvium (SNL 2008 [DIRS 183750], Table 6-8, 
parameters NVF19, NVF7, and bulk density).  The CFPPA (Crater Flat-Prow Pass Aquifer) unit 
is fractured tuff and assigned a value of effective porosity equal to the median of flowing interval 
(fracture) porosity (SNL 2008 [DIRS 183750], Table 6-8, parameter FPVO).  In addition, the 
expected values of sorption coefficients for neptunium, uranium, plutonium, and americium for 
the Younger Alluvial Aquifer (YAA), Younger Alluvial Confining Unit (YACU), OAA, Upper 
VSU, CFPPA, and Lower VSU hydrogeologic units are also based on information from 
Saturated Zone Flow and Transport Model Abstraction (SNL 2008 [DIRS 183750]).  Values of 
sorption coefficients for the LA and XCU hydrogeologic units are not given in Tables 9 and 10; 
these units constitute a minor fraction of the flow path length or, in the case of the LA unit in the 
pumping case, can be conservatively assumed to provide no sorption.   

Expected values of sorption coefficients for the Lava-Flow Unit (LFU) and LCA hydrogeologic 
units are taken from evaluations of sorption data for similar rock types at the Idaho National 
Laboratory (INL) and the Waste Isolation Pilot Plant (WIPP), respectively.  Primary sources of 
data on sorption coefficients were not compiled for the information presented in Tables 9 and 10.  
The LFU hydrogeologic unit is composed of basaltic lava flows in the area to the south of Yucca 
Mountain (Belcher et al. 2004 [DIRS 173179], Chapter B, p. 40) and the estimated INL 
performance assessment values of sorption coefficients on basalt from the report by Dicke (1997, 
Table 4) are assigned to this unit.  The LCA hydrogeologic unit is lithologically variable, but 
contains significant dolomite (Belcher et al. 2004 [DIRS 173179], Chapter B, p. 63).  The 
median values from the ranges of sorption coefficients for dolomite from the WIPP performance 
assessment (EPA 1998, Table 1) are assigned to the LCA unit.   

One-dimensional radionuclide transport modeling along the flow paths from the 18-km boundary 
can be simplified by combining hydrogeologic units with identical transport parameter values 
and by disregarding hydrogeologic units that do not constitute a significant percentage of the 
flow path length.  For example, in the non-pumping case the OAA, Upper VSU, and Lower VSU 
units are composed of alluvium along the flow path and can be combined into a single segment 
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that consists of about 48% of the total flow path length.  Also, the Limestone Aquifer (LA), 
CFPPA, and Crystalline-Rock Confining Unit (XCU) hydrogeologic units are each less than 1% 
of the total flow path length for the non-pumping case and could reasonably be eliminated from 
the one-dimensional radionuclide transport model.   

The histogram of particle specific discharges for the particle tracks for Case 1 is presented in 
Figure 12.  Specific discharges were calculated as the average (across all particles) of the path 
length divided by the travel time for each particle.  The minimum, average, and maximum 
specific discharges are 1.04 × 10−4, 4.61 × 10−4, and 1.63 × 10−3 m/day, respectively. 
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Source: PDSS1-ppaths.srf in PDSS1_5-ptracks-figures.zip. 

NOTES: Purple contours are simulated heads for layer 1.  Dense and thin black lines are particle tracks from 8,024 
Particles that are released at the accessible environment boundary.  The Nevada Test Site is outlined in 
red.  Hatched areas outside of the Death Valley groundwater basin are treated as inactive cells in the 
model.   

Figure 11a. Simulated Hydraulic Heads and Groundwater Flow Paths for the Pre-pumping Case (Case 1) 
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Source: PDSS1-ppaths.srf in PDSS1_5-ptracks-figures.zip. 

NOTES: The upper right figure shows the horizontal flow paths.  The left and the lower figures show the vertical 
flow paths. Dense and thin red curves are particle tracks from 8,024 particles that are released at the 
accessible environment boundary.  The Nevada Test Site is also outlined in red.  The blue lines indicate 
the repository footprint and the accessible environment boundary.  

Figure 11b. Simulated Horizontal and Vertical Groundwater Flow Paths for the Pre-pumping Case 
(Case 1) 
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Source: SPDISHist.pxp (Igor) in FigureFiles.zip. 

Figure 12.  Histogram of Specific Discharges for the 8,024 Particles Released at the Accessible 
Environment Boundary for the Pre-pumping Case (Case 1) 

Table 9. Average Flow Path Lengths and Expected Transport Model Parameter Values in 
Hydrogeologic Units (Pre-pumping Case) 

Hydrogeologic 
Unit 

Abbreviation a 

Average % 
of Total Flow 
Path Length 

Effective 
Porosity b 

Bulk 
Density 
(g/cm3) b 

Np Kd 
(mL/g) 

U Kd 
(mL/g) 

Pu Kd 
(mL/g) 

Am Kd 
(mL/g) 

YACU 4.2 0.32 2.50 6.35 b 4.6 b 100. b 5500. b 

OAA 1.8 0.18 1.91 6.35 b 4.6 b 100. b 5500. b 

LA 0.4 0.01 2.77 - - - - 

LFU 6.0 0.08 2.44 8 d 3 d 100 d 70 d 

Upper VSU 25.3 0.18 1.91 6.35 b 4.6 b 100. b 5500. b 

CFPPA 0.2 0.001 1.84 1.435 b 6.78 b 104.2 b 5500. b 

Lower VSU 21.2 0.18 1.91 6.35 b 4.6 b 100. b 5500. b 

LCA 40.4 0.01 2.77 100.5 c 15.0 c 260. c 260. c 

XCU 0.5 0.0001 2.65 - - - - 

Sources: % of total flow path length from file:  jason_dat.xls.   
 a Belcher et al. 2004 [DIRS 173179], Table E-1. 
 b SNL 2008 [DIRS 183750], Tables 6-8, 6-13, and 6-14. 
 c EPA 1998, Table 1. 
 d Dicke 1997, Table 4. 

NOTE: Units that are less than 0.1% of the average total flow path length are not included in the table. 

Figure 13a shows that with pumping at the 2003 level (Case 2), particle tracks originating from 
the plume area in alluvium layers 1 through 4 at the accessible environment boundary are fully 
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captured by pumping wells in Amargosa Farms. The model cell that corresponds to the discharge 
location is Row 117, Column 70, Layer 1 (see file:  ptrack-unit_pdss5.dat in ptrack-
unit_pdss5.zip). This result indicates that current level of pumpage would prevent further 
downgradient migration of dissolved contaminants to Furnace Creek, Ash Meadows, or Alkali 
Flat (i.e., Franklin Lake Playa). 

Figure 13b illustrates the vertical flow paths for Case 2; additional details for this case can be 
found in file ptrack-unit_pdss5.dat in ptrack-unit_pdss5.zip.  Similarly to Figure 11b, one should 
be cautioned that there are differences between this result and those simulated with the site-scale 
saturated zone flow model (see Figure 1.2 of the RAI 3.2.1.3.8-003 response) due to the 
uncertainties in the DVRFS as discussed in Section 4.1.   

The average total flow path length between the 18-km boundary and discharge locations at 
pumping wells in Amargosa Desert for particles in Case 2 is 17.0 km.  The percentages of the 
flow path length within each of the hydrogeologic units along the flow path and recommended 
values of radionuclide transport parameters are given in Table 10. 

The histogram for the 8,024 particle tracks for Case 2 is shown in Figure 14.  The minimum, 
average, and maximum specific discharges are 2.90 × 10−4, 5.53 × 10−3, and 8.38 × 10−3 m/day, 
respectively.  Specific discharges under the 2003 long-term pumping conditions are roughly 
seven times larger than those for steady-state (no pumping) conditions.  Ranges for these 
pumping conditions are fairly broad (a factor of about 29) and this is a bit less than twice as 
broad as the range for steady-state conditions (whose range spans a factor of about 16). 
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Source: pdss5.srf  in pdss5_mpath5.zip. 

NOTES: Purple contours are simulated heads for layer 1.  Dense and thin black curves are particle tracks resulted 
from 8,024 Particles that are released at the accessible environment boundary.  The Nevada Test Site is 
outlined in red.  Hatched areas outside of the Death Valley groundwater basin are treated as inactive cells 
in the model.  

Figure 13a. Simulated Hydraulic Heads and Groundwater Flow Paths for the 2003 Estimate of Long-Term 
Pumping Rates (Case 2) 
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Source: PDSS5-ppaths.srf  in PDSS1_5-ptracks-figures.zip. 

NOTES: The upper right figure shows the horizontal flow paths.  The left and the lower figures show the vertical 
flow paths. Dense and thin red curves are particle tracks from 8,024 particles that are released at the 
accessible environment boundary.  The Nevada Test Site is also outlined in red.  The blue lines indicate 
the repository footprint and the accessible environment boundary.  

Figure 13b. Simulated Horizontal and Vertical Groundwater Flow Paths for the 2003 Estimate of Long-
Term Pumping Rates (Case 2) 
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Source: SPDISHist.pxp (Igor) in FigureFiles.zip. 

Figure 14. Histogram of Specific Discharges for the 8,024 Particles Released at the Accessible 
Environment Boundary for the 2003 Estimate of Long-Term Pumping Rates (Case 2) 

Table 10. Average Flow Path Lengths and Expected Transport Model Parameter Values in Hydrogeologic 
Units (Long-Term Pumping Case) 

Hydrogeologic 
Unit 

Abbreviation a 

Average % 
of Total Flow 
Path Length 

Effective 
Porosity b 

Bulk 
Density 
(g/cm3) b 

Np Kd 
(mL/g) 

U Kd 
(mL/g) 

Pu Kd 
(mL/g) 

Am Kd 
(mL/g) 

YAA 5.0 0.18 1.91 6.35 b 4.6 b 100 b 5,500. b 

OAA 16.9 0.18 1.91 6.35 b 4.6 b 100 b 5,500. b 

LA 6.9 0.01 2.77 - - - - 

LFU 6.6 0.08 2.44 8 c 3 c 100 c 70 c 

Upper VSU 54.6 0.18 1.91 6.35 b 4.6 b 100 b 5,500. b 

CFPPA 1.1 0.001 1.84 1.30 b 6.78 b 104.2 b 5,500. b 

Lower VSU 8.9 0.18 1.91 6.35 b 4.6 b 100 b 5,500. b 

Sources:  % of total flow path length from file jasonPump_dat.xls.   
 a Belcher et al. 2004 [DIRS 173179], Table E-1. 
 b SNL 2008 [DIRS 183750], Tables 6-8, 6-13, and 6-14. 
 c Dicke 1997, Table 4. 

NOTE: Units that are less than 0.1% of the average total flow path length are not included in the table. 

Flow paths for Case 3 are presented in Figure 15a.  The figure shows that flow patterns are 
generally similar to those shown when there is no pumping (Case 1).  However, with the reduced 
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level of pumping, there is a component (two particles) of groundwater flow between Funeral 
Mountain and Alkali Flat towards the southern end of Death Valley.  

The histogram for the 8,024 particle tracks for Case 3 is shown in Figure 15b.  The minimum, 
average, and maximum specific discharges are 2.20 × 10−7, 4.51 × 10−4, and 1.02 × 10−3 m/day, 
respectively.  Specific discharges under the reduced long-term pumping conditions in Case 3 
(where pumping was reduced to about 2% of Case 2) are actually slowed compared to those for 
Case 1 (no pumping conditions).  The range of specific discharges for Case 3 is much larger than 
for either of Cases 1 and 3 because two particles traveled very slowly (two and three orders of 
magnitude slower than the rest of the plume) to discharge south of Death Valley.  Excluding 
these two flow paths in statistical analysis yields a specific discharge distribution that is similar 
to Case 1 (non-pumping), with a minimum specific discharge of 1.45 × 10−4 m/day.  Why 
reduced pumping in Case 3 slows the flow from the 18-km compliance boundary to Death 
Valley may be explained by pumping effects on flow upstream and downstream of Amargosa 
Desert.  The particles pass through the Amargosa Desert well field early on their transit to Death 
Valley, and once they pass the weak sinks in Amargosa Desert, their movement to Death Valley 
is slowed due to a smaller hydraulic gradient, reduced by pumping, along the segment of the 
flowpath downstream of Amargosa Desert.  (In the case of continuous pumping at the year 2003 
level (Case 3), this effect is actually strong enough to prevent the particles from moving further 
downstream and out of Amargosa Desert.)  Overall, specific discharges for this reduced pumping 
case (Case 3) are only slightly different from the non-pumping case (Case 1) and are within the 
range of modeling uncertainty for both scenarios. 
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Source: PDSS1-ppaths.srf in PDSS1_5-ptracks-figures.zip and 18km-no-pump.dxf; SNL 2007 [DIRS 177391], 
Figure 6-17. 

NOTES: Purple contours are simulated heads for layer 1.  Dense and thin black curves are particle tracks from 
8,024 Particles that are released at the accessible environment boundary.  Red curves are particle tracks 
from the repository to the accessible environment boundary (SNL 2007 [DIRS 177391], Figure 6-17).  The 
Nevada Test Site is outlined in red.  Hatched areas outside of the Death Valley groundwater basin are 
treated as inactive cells in the model.  

Figure 15a. Simulated Hydraulic Heads and Groundwater Flow Paths for the Reduced Estimate of Long-
Term Pumping Rates (Case 3) 

LSA-AR-037 REV 00 50 May 2009 



 

Source: SPDISHist.pxp (Igor) in FigureFiles.zip. 

Figure 15b. Histogram of Specific Discharges for the 8,024 Particles Released at the Accessible 
Environment Boundary for the Reduced Estimate of Long-Term Pumping Rates (Case 3) 

4.4 ESTIMATED SPECIFIC DISCHARGE AND FLOW PATHS FOR FUTURE 
CLIMATIC CONDITIONS 

The specific discharges for the future wetter climate were scaled up from those estimated for the 
current climate (Section 4.3).  The scaling factor was chosen to be the same as the factor 
developed for the site-scale SZ model domain for the glacial-transition climate (3.9, see SNL 
2008 [DIRS 183750], Table 6-4[a]).  The results of multiplying specific discharges by the 
scaling factor of 3.9 for Cases 1 to 3 are summarized in Table 11.   

Table 11. Specific Discharge Estimates 

Specific Discharge (m/day) 
Case Description Minimum Average Maximum 
1 Pre-pumping 4.07 × 10−4 1.80 × 10−3 5.05 × 10−3 

2 2003 estimate of long-term pumping rates 1.30 × 10−3 2.39 × 10−2 3.61 × 10−2 

3 Reduced estimate of long-term pumping rates 8.58 × 10−7 1.76 × 10−3 3.98 × 10−3 

 

There are several references that show regional springs and discharge areas within the DVRFS 
model domain.  D’Agnese et al. (1998 [DIRS 103006]) and Belcher (2004 [DIRS 173179]) 
present maps showing regional springs and lakes (Figures 16 and 17).  There are several 
discharge areas both south and southwest of the Nevada Test site as shown in Figure 17.  These 
include discharge areas at Ash Meadows, Alkali Flat, Franklin Well area, and Death Valley.  
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Belcher (2004 [DIRS 173179]) also presents estimates of mean annual discharge volumes (Table 
12).  Forester et al. (1999 [DIRS 109425]) mention active springs at Ash Meadows and Death 
Valley and discharge as seepage and evapotranspiration at Alkali Flat (Figure 18). 

The simulations for the pre-pumping case shown in Figure 10 indicated flowpaths to the Death 
Valley discharge area; whereas, for the pumping case, the flow paths go to the wells in the 
Amargosa Farms area.  These discharge areas are consistent with the present-day discharge areas 
reported in the literature mentioned above. 

A few scientific investigations are in disagreement with the conceptual model used in the 
DVRFS model that there is significant interbasin flow in the carbonate aquifer.  Anderson et al. 
(2006 [DIRS 186108]) claims that the structural complexity of the carbonate rocks makes 
interbasin flow “difficult to envision.”  The authors state that the majority of spring water 
discharging at Furnace Creek in Death Valley is locally recharged.  Miner et al. (2007 [DIRS 
186109]) studied fossil spring deposits in the Tecopa Basin.  The authors conclude that the 
regional flow was from the north in a north-south trending fault region along the foot of the 
Resting Spring Range, as opposed to the west due to interbasin flow in carbonate rocks.  Both 
papers note that the conceptual model of interbasin flow in the carbonate aquifer used by the 
DVRFS model is conservative, leading to an increase in flux through the model domain and 
discharge in Death Valley. 

Paleodischarge sites can be used to infer potential future locations for discharge of groundwater 
from Yucca Mountain under future, wetter climatic conditions.  By dating the paleospring 
deposits, they can potentially be linked to times of a wetter climate and a higher water table.  The 
inference to the past can then be extrapolated to potential future climates.  For this case, the 
interest is in the future glacial-transition climate that is wetter and cooler than the present-day 
climate.  The glacial transition climate is of interest because it is this climate that the TSPA 
model chose to be most representative of future climatic conditions beyond 2,000 years in the 
future. 

The climatic history in the paleodischarge sites in the DVRFS model area is complex.  SAR 
Section 2.3.1 (p. 2.3.1-13) states:  

Evidence shows that glacial periods were of limited duration, lasting from a few 
thousand years to as much as 35,000 years for a major glacial period that occurred 
from about 140,000 to 175,000 years ago. The interglacial (present-day) climates 
persisted for only about 20% of the documented interglacial and glacial history. Thus, 
much of the Yucca Mountain climate history is dominated by glacial-transition 
climates. 

Figure 2.3.1-10 in SAR Section 2.3.1 shows that the initiation of the transition to a glacial 
climate occurred approximately 400, 325, 230, and 115 thousand years ago.  This study assumes 
that any paleodischarge site older than about 10,000 years most likely occurred during a glacial 
transition period when the water table was higher.   

Figure 18 shows areas of paleodischarge deposits shown in the report by Forester et al. (1999 
[DIRS 109425], Figure 21).  Paleodischarge points in the Amargosa Desert include Crater Flat 
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Wash deposits, Lathrop Wells diatomite, State Line deposits, and Indian Pass deposits.  Of these 
paleospring deposits, the State Line deposits are the most likely locations for potential future 
discharge of groundwater from beneath Yucca Mountain, based on simulated flow paths reported 
in Section 4.3 (Figures 11, 13, and 15).  Forester et al. (1999 [DIRS 109425]) report dates of 
deposits at Crater Flat deposits, Lathrop Wells diatomite and the State Line deposits to be 
between 40 thousand and eight thousand years old. 

Quade et al. (1995 [DIRS 100074]) examined paleospring deposits at Lathrop Wells diatomite, 
Ash Meadows, Pahrump Valley, and further to the south and east.  They state paleontological 
evidence that the Lathrop Wells diatomite deposits date to the Pleistocene.  The authors also state 
that deposits in the Pahrump and Coyote Springs Valleys extend back to at least the early 
Pleistocene.  They state that “most paleosprings that discharged into valley bottoms in our study 
area probably would plot in the “springs in limestones” field” (Quade et al. 1995 [DIRS 100074], 
p. 217), indicating that the waters may have originated from the carbonate system.  Quade et al. 
(1995 [DIRS 100074]) believe that most of the paleospring deposits studied in their work were 
localized by faulting. 

Paces (1995 [DIRS 106465]) presents studies of paleospring deposits to the south and southwest 
of Yucca Mountain, specifically the Crater Flat deposits and State Line deposits in the southern 
Amargosa Desert, and dated State Line deposits using a calibrated 14C age to be 9,010 ± 250 to 
10,760 ± 250 years old.  The author concludes that discharge was active at all sites during the 
late Pleistocene through the last glacial maximum (ages of 10,000 to 20,000 years before 
present) and states that “uranium and strontium isotopic compositions in past-discharge deposits 
are compatible with present-day ground waters in the vicinity of each of the discharge sites” 
(Paces 1995 [DIRS 106465]). 

D’Agnese et al. (1999 [DIRS 120425]) performed simulations of groundwater flow with the 
DVRFS model to simulate the effects of climate change.  Their study assessed the potential 
impacts of past (full-glacial) and future (global-warming) climate scenarios.  Results for the 
steady-state past climatic conditions indicated significant water table rise and activation of 
discharge drains in the model corresponding to the State Line deposits and some model cells 
along the downstream reach of Fortymile Wash (Figure 19) (D’Agnese et al. 1999 [DIRS 
120425]), among others.  The past climate scenario evaluated by D’Agnese et al. (1999 [DIRS 
120425]) is the more relevant to the glacial-transition climatic conditions that are most 
representative of long-term conditions at Yucca Mountain.   

In summary, paleospring deposits in the area near Yucca Mountain indicate that groundwater 
from the regional flow system discharged to the surface at numerous additional locations during 
past glacial climatic conditions.  It is reasonable to assume that many or all of these locations 
will be reactivated as groundwater discharge sites under future glacial-transition climatic 
conditions.  Of these paleodischarge locations, the State Line deposits about 25 to 30 km from 
Yucca Mountain are the most likely sites for the potential discharge of groundwater from 
beneath Yucca Mountain under future glacial-transition climatic conditions.  Alternatively, it is 
possible that groundwater flow paths from Yucca Mountain will bypass the State Line discharge 
locations to be discharged at the Furnace Creek springs or valley floor of Death Valley, under 
future glacial-transition climatic conditions.  It is also possible that future groundwater pumping 
in the area of wells in Amargosa Farms would lower the water table, prevent surface discharge 
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from occurring at the State Line discharge areas, and capture groundwater originating from 
beneath Yucca Mountain. 

 

Source: D’Agnese et al. 1998 [DIRS 103006], Figure 3. 

Figure 16. Locations of Lakes and Regional Springs from D’Agnese et al. (1998 [DIRS 103006]) 
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Source: Belcher 2004 [DIRS 173179], Figure D-3. 

Figure 17. Locations of Lakes and Regional Springs from Belcher (2004 [DIRS 173179]) 
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Table 12 Estimates of Mean Annual Ground-Water Discharge from Major Evapotranspiration-
Dominated Discharge Areas in Death Valley Regional Ground-Water Flow System Model 
Domain   

Discharge Area 

Estimated Mean 
Annual ET Rate 

(m/yr) 
Area 
(km2) 

Annual 
Precipitation 

Rate 
(m/yr) 

Estimated 
Precipitation-

Adjusted Annual 
Evapotranspiration 

Rate 
(m/yr) 

Estimated Mean 
Annual 

Ground-Water 
Discharge 

(m3) 
Ash Meadows 0.55 50.5 0.11 0.44 22,203,000 

Chicago Valley 0.34 2.48 0.11 0.23 530,000 

Franklin Lake 0.23 9.43 0.10 0.13 1,234,000 

Franklin Well Area 0.46 1.20 0.11 0.35 432,000 

Oasis Valley 0.70 13.9 0.15 0.55 7,401,000 

Pahrump Valley 0.79 12.2 0.12 0.67 8,082,000 

Penoyer Valley − 76.9  − 0.06 4,650,000 

Sarcobatus Flat 0.27 138.6 0.15 0.12 16,035,000 

Shoshone Area 0.55 5.62 0.09 0.46 2,590,000 

Stewart Valley1 0.20 12.2 0.11 0.09 1,234,000 

Tecopa/California 
Valley Area 

0.64 14.2 0.09 0.55 7,894,000 

Death Valley Floor — 445.5 — 0.11 43,172,000 

Total     115,457,000 

Source: Belcher 2004 [DIRS 173179], Table C-1. 

NOTES: Ground-water discharge rounded to the nearest thousand. Rates rounded to nearest hundredth. Mean 
annual ground-water discharge nay not equal product of precipitation-adjusted ET rate and area because 
of rounding. Dash (−) indicates that no value was reported in referenced source or that the information 
given was insufficient to compute a value.  

ET = evapotranspiration, m/yr = meters per year, km2 = square kilometers, m3 = cubic meters, 

1Corrected from the original value reported in Belcher 2004 [DIRS 173179]. 

 
. 
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Source: Forester et al. 1999 [DIRS 109425], Figure 21. 

NOTES: Paleodischarge deposits are shown as dark-shaded patches with CFD = Crater Flat Deposits, 
CFW = Crater Flat Wash, DH = Devils Hole, LWD = Latham Wells Diatomite, IPD = Indian Pass Deposits, 
SLD = State Line Deposits. Active springs at Ash Meadows and Death Valley are shown with spring 
symbols. Outlined arrows show generalized ground-water flow paths. Light-shaded polygons represent 
bedrock highs; intervening unpatterned areas represent alluvium-filled basins. Solid and dashed lines in 
basins represent fluvial channels and fan boundaries, respectively. 

Figure 18. Paleodischarge Deposits and Active Springs in the Yucca Mountain Region, Nevada 
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Source: D’Agnese et al. 1999 [DIRS 120425], Figure 11. 

Figure 19. Distribution of Drains and Constant Head Cells Simulated as Discharging during Past Climate 
Conditions in the DVRFS Model 

4.5 CALCULATED RADIONUCLIDE MASS RELEASE RATES FROM THE TSPA-
LA 

The results for different radionuclides are plotted in Figure 20.  This part of the analysis 
considers only the first 39 species tracked by the unsaturated zone model component of the 
TSPA-LA Model.  The other 10 species tracked in the TSPA-LA model are not transported by 
the unsaturated zone component of the TSPA-LA model. 
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For cumulative unsaturated zone releases, 39 individual species are tracked by the FEHM DLL, 
of which four (137Cs, 90Sr, 232U, and If238Pu) reach 100% of total cumulative release within 
5,000 years.  238Pu and Ic238Pu reach 99.7% release at this time.  In addition, 241Am release 
approaches 90% of the cumulative release within 5,000 years, predominantly due to the short 
half-lives of these species.  By 100,000 years, an additional ten species (14C, 243Am, Ic243Am, 
If243Am, 241Am, Ic241Am, If241Am, 240Pu, Ic240Pu and If240Pu) reach more than 99% of the 
cumulative release of these species.  By 200,000 years 239Pu, Ic239Pu, and If239Pu have 
accumulated 93% of the cumulative release and 36Cl has reached 58% of its cumulative release.  
For the other 19 species yet to be mentioned, cumulative releases are less than 30% of the final 
value by 200,000 years.  However, it is during the period between 100,000 and 500,000 years 
when waste packages begin failing with a greater frequency and higher probability (seismic 
events or nominal corrosion processes).  Because of the variation in releases, proposing a single 
time step schedule for all radionuclides is removed from consideration.  Instead an alternate 
approach is proposed.  The 20 time steps used in the analysis are determined by the change in the 
cumulative release fraction for each species.  Each time the cumulative release fraction 
approaches a 5% increment of the total release the time is recorded and used as a value in the 
revised time step schedule.  The cumulative release fractions, calculated by Equation 1, are 
calculated for the fine time step schedule that includes 2,020 time steps.  The mean cumulative 
release history is converted to a fraction of total cumulative release.  The time step that precedes 
a change in cumulative release by 5% of the total is reported as a time step in the revised time 
step schedule.  Although the mean cumulative release history is used to determine the revised 
time step schedule, 5th-percentile, median, and 95th-percentile values are also reported at these 
same time steps.   

Results are also reported in an Excel file (EIS_UZ_TimeStep_Resolution_Fractional_Basis.xls) 
described in Appendix B.  This workbook contains the time step refinement calculation for the 
radionuclides of interest, combining multiple colloidal forms of plutonium and americium. 
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Source: EIS_UZ_TimeStep_Resolution.gsm. 

Figure 20. Fraction of Mean Cumulative Unsaturated Zone Release in 1,000,000 Years by Radionuclide 

4.6 SELECTED BREAKTHROUGH CURVES FOR NONRADIOLOGICAL 
CONTAMINANTS 

Recommended values of sorption coefficients for nickel, molybdenum, and vanadium in 
volcanic rocks and alluvium are 15, 0, and 8 mL/g, respectively (David Lester, Jason and 
Associates Corporation, personal communication, December, 2008).  Table 13 shows the median 
values for sorption coefficients in the volcanic rocks and the alluvium from the uncertainty 
distributions for Kds in the saturated zone flow and transport abstraction model (SNL 2008 
[DIRS 183750], Tables 6-8 and 6-7[a]).  Note that Table 13 does not contain radionuclide groups 
that are subject to colloid-facilitated transport because the sorption coefficients for nickel, 
molybdenum, and vanadium are low enough that they would not be subject to colloid-facilitated 
transport.  The median values for Kd given in Table 13 are from the uncertainty distributions 
used to develop the breakthrough curves for the various radionuclide groups.   
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Table 13. Radioelements Transported as Solutes in the Saturated Zone Flow and Transport Abstraction 
Model 

Radionuclide 
Group Number Radioelements 

Median Volcanics 
Kd (mL/g) 

Median Alluvium 
Kd (mL/g) 

1 Carbon, Technetium, Iodine, Chlorine 0.0 0.0 

5 Neptunium 1.3 6.4 

7 Radium 550 550 

8 Strontium 210 210 

9 Uranium 6.8 4.6 

11 Selenium 10.8 10.8 

 

The median values for the uncertainty distributions of Kds are used as a reasonable metric for 
evaluating the most representative set of breakthrough curves to match with each of the 
nonradioactive contaminants.  Given that the recommended value of Kd for molybdenum is 
0.0 mL/g, its transport in the saturated zone clearly is associated with radionuclide group 1.  The 
recommended value of 15 mL/g for nickel is higher than the median value of 10.8 mL/g for the 
uncertainty distribution for Kd of selenium, but matches this radionuclide group (Group 11) more 
closely than any other.  The recommended value of 8 mL/g for vanadium is somewhat higher 
than the median values of 6.8 and 4.6 mL/g for the uncertainty distributions for Kd in volcanic 
rocks and alluvium of uranium, but matches this radionuclide group (Group 9) more closely than 
any other.   

Additional comparison between the recommended values of sorption coefficients for nickel and 
vanadium and the uncertainty distributions for the corresponding radionuclide groups is shown in 
Figures 21 and 22.  Figure 21 shows the truncated log-normal sampled cumulative distribution 
function for selenium Kd that was used to simulate the breakthrough curves for radionuclide 
group 11.  Comparing the recommended value of 15 mL/g for the nickel sorption coefficient 
indicates that some of the realizations for the breakthrough curves use smaller values of Kd and 
some realizations use larger values of Kd.  Overall, there is a satisfactory match between the 
recommended value for the nickel sorption coefficient and the distribution of Kd values used for 
the saturated zone breakthrough curves.   
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Source: SNL 2008 [DIRS 183750], Table A-1[b]. 

NOTE: Recommended value of sorption coefficient for nickel of 15 mL/g shown by the vertical dashed blue line. 

Figure 21. Cumulative Distribution Function of Sampled Kd for Selenium in Volcanic Rocks and Alluvium  

Figure 22 shows the sampled cumulative distribution function for uranium Kd that was used to 
simulate the breakthrough curves for radionuclide group 9.  The majority of the sampled values 
of uranium Kd are lower than the recommended value of 8 mL/g for the vanadium sorption 
coefficient.  The simulated breakthrough curves for uranium thus underestimate the transport 
times in the saturated zone relative to the expected transport times for vanadium.  Overall, using 
the uranium breakthrough curves for the transport of vanadium in the saturated zone is a 
satisfactory, but conservative, approximation.   
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Source: SNL 2008 [DIRS 183750], Table A-1[b].   

NOTE: Recommended value of sorption coefficient of 8 mL/g for vanadium shown by the vertical dashed blue line. 

Figure 22. Cumulative Distribution Function of Sampled Kd for Uranium in Volcanic Rocks and Alluvium 
from the Saturated Zone Flow and Transport Abstraction Model  

The alternative approach to providing information on transport of nonradiological contaminants 
uses the SZ flow and transport abstraction model (SNL 2008 [DIRS 183750]) to simulate the 
transport of these contaminants to produce a set of expected breakthrough curves.  These 
simulations use the recommended values of sorption coefficients for molybdenum, vanadium, 
and nickel, along with the values of other uncertain parameters taken from the median case for 
validation of the SZ flow and transport abstraction model (SNL 2008 [DIRS 183750], 
Table 7-1[a]).  The resulting modeled saturated zone breakthrough curves represent the expected 
transport behavior of these contaminants in the saturated zone from beneath the repository to the 
boundary of the accessible environment for the higher groundwater flow rates corresponding to 
glacial-transition climatic conditions.   
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The resulting breakthrough curves from this alternative approach are shown in Figure 23.  
Molybdenum, with a sorption coefficient of 0 mL/g, has an expected breakthrough curve 
corresponding to the nonsorbing radionuclides.  Vanadium, with a sorption coefficient of 
8 mL/g, experiences significant retardation and median transport times of about 7,000 years.  
Nickel, with a sorption coefficient of 15 mL/g, has a simulated breakthrough curve with greater 
retardation and a median transport time of greater than 10,000 years.  The breakthrough curves 
for vanadium and nickel display long tails that are characteristic of diffusion and sorption onto 
the rock matrix in the fractured volcanic units of the saturated zone.   

 

Source: Files:  btc_Mo_01_median.dat, btc_Ni_01-median.dat, and btc_V_01_median.dat  in btc_non_rad.zip.  

NOTE: Breakthrough curve for molybdenum shown with the solid black line, for vanadium with the short-dashed 
blue line, and for nickel with the long-dashed red line.   

Figure 23. Simulated Breakthrough Curves in the Saturated Zone for Molybdenum, Vanadium, and 
Nickel   
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4.7 RESULTS OF ANALYSIS TO COMPARE TO GROUNDWATER PROTECTION 
STANDARD  

This section presents a summary and synthesis of the methods used to calculate radioactivity in 
groundwater with the TSPA model for comparison to groundwater protection standards.  
Information from the TSPA model report (SNL 2008 [DIRS 183478]) and the documentation of 
the SZ flow and transport abstraction model (SNL 2008 [DIRS 183750]) is used in the summary 
and synthesis.   

The repository performance related to the groundwater protection standard is subject to the NRC 
requirements of 10 CFR 63.331 [DIRS 180319].  This standard requires that there be a 
reasonable expectation that the radionuclide releases from Yucca Mountain into the accessible 
environment will not exceed the specified levels of radioactivity in the representative volume of 
groundwater for 10,000 years of undisturbed performance after disposal.  The regulated levels of 
radioactivity in groundwater are for three categories: (1) combined 226Ra and 228Ra, (2) gross 
alpha activity (including 226Ra but excluding radon and uranium), and (3) combined beta and 
photon emitting radionuclides.  The regulatory limits for the three categories are, respectively: 
(1) 5 picocuries per liter, including natural background in groundwater, (2) 15 picocuries per 
liter, including natural background in groundwater, and (3) 0.04 mSv (4 mrem) per year to whole 
body or any organ from drinking two liters per day, respectively from the categories listed above.  
These regulatory requirements are summarized in Table 14 and these represent the 95% upper 
limit for natural background concentrations (SNL 2008 [DIRS 183750], Table 6-18).   

Table 14. Groundwater Protection Regulation Limits and Radionuclides Used in Analyses 

Type of Limit a Limit a Include Natural 
Background? a 

Natural 
Background b 

Primary Radionuclides Included in the 
Analysis c 

Combined 226Ra 
and 228Ra 
Activity 

5 pCi/L Yes 0.5 pCi/L 226Ra and 228Ra 

Gross Alpha 
Activity 

15 pCi/L Yes 0.5 pCi/L 226Ra, 227Ac, 229Th, 230Th, 232Th d, 231Pa, 
237Np, 238Pu, 239Pu, 240Pu, 242Pu, 241Am, 243Am 

Combined Dose 
from Beta and 
Photon Emitting 
Radionuclides 

4 mrem/yr No NA 14C, 36Cl, 79Se, 90Sr and daughter, 99Tc, 126Sn 
and daughters, 129I, 135Cs, 137Cs and 
daughter, 228Ra and daughter, 228Th 
daughters, 237Np daughter, 229Th daughters, 
238U daughters, 226Ra daughters, 210Pb and 
daughter, 243Am daughter, 235U daughter, 
227Ac and daughters 

Sources: a 10 CFR 63.331 [DIRS 180319];  
b SNL 2008 [DIRS 183750], Section 6.8.5, Table 6-18;  
c SNL 2007 [DIRS 177399], Table 6.15-2 and SNL 2008 [DIRS 183478], Sections 8.1.2.2[a] and 8.1.2.3[a].
d Although 228Th transport is not tracked in the TSPA-LA Model, the alpha particle contribution from 228Th 
is accounted for by assuming secular equilibrium of the short-lived decay chain products of 232Th  (232Th 

 228Ra   228Ac  228Th).  By assuming secular equilibrium among 232Th, 228Ra, 228Ac, and 228Th, the 
number of alpha particles emitted per decay of one atom of 228Th, which is 4 
(DTN:  MO0702PAGWPROS.001 [DIRS 179328]), can be added to that for 232Th, for a total of 5 (SNL 
2007 [DIRS 177399], Section 6.15.1.1).  This alternative number of alpha particles emitted per decay of 
one atom of 232Th is used in conjunction with the 232Th concentration in curies at the 18-km accessible 
environment boundary to determine the combined contribution of 232Th and 228Th to gross alpha activity.  
Note also that 228Ra and 228Ac are not alpha particle emitters. 
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The TSPA model calculations of activity concentrations in groundwater were performed in the 
following way.  The combined 226Ra and 228Ra activity concentration was calculated by summing 
the alpha activity concentrations for these two radionuclides in the representative groundwater 
volume of 3,000 acre-ft, as indicated in the TSPA model report (SNL 2008 [DIRS 183478], 
Equation 6.3.11-2).  Because of its relatively short half-life of 5.8 years and retarded transport in 
the saturated zone, 228Ra is conservatively assumed to be in secular equilibrium with its parent, 
232Th, at the boundary of the accessible environment, and its activity concentration is calculated 
accordingly.  The sum of 226Ra and 228Ra activity concentrations is added to the estimated natural 
background concentration of 0.5 pCi/L (SNL 2008 [DIRS 183750], Section 6.8.5, Table 6-18) 
for comparison to the regulatory limit of 5 pCi/L.   

The gross alpha activity concentration was calculated by summing the activity concentrations of 
all of the primary radionuclides listed in Table 14 and SNL 2008 [DIRS 183478], 
Section 8.1.2.2[a] in the representative groundwater volume of 3,000 acre-ft, as indicated in the 
TSPA model report (SNL 2008 [DIRS 183478], Equation 6.3.11-2).  Several of the primary 
radionuclides listed in Table 14 have several alpha emissions associated with them because of 
short-lived alpha-emitting daughter products (other than radon and uranium) (SNL 2008 
[DIRS 183478], Section 8.1.2.2[a]).  Note that there are four alpha decays (other than radon) 
counted for each 226Ra decay in the calculation of activity concentrations to account for the alpha 
emissions from its short-lived daughter products 218Po, 218At, 214Po, and 210Po.  227Ac has six 
decays, 232Th has five decays (including 228Th), and 229Th has six decays.  These relationships 
among the primary radionuclides and short-lived daughter products are summarized in Biosphere 
Model Report (SNL 2007 [DIRS 177399], Table 6.15-2).  The sum of contributing alpha-
emitting radionuclide activity concentrations is added to the estimated natural background 
concentration of 0.5 pCi/L (SNL 2008 [DIRS 183750], Section 6.8.5 and Table 6-18) for 
comparison to the regulatory limit of 15 pCi/L.   

The TSPA model calculations of combined dose from beta and photon emitting radionuclides 
were performed in the following way.  The combined dose was calculated for the whole body or 
for individual organs by summing the dose from individual beta and photon emitting 
radionuclides listed in Table 14, as indicated in the TSPA model report (SNL 2008 
[DIRS 183478], Equation 6.3.11-3).  The conversion factors for calculating beta-photon annual 
dose from daily consumption of 2 liters of water are documented in Biosphere Model Report 
(SNL 2007 [DIRS 177399], Table 6.15-6).  Some of the beta and photon emitting radionuclides 
listed in Table 14 have short-lived daughter products that are themselves beta-photon emitters 
and that are not tracked in the TSPA transport simulations.  For example, 126Sn has two daughter 
products, 126mSb and 126Sb, that are also beta emitters and have half-lives of minutes to days.  
Some of the other primary radionuclides are not themselves beta or photon emitters, but they 
have short-lived daughter products that are beta or photon emitters.  For example, 226Ra 
experiences alpha decay, but the decay chain from 226Ra contains 214Pb, 214Bi, 210Tl, 210Pb, and 
210Bi, all of which are beta emitters.  The impacts of these daughter products on beta-photon dose 
are implicitly included in the groundwater protection analysis by assuming equilibrium with the 
primary radionuclide parent in the biosphere and including their effects in the conversion factors 
used to calculate annual whole body and individual organ dose (SNL 2008 [DIRS 183478], 
Section 8.1.2.3[a]).   
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Finally, the TSPA analyses for comparison to the groundwater protection standard were limited 
to some of the scenario classes and to the first 10,000 years following closure of the repository 
for consistency with the standard (10 CFR 63.331 [DIRS 180319]).  The scenario classes 
included in the groundwater protection analyses were the nominal modeling case, the waste 
package early failure modeling case, the drip shield early failure modeling case, and the seismic 
ground motion modeling case (for peak ground velocities with annual frequency greater than 
10−5 per year only) (SNL 2008 [DIRS 183478], Section 8.1.2).   
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United S,tates Department of, th,',l': Illt,eri~,..s. GEOLOGIC SURVEY ~

CalifoID:ill Water SdencI!.CeI'I!'I!r iiiIi:i
'U GS',

4165 SprullIKl!' Ro6d, Snite 200 ~~,~~~~ ,_. , .. ~..t.K
worftl

" ..
S:m Di.egil, CA '921a'l-o~U ............. --" (:ull,'IJV"!j

(619) 225-6]42

Feb:r:uaJy 2 ,200!l'

Memorandum

To: Ming Zhu, Sandia Nali.onal Labmatories, Las Veg~, NV
from: Claudia Fauat, USGS-WRD/WR/CAWSC, San Diego, CA
CC: M:ih Chomack, Dan Ehight. Wa'l'ne BeJcJher, BoibMacKiJmo

I bjN : Doeumenbticm offhe comparison of DVRFS model files utimed by Mmg Zhu.

1hepmpose· ofthis memo is to dOCllJIll!llt'lbe comp;n'isollofmodel files; that Ming ZhuB,edme t,o
rariew on12ll.0J2000l. The coIl!lp'alison em be~edin tbrece pats:

(1) Update to model files wi.tb.new pmmping data from Momo iIIl1d Iustet (2O().ll)
bUp-llpyb;; YK§ GGy(d3IJ4OJ

(2) Examining~'s lIlPdaied model files to be 1I!Sed fOr a flow path. analysis; md.
(3) Conversion ofDVRPSmcdel ncmMODPLO\V-2000 to MODFLOW-2005

I've,organizedmcre deiailed~ ofthe aaalysis :in'!his memo a~r~toIbe tIn:ee aspects ofthe
relne"".

InSllIlmlaIY, my review finds two steady-state DVRFS model nms set up proper:ly fm: MODFLOW in
comparison. to fheorigioaJ. DVRFS model (Faont and, ofhers,20M). One model mn. represents the fll5t
sbes.s-period oHlle original published model: p1·e-developme.n:1: wiilh nc pumping.. The, second modell1!lIl.
l'!!presents pIDliIpmg at W03 T.ates ",,-iilhiuigatioD. relums based len 20% of seven years prior pumping (if
Ihis WBL is aclivaled)1D steiady-state,con.diitiom., ThisbasicaIlyrep~5eIlts continued pumping at 2003
r.rtE!s md..iI small inigati'Dll return fl.ow ''fDl'E!ver.''Padicle paths \1!Il!E! stlrted at \vha! appeaJ:S to be the
edgeof1he si~all!model md. aIlo\\Il!d to nm fhrw;ml at steady-state cDn.ditiom. The, model.is run, ,at
steady-state and porosity ''dines of1.0were 1I!Sed 50 n.oreiilisli£ time :fi'am~ CaD. 'be .£a1cuh.ted. No
SW]IIis.ingl)", the pre-plllDlping C.onditiODS sho'\V panicles mo,,-ing SOl!lilh and th.e:o S01Ithwest, predomiDiIIIll:l.y
towards. Deailh VaII.ey and 50D!1.1!, going toward .lUb.I.i. Fbi:. likewise, pumping conditions show ilhe
pmides being c:aplmred by pumpiog w.eIbin Ibe Amarg-psa Valley.

Two iliings.to c:.cmsideT \!roDld be: (I) More detail.ed simuhtions planned with. SOIIll! embeddedmode~g
(SAMM Project) nsirn:g mDreoomprehen5il,'e stratigraphy:in 1b.e .Amarg,[J.Sil Valley .may sewelD help Tefin.e
these flow paths in 'die fntun!.. {2)From my und.eIsbnding a Re\V ve:rsion of"MODP:A1H~ has been
developed. and might be useful. I iUlltoot sure of Ibe release slams, but I Ihink it JNill allowne~ of
models., mm-ea~e traosilioD.ofparticles &om DD..e grid-scale to fhe uexl, and rome ability 10 a.Ilow
pa:rticles to be [)bselVolb.ons;.

Ifyou ha,,"e ;my,qlli!Slicms, feel. fie.eto c.ontadChudia imDIat (619) 225-6142 Dr by email at
SG·f:pmt(hn gay
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Update ofPmpning Data through 2003

Originally I providerl1.fing wi.th apreJiminal'}' MODFLOW-2000 .mlilii~node well

(101Ni\\/) me and irrigation I'etmn flow MODFLOW-2000 well (\VEL) illebacsed onpre!irminaIy

files nomMrlre Moreo. To SlIpport the docwnenl:atioD. Ming's flowpafu analysis, he lIiSked

Elena to compare the MNW file I provided! himwith the 2003 g.romuh"a1er wirlhdrawaJ data as

comameA in Morea and JUl'ltet (1008) (httpJlpubu1l'lgs.gov/dsf340l).. She noticed SODle

differences. Based. OD. these differences, v,-e updated the MNW file with the released version of

the dataset and sent the new file on 12119:12008 (nmw_dVrfs-pub_03.txt). The u¢ate included

some changes ]a the d!alaJbase in the releaseA version, someaddltioD. ofpnmpage to wells where

more than ,one 1ISe was g,pecifiedin the database, and addition ofIocalionofweIls based. aD.

locations that WeRn't provided. in the pnblic release of the database. In the new iMN\\7 file

(mnw_dvrfs:"pub_03.txt), there are 92 stress periods. The,inmal stress period repJe-SeJIls. steady:..

stale pre-pmnping conditions and is not labeled with a stress period nmnber. The subseqnenl:

pumping stress periods are la'beled! SF 1llirough SP 91 andconespond.to years 1913 tbrougb

2003 during the pumping period. Mirng had S.ome problems Illlllling the updated me after he

modified it to only include pumping for 2003 OD. 1212212003. I te.stedhis new MNW file with

MODROW-20m and had no problems.•tUlei" some.reviev.' I found aD. update to the file and

prmfided. lvfill.g with the change (a leading g,paoe was necessary before the number ofwells on the

first line for MODFLOW-WOO). On 12124, Ming emaileda note from Elena that the input

1\<ooVinput file matched. the published. database'. The ompnt file produced from MODFLOW­

2000 appears to have, slight difierences cine to r'omtding,

The, irrigation retum flow WEL file WlIIlidemical premd post-update. On December 24,

I provided the iufonnafi.on on how the irrigation refum. :flow,,,as calculated.. Basically, for each
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withdra.wal poim, retmn flo,w was estimated to be 20 perce.nt of the estimated annual pumpage,

laggedlby 7 years.

As was descrilied by Faunt and others (2004) and San Juan and otheTS (200'4}, Some

retl.lm flow pumpage through subsequent infiliration of,excess inigation, lalWl:Jiwate:r, or sepli.c

tal!lk wasw.vate:ris likely toocour. Moreo and others (2003} and Moreo and Justet (2008} did !lot

adjust estimates ofarmual pmnpage for water poteotiaUy refumed tolli.e flcmr systemlhrougb.

subsequent im.filtration of excess IDigation, 1aIWl:JI \vate.r, or septic tank wastewater. The magnitud'e

and timing ofthese re:tu.ms have not been. prec]scly quantified. Many di.ffi.CIl1tie<l are associiated

with esb.mating retiLUn flows. These inclnde uneenaiohes inpmopage, in the bymanlic properties

of lWIlatmated zone sediment, and deline3tIDg the actua.I areas where water is or was Fetmned to

the enviromnent. Despirte these une.emimi.es, a San. Juan. and otlreJS (200'4} deveJ.oped a. method

to compute informal estimates ofretmn flmv. Rerom flows lIo"ere oomputedas ftle product ofthe

estimated anmIal pumpage and a. use.r-d.efined ret1!lDl-flow percentage, and could be lagged.in

time bya 1ISe.r-definedvafue. AU computed Je.tum flows were assumed to retmn to the water

table at the location oftire pumped well In the 2004 DVRFS mod'el, fur eacbwithrlIawal point,

retl.lm flow was estimated to be 20 percent of the estimated ammal pumpage, lagged by 7 yean

(Faunt .and otha:s, 20(4). The same method ofca1cnl.ati.on and vatues were used for ftle 2005

DVRFS mod'el Howeve.r, instead ofputting the return flow inlayer 1 oflhe 1>INW Paeik:age" a

separte WEl. Package (HaIibaugh, :roO)) was d'eve!o;ped to apply ftle inigation Fettun flow..

Se,pa:ratinglli.e pumping and! irrigation .retmn fWw Wlll allow update<l to pumping and retmn. flo,w

sepuately. The separation lIo'ill also md in varying the percentage of remm flow and the lag time

through automated. parameter esb.mation methods:.
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Examjnation gfvndated model files tp be used for a Dgw path apaIvsjs

Two input data sets. Vo-ere provided, both pumping and! pre-pmnping mput files. Both set

up mput files uselbe DVRFS model archive files mod!]fi.ed to nm for one steady~state stresS

peJiod. One set has no pumping and! repJesffits pre-4evelopment conditions. The semnd! set

i!nchrdes pumping based on caLendar yeM 2iO03. The deu:ripli.onofflIe 2003 pumping is in the

previous section. Based on the inpu.t files pro,vided, the input data sets appear to be s>uooessfully

Table 1. Mode.l file comparison.

Input
PaVk8l!e{F;iles

allays

2004 DVRiFS archive

..au

IPump:ine:

• ~ilSC

PirePIJIIIDPinl!

..as!:

Notes
'undlanged fromarthive
file

BAS6, IIoA5 acmrEWlt ~estS.BAS tesU.BAS identic:al
'und.edked- only used fur
oiJsewatiol'lsfor
lParame~r·esbnation,
11I0 lIIecessallYfor forward

CHOB CHOB 15re~·.txt testS.CIiIO 1esU.CHD 111m

OHI) CHI) 15~trJtJct test5.CIiID te5U.CHI) identic:al
libe ne'lulisoetiz:atilm
fires -lldude a new first
stress peliDa thali: is
steaay-state. The
ap;pro,priilte w.niiliJle
{iNPERI nas been modified
to refl'ecr only one stress

DIS DIS WT CONfINED,.tllt ~estS-'j)IS tesU.DJS penDelL

DRN DRN trJtJct ~estS.DR" te5U.URN identic:al
'um:hedked- only used for
oiJsewiltiol'lsfor
lParame~rE!sbnation,

1110 lI'Ieces.sallYforforwaro
DRaB DROB tr.b:1i: ~est5.DRO te5U.UOO lrun
HfllQ HFB lil'lal trJtJct ~est5.HF\B tesU.H:FB identic:al

'unmedked - 001'1' 'used for
oiJsewaliolls for

HOB HOl!'s sstrJtJct ~est5.HOB tesU.HOIl lPilramE!~r·eslimation,
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lI1Iot,nec:es,silllyfor forward
'lUll

sronage properties have
all been removed f,or
both pumping and
IPIl'epUm~as these are
both stead/;-state
solutions, Ibat soollid Ibe

HUF2 iiUF2 CONFlNED.txt ~est5.HLllf le5U.H:Uf fine.
IlInmedked- only used fur

HYD flOIlS mr.hvdl none none
looking atoU1!plUt, not
lI1Iec:essarv for flNWilrd InBl

KDfP ID:EP.txt test5J(Ii)E le5U.KD.E identical

MLIILT MULUld: ~est5.MUL tesU.MLIIL identical
IlInmedked - only used for
oiJsellVaoons for
parameter ,esmnatioll,
not nec:essaryfor forward

OBS OBS.lXt ~est5.oB.s tesU.OB,S InJn
IlInmedked- onlV used fur

DC oc.tld: ~est5.OC resU.OC
OlUlpUt of monnation at
time points as needed

POG PCG,txt tests.PCG le5U.POG identical
IlIndledked - only used fur
oiJsellVaOOnsfor
parameteresmnatioll,

PES PES.txt ~est5PES le5U.P1E5
not nec:es,saryforforwaro
InJn

Il!CIiI filCH tr.M ~est5.RCH tesu.1l!Cll identical
stonage properties have
all been I1!II1iIlVed f,or
both pumping and
IPlI1!pllm~as thes-eare
both stead/;-state
solutions, 'Ibat soolll(libe

SEiI'il 5EJNSlTMiY.bit ~est5.:sEN tesU.SEiI'il fine.

zmu :RJl'tE.lXt ~est5.zoN tesU.ZOH identical
MNW file IlIpdated for

MI'iIW1. MI'iIW wilhd'raw<ll 1 7 ~O,tld: testS.MNW none
plUmping for 2003 (see
previDllS s&tlillnll
lI1Iew file for ir~tion

WEL NOlie ~est5.Wa.. none
return flow for ,~OD3 (see
,PIfef\liDllSsemonJ,

maddition, on Decembe.r 28, Some MODPATHinput ando1iIlput files were provided to

examine stea:dy~statepre and post-pumpillgparticle paths. Partie e paths were started at what
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appears to be fue edge ofthe site-soale model. and. allowed to run forward at stead!y-sJ~e

conditions. (I Jm.;e no ability to ched: 1h.ese starting 10C3fiolll'l. Spatially they look appropriate;.

pmi.cl.es appear to be predominantly in laye.r 1 (near the .vate.r table, with. some particles starting

d'eeper in the system). The mode! was run at steady-state and pOJosityvalne$ ,of1.0 were used So

no realistic time frames cam be calC1lllated. Not smprisimgly, the pre-pumpiog oom:l!iholll'l show

pailicles moving :south amd then :southwest, p;edominautly to,wards Death Villey and some going

toward Alkali Flat, wtWe pumping conditions shmv the parti'Cles being capturedll>y pumping

weIls in the Anmgosa Valle:y. GiveII llie amomrl: ofpumping in the Amargosa Valley simulated.

in 2003, I amllotovedy surprised by caparre offuese pmi.cles by these pmnpmg weils.

Addi.tiOnM. refined simul.a1i.olll'l (500 m xy spacing and nmch more etailed. verti.cal spacing) are

pbmmed with SQme embedded modeJIDg (SM.!1M Project).. Thill new model will be using more

detlW.ed stratigraphy in the Amargosa Valley (OOsed on Don Sweetlcind amd Emily Taylor's

wad;) way' serve to help refine these flO\!i paths in the future. Cnrrently, this wwk is only

pmi.ally complete.

Aller the detaned review (doCillIllfD.ted on December 29 2008), the JespODSe files te&l,IS]l

and. test5 .rsp were provided. InMOD?ATIl, a weak sink .is a model cell (representimg a wel~ fur

example) that does mot illsclmge at a sufficiently IaJgenteto capture aU ofthe flow e.ntering the

cell; thUll, some ofllie flow lea.ves the cell across one or more oftb.e oell fares. Because of this

limirlation ofmodel discretization, :flow patb5 to weak sink ceIls cannot be uniquely defined, as it

is impossible to know whether a specific water panicle mscltarges to the sink or passes through

the cell. mMODPATII, the user lD1IJS;tarbiharily eade how particles will be heated whenever

they ente.r cells v.'illl internal sinks: either pass. through a weak sink, stop ata. weak sink, or stop

at a .veal s:ink where disc:hllJge to the sink islargerfuana speoified fraclionofthe total inflow to
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the aill. The response files provided! sl!.o,w tiIat particles are treated. wiIh the opfion to pass

through a weak sink. For refaence, Spitz (2001) has deve!opeda meftrod for c-On.vening weak

sinks .represeming \l'eIls to strong sinks when using MODPA1'H. R.ece.ntly,a. mew version of

"MODPATH" was developed and from my uu.deutmding, itwiUaUow nesting ofmodels, more

acoorate tJansi 'oDofpartides from one grid-scale to fue next, and! someahility toaUowpanicl.es

to be obse.rvatioD.S. I am not sure oflli.e stams offlUs code and I SliIgge.st lvling and othe.£S check

with. Randy HansoD .and/or J\;1aIy Hill (both USGS} on the statl.lB of this oode and whethe,r or IlOt

itmight be more helpfuL

Conversion ofDVRFS mode) from MODfLOW-2000 to MODFLQW-20Q5

On theaftemoon of12112/200& Scott James (Sandia) 'emailed saying that Ming .had

asked him to "'re-run the DVRFS model wiith MODFLOW-lOllS." morder for him not to ''re­

mve.nt the wheel,~ I provided Scott withlhe 1<IODFLOW-2005 files that I had already converted

lata tiIat afternooD. The biggest c;hange is no sensitivity process, so all the parameteIs are iII a

'']wal'' file, I attached a. zip file ofall fhe irnpm files (except the arrays, they haven't clianged),

The IlWllaical rode stiU requires oompiling double PJecision or it will crash. I have atlacl);l~d

some ,offue preliminary dOClllllell.tali.oDoffue oon:va:si.on from the FeportdDcumeming the

oonvemon. Ibilis report (Li and othas, :in review) SIIIIllDarize.s fue model. ooDveRion as well .as

the update with new pumping (MoJeD and Jusret, 2008) and water level oblleIVation data

(pa\re1ko, in review},

zoos D-VRFSModel
The 200'4 DVRFS model. waS updated in two stages. First, the code \Vas OOll!VeJted! to fue

latest version. of MODFLOW and m:ve.:eparamete,r estiima.tion teclmi.qUe5_. To evamate

mfferences JeSll1ting from the conversion, comparison simuilations were cowiu.cted using the, tvo'O
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modeJs with a selectedl group of parameters and! observanons from the 2004 DVRFS model

The~e comparisons indn e lieDSitivity 3IIIalyses with a selected! group ofparameters" Simulated

flow llltdigets, residuMs and rens:iliivilies of the two models were used to demonstrate the sU'ooess

of mode-l oonvecsioa.

Second, lli.e input data. ",;ere updrl:edl. 'Three UP(latedi d!ata sets were used: 1) pumping

dam, 2) watei" level observations, andl3) 3D update to the distril:mtion ofthe shall.ow allnvium

The fus,t two d!ataIlets upc:We the, data. to includle new pumping and obsewa -on data furough

2001. The model was not rec:ahmated_ This updated mod.el, refened. to .here aslhe 2005 DVRFS

model, sinmlate,s ground-,vater flow oondilionofDeafu Valley from 1913 to 2003 using the

same se.! of parameter wInes aslb.e 2004 DVRFS model The 2005 DVRFS model doe,s include

sinmlate4 water-levels Dom 199810 2003 andresidnals fromne\1I water-level ubseJvanom.

Numerical Code Updates
The flow part oflli.e 2004 nVRFS model was npgradedl from MODFLmV-2000 (Hill

and ,oflles, 200) to MODFLOW-2005 (HaIibaugh, 2(0)), and the parame.ter estimation part \Vas

replaoed. by UCOUE_2005 (poeter and othe.rs, 2(0)), a. universal inverse paramete:r~stimalii,on

oode_ Changes in MODFLOW fFom MODFLOW-2000 to MODFLOW-2005 includ'e bolli cod'e

changes and code appli.c:atii.on (Hatbaugh, 2(0))- The primary change m.nmnerical code in

MODFLOW-2005 is the adoption of a different approach fOT intemal dam management. Instead

of :subroutine arguments as previons:ly used by MODFLOW-2000, MODFLOW-2005 make.s use

of FORTRAN modW.es fur storing and slming data.. Eachpacl:age indud'es one or more

FORTRAN modW.es that declare the shared data for that padkage (HarlJaugh, 20(5). The

modW.es are designedl so that data fur mll!l'ti.ple model grids can be simtilia!lleomlydefined_
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Theprinmy charng.e.in MODFLOW-1005 i.s the !iepamion ofparameter-estima~iom

functi.on:ali.ty from ground-waite!" flo,w sinmlatiom iimdiomality. UIilik,e MODfLOW-2000,

MODFLOW-2005 has 110 inferml.in\rer.se prooedure. The oombimed l!Ise ofMODH.OW-2005

and UCODE_2005 allows parameters in any package or process to be estimated. UCODE_2005

is also capable of non-lineaT lIIDCertaintyanalysis, when combined will. sil{ othe!" computer

pragraD1S.

Changes to Input files
The update in l1lunm.cal co· e-s required cbanges to the mpm file-s. The 2005 DVRFS

modecl inpm IDe~are described below. The files that were cha:nged during the update are lis:tedin

Table 1. The i!npm chang.es can lJe divi.ded into three groups: l)forwardl processes; 2) pilfllmele:r

estimabOll, sel1llitivi.ty,and obsenration processes· and 3) 1!1pdites to existing files.

The input files associated willi. fORWARD process of MODFLOW .!my be used by

MODFLOW-200S dlDectlywithoutmy chwJge. Examples of these rues incfude files fOT basic

pa.ckages (BAS, DIS, OC, and Zon), internal flow packag.es (HUF and HFB), stJess packages

(CIID, DRN, RCH,and J!,!1NW),md solver packages (peG).

The second group of inpm nte~ is associated with the, chmtge in nlllllfiical code due to the

separa.tion.ofthe grOlmd-.vate.c flow pracesses from. the paranretere.stirmation and seIlllitivi.ty

prOOf-sses;. Although the OBSERVAll0Nprocessremamsin the MODFLOW-2005, the iupu.t

files containing obse:lvations were slightly modified to match MODFLOW-2005 :fonnat. For

each type, of obsavatioro, two newextJlI fields were add'ed in the first line ofinput file fOT dry

ceJlind for Si.vi.ng observation output Los). Fieldls related to weights and plot-symbols were

deleted. Each type ofobseIvation isactiwted by theapproptiate i!npm file. In addition to the

change of o'bservmom. fiIes,a..newl'aramete!"Value File (FVAL) is used! to Ieplace
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MODFLOW-2000 sensitivity {SEN):file for spec:i.ficationafpanmetervatues_. Asapproprial:e,

refe-rred! to MODFLOW-2005 doc:um.emation (Harbaugh, 2005~

mthe 2005 DVRFS modeJ,th.e sensitivity and pw-ameterestimation processes are a pw-t

of CODE_21005. Input files re!ated to UOODE_2005 include main input Cin), template (tpl),

imtmc .on (iM), observation (.obs), and parame.te:r (params) files. fOT usage and! format of each

The t1md:rel: of cbmlge.s :is two updates inmodel input files. These updates ale to valnes

utilized during parameier 'estimationawl sensitivity analyses and! ale not utilized! in a. foIWard IOn

of the, groUlild-water flow processe.s. Fiirst, the drain obse-lVlltioll. file (drob_tr..txt, Table I) was

updated!. Because MODFLOW-2005 wes a Wfferent m.emmyallocationmethod; ]t require~

comiste.ncy between 311Jay size and the D1!IDlber of records it stored. ABhougb not wed, this vatue

was mis-specified in the 2004 DVRfS mode.l inplirt.. The value was updated! to 1&7, the tom]

number: of drain obseJva.nons: utilized inlhe 2005 nVRfS .model

Second, scale facton for the storage parame-ters were updated. AD eJFOT wacs: i.dentified in

the scale fa:cI:ors for the storagepmam.eters in the report docmnentioglhe 21004 DVRfS model.

(Faunt awl o:th.ers, 2004). AreJa.tWe.ly large value for a stm.age scale factor (1) was idenrhfied in

the .model input files after the report was published. A significantly· ma er vabIe (l.Oe-10) is

comi ered! more reasonable. Since pnbli'Catioll. ofthe report, the values were updated in the

alchi.ved 2004 DVRfS mode! files.. The vatues specified in the 2005 DVRFS DID eel remain

unchanged from those in the updated and! alchived .files:.

Referepcgs
Belcher, W.R., ed!7 2004, DeaIh Valley Regional Ground-Water Flo", System, Nevada. and!

California-Hydrogeologic Framework and TraIJI>iem Ground-Wate~ Flow: U.S. Geological
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Survey Scientific Investigations Report 2004-5205, 40& p. Om-line at
htlp:fJwateL1lsgs~go,vJ.pllh.'l/sirI2004J51051

Belcher, \TIR., D"Agnese, f A, and O'Brien, G.M. 2004. A. Io.troducholl!, :in BoeJ.chec, W.R., ed.,
Death Valley .regional grOllmd-warter flow system, Nevada and Califomia.--Hydrogeologic
fra:o:rewod: and transient ground-wateTflow mode'!: U.s. Geological Stuvey Scientific
Investigations Report 2004-520S, p. 3 -19. Om-line at
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APPENDIX B 
DESCRIPTION OF EIS_UZ_TIMESTEP_RESOLUTION_FRACTIONAL_BASIS.XLS 

WORKSHEET 
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WORKBOOK NOTES ARE PROVIDED IN SUBSHEET:  “WORKBOOK NOTES” 

For each of the 31 species of interest, the results for downstream calculations are tabulated in cell 
A2:J25, with calculation notes in rows 26 through 28.  An original sheet was developed for 14C.  
The calculations were verified using two other techniques and then this sheet was replicated 
30 more times, each time replacing the input data with appropriate values for other radionuclides. 

A1:  Identify source model. 

H1:  Identify radionuclide. 

J1:  Identify release location. 

Cells A4 through J24:  These cells repeat calculated values that are determined elsewhere in the 
sheet. 

Tabulated headers and footers in rows 2 and 25 are updated based on the text entered into cells 
A1, H1, and J1.  The identifying text should be added into these cells. 

Columns P through V:  Paste GoldSim output into row 2.  GoldSim output is the time history 
for the mean, lower bound, 5th-percentile, median, 95th-percentile, and upper bounds of 
cumulative release for the radionuclide specified in cell H1 for the location specified in cell J1 of 
the model specified in cell A1. 

Column W:  Repeats time values in time history data from Column P. 

Column X:  Calculates fraction of mean cumulative release at each time step using Equation 1. 

Column Y:  Specified list of target fractions for outputting time steps. 

Column Z:  Performs a look-up into the calculated cumulative release fraction of columns W 
and X.  Result for each row is the time from the GoldSim input data that has a cumulative release 
fraction that is closest to and less than or equal to the target fraction specified on the same row. 

Column AA:  Checks to see if any time points are repeated in Column Z.  Repeated time steps 
indicates that the input time history data increases by more than one of the specified cumulative 
release fraction increments between sequential time steps. 

Column AB:  Repeats look-up table results of times from Column Z. 

Column AC:  For each row, looks-ups the time value in the same row of Column AB in the 
pasted in GoldSim history (Column P) and reports back the mean cumulative release value for 
that row (Column Q). 

Columns AD through AH:  Repeats the look-up operation of Column AC for lower bound 
(Column R), 5th-percentile (Column S), median (Column T), 95th-percentile (Column U), and 
upper bound ((Column V) of cumulative releases. 
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Column AI:  Calculates the duration between time steps reported in Column AB (which is from 
Column Z).  This is the time step length over which cumulative releases increased between 
values reported in Columns AC through AH.  The first row calculates the difference from 
0 years, the start of the run. 

Column AJ through AO:  Calculates the increase in the cumulative release between time steps 
reported in Column AB.  This is the amount of mass that exited the system over the time step 
length in Column AI.  Columns are in sequence with the statistical quantity reported in Columns 
AC through AH.  The first row calculates the difference from 0 grams, the cumulative release 
value at the start of the run. 

Column AP:  Repeats the time step value from Column Z. 

Column AQ through AV:  Calculates the average release rate over the specified time interval 
using Equation 2.  Columns are in sequence with the statistical quantity reported in Columns AC 
through AH.  The first row calculates the difference from 0 grams, the cumulative release value 
at the start of the run. 
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APPENDIX C 
POSTPROCESSING OF MODPATH V5.0-GENERATED HYDRAULIC HEAD 

CONTOURS 
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Hydraulic head contours were generated as DXF files for Layers 1 to 4 using MODPATH V5.0 
with MODFLOW 2000-simulation results for Cases 1 and 2.  The MODFLOW simulations are 
described in Section 3.1.  These DXF files were uniformly scaled up from plotted dimensions to 
real world coordinates, and then moved to their position in the NAD27 UTM zone 11 coordinate 
system.  The scaling factor is 51522.6601 for X and Y directions. The resulting files were saved 
as a new set of DXF files, and were used to overlay with the base map (basemap_full.srf) for 
generating Figures 3 to 7.  File:  basemap_full,srf was prepared with topographic information 
available from the USGS web site for the Death Valley regional flow model 
(http://rmgsc.cr.usgs.gov/dvrfsIntro/). 
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