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ABSTRACT

Understanding the characteristics of radionuclide plumes that may migrate through the
saturated zone from the controlled area of the potential Yucca Mountain high-level nuclear
waste repository into the accessible environment is important for evaluating the potential U.S.
Department of Energy license application.  The importance of radionuclide transport in the
saturated zone to the performance of the potential repository is addressed in NUREG–1762
(NRC, 2005, Appendix D, Table 2), which ranks (i) retardation in the alluvium as high-risk
significance, (ii) matrix diffusion in the saturated zone as medium-risk significance, and
(iii) colloidal transport in the saturated zone as medium-risk significance.  Analyses previously
conducted to better understand the characteristics of radionuclide plumes that may migrate
through the saturated zone from the potential repository footprint at Yucca Mountain assumed a
conservative solute, used present-day arid climatic conditions, and were restricted to a 10,000-
year simulation period.  This report extends the analyses by considering (i) plume
characteristics under estimated wetter climatic conditions for the site, (ii) decay (both the solute
and the source strength) and retardation, and (iii) a 1-million-year simulation period.  The
primary purpose of the study documented in this report was to assemble a suite of
computational tools that will allow staff to conduct complex, long time period radionuclide
transport simulations (if needed) as part of the review of the potential license application.  In
addition, the 1-million-year analysis was used to (i) identify new risk insights and (ii) provide
additional supporting bases for the risk rankings in NUREG–1762 (NRC, 2005).  Assuming a
relative cutoff concentration of 10!3 (i.e., c/co = 10!3, where c is the concentration at time t at any
point in the simulation domain and co is the initial source concentration), the simulations showed
that under wetter climatic conditions the cross-sectional area of the plumes at the 18-km
location, which corresponds to the southern boundary of the controlled area as specified at 10
CFR 63.302.  Further, the annual groundwater flow through the plumes under wetter climatic
conditions was found to be larger than the annual flows previously reported.  Results from the
simulations that considered radionuclide decay showed that if the half-life of the transported
radionuclide species is significantly less than the simulation period, the solute concentration and
the cross-sectional area of the plume at the 18-km location will initially increase before
decreasing later.  The results further showed that the combination of radionuclide decay and
sorption can significantly reduce plume dimensions and concentrations at the 18-km location. 
In addition, the current work explored methods for simulating solute transport over a 1-million-
year simulation period.  Of the methods considered, the particle tracking method appears to be
the most computationally efficient approach.  Preliminary results from the 1-million-year
simulations are provided.
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QUALITY OF DATA, ANALYSES, AND CODE DEVELOPMENT

No original data were generated from the analyses presented in this report.  The groundwater
velocities used to support the solute transport calculations in the report were based on the
groundwater flow simulation model previously developed by CNWRA (Winterle, 2003).  The
Modular Three-Dimensional Multispecies Transport Model (MT3DMS) Version 4.5 (Zheng and
Wang, 1999) included in Groundwater Modeling System (GMS) Version 5.1 (Environmental
Modeling Research Laboratory, 2005) was used to construct and execute some of the solute
transport simulations documented in this report.  The GMS interface and MT3DMS solute
transport codes were validated in accordance with the software quality assurance procedure
Technical Operating Procedure (TOP)–018, Development and Control of Scientific and
Engineering Software.  CNWRA maintains three user licenses for GMS Version 5.1, which
contain all codes and documentation.  All input and output files for the groundwater flow and
solute transport simulations presented in this report are documented in Scientific Notebooks
728E and 735.

The solute transport simulation code SLIM Version 3 developed by A. Tompson of Lawrence
Livermore National Laboratory and subsequently modified by D. Farrell was used to generate
the 1-million-year concentration plumes.  The components of the code relevant to this work are
being validated in accordance with the software quality assurance procedure Technical
Operating Procedure (TOP)–018, Development and Control of Scientific and Engineering
Software.  Input and output files related to the 1-million-year simulations are contained in
Scientific Notebook 804.

A modified version of the solute transport computer code TDAST (Javandel, et al., 1984)
discussed in Scientific Notebook 735 was used to evaluate the effects of decay and retardation
on the evolution of radionuclide plumes.  Tests to verify the correctness of the solute transport
computer code are contained in Scientific Notebook 735.
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1  INTRODUCTION

The U.S. Department of Energy (DOE) is evaluating Yucca Mountain, Nye County, Nevada, as
a potential site for a high-level waste repository.  The repository is expected to consist of a
series of drifts located in thick, unsaturated tuff units.  The drifts will be approximately 300 m
[984 ft] above the regional water table and 300 m [984 ft] below the land surface.  The current
DOE design assumes that waste stored in the repository will be isolated from the accessible
environment by a number of engineered and natural barrier systems.  The saturated zone
beneath the Yucca Mountain region provides a potential pathway along which radionuclides
released from the repository may enter the accessible environment.  The saturated zone
pathway possesses some physical attributes that serve as barriers to rapid radionuclide
transport.  The Risk Insights Baseline Report, contained in Appendix D of Volume 2 of
NUREG–1762 (NRC, 2005), identifies retardation in the alluvial section of the saturated zone
pathway as being of high significance to waste isolation, while matrix diffusion and the effects of
colloids are identified as being of medium significance.

Geologic heterogeneity in the Yucca Mountain region introduces uncertainty in the estimation of
radionuclide concentrations and arrival times at the accessible environment south of Yucca
Mountain in the predominant direction of groundwater flow {approximately 18km [11 mi] south of
the repository footprint}.1  Radionuclide transport modeling provides one approach for
establishing bounds for such estimates.  Staff have previously studied studies of radionuclide
transport in the saturated zone to quantitatively examine the potential effects of various
physicochemical processes on attenuating radionuclide concentrations.  In NUREG–1538
(NRC, 2001), groundwater pathway analyses were conducted using (i) two-dimensional vertical
cross section models to capture the complexities introduced by faults in the saturated tuff
aquifer within 5 km [3 mi] of the potential repository and (ii) two-dimensional horizontal flow
models to evaluate the effects of macrodispersion and radioactive decay on the lateral spread
of plumes 20 km [12 mi] south of Yucca Mountain.  Farrell, et al. (2005) extended this work to
three dimensions, adopting the detailed hydrogeologic framework model presented in Winterle
(2003) and using the industry-standard contaminant transport code MT3DMS (Zheng and
Wang, 1999).  Farrell, et al. (2005) developed a solute transport model that could be used to
bound plume dimensions, radionuclide concentrations, and arrival times at the 18-km location. 
Several limitations existed in the model reported in Farrell, et al. (2005).  In particular, (i) the
transported mass was a conservative solute that underwent no decay; (ii) the source strength
remained constant; (iii) the velocity field used to support the transport calculations was based
on the present-day climate, which represents the first 600 years of the 10,000-year simulation
period; and (iv) retardation processes that could reduce peak concentrations at the 18-km
location were not included. 

The current work extends the earlier work of Farrell, et al. (2005) by (i) accounting for decay of
both the source strength and the solute, (ii) introducing velocity fields based on wetter
climatic conditions, and (iii) simulating transport over a 1-million-year period.  The NRC
Total-system Performance Assessment Code Version 5.0 assumes that future climates at
Yucca Mountain will be wetter than current-day climatic conditions.  The effects of molecular
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diffusion, dispersion, sorption, and decay on the spread and attenuation of contaminant plumes
are well understood and can be readily evaluated for rudimentary flow configurations using
analytical methods.  However, when hydrogeologic data exist that permit definition of relatively
high resolution groundwater flow fields, the net effects of the previously-mentioned
physicochemical processes are best evaluated using numerical methods that more readily
accommodate spatial heterogeneity, such as finite difference or finite element solutions to the
advection-dispersion-reaction equation.  The primary purpose of the study described in this
report, as well as in Farrell, et al. (2005), is to develop or assemble a suite of computational
tools to better understand the strengths and limitations of approaches for long time period
radionuclide transport simulations.  In addition, the immediate results of this work shed some
insight on the possible evolution of plumes over long time periods.

The simulation results showed that under wetter climatic conditions, (i) the cross-sectional area
of the plumes at the 18-km location were generally larger than those presented in Farrell, et al.
(2005) and (ii) the annual groundwater flow through the plumes was significantly larger than the
annual flows reported in Farrell, et al. (2005).  These observations result primarily from
increased dispersion caused by higher groundwater velocities under wetter climatic conditions
relative to present-day arid climatic conditions and changes to the plume migration pathway
caused by increased recharge in the source region and along Fortymile Wash.  Increased
recharge in the plume source region at Yucca Mountain produces stronger vertical velocities
that force the mean trajectory of the plumes migrating from the repository footprint deeper into
the tuff aquifer.  Results from the simulations that considered radionuclide decay showed that
when the half-lives of the transported radionuclide species and the decay rate of the source
strength are significantly smaller than the simulation period, then the solute concentration and
the cross-sectional area of the migrating plume at the 18-km location will initially increase before
decreasing later.  The results further showed that the combination of radionuclide decay and
sorption can significantly reduce the plume dimensions and concentrations at the 18-km
location.  In addition to the comparison of 10,000-year simulations, the current work also
evaluated the efficiency of particle-tracking methods for simulating solute transport over the
1-million-year simulation period.

Chapter 2 of this report describes the extension of the transport model developed in Farrell,
et al. (2005) to a hydrologic regime that reflects the increased areal and boundary recharge
expected during a wetter, cooler climate that is presumed to occur after 600 years.  Although
many of the basic findings in Chapter 2 remain the same as Farrell, et al. (2005), the increased
recharge results in the establishment of new pathways that affect the depth of the plume near
the 18-km location boundary.  Chapter 3 describes the two-part study used to incorporate the
effects of radioactive decay and sorption into the Modular Three-Dimensional Multispecies
Transport Model (MT3DMS).  Because MT3DMS does not allow the user to account for source
decay—an essential feature for simulating transport from a high-level waste repository—a
discretized, exponentially decreasing Dirichlet condition was used to account for the decay of
the source.  To ensure the discretization procedure was correct, results were compared to those
from an analytical solution for a simple one-dimensional flow field.  Although MT3DMS proved to
be capable of properly simulating the evolution of radionuclide plumes in complex hydrogeologic
settings taking into account the effects of sorption and decay, the computational burden of
conducting these simulations for a 1-million-year timeframe was excessive.  To reduce the
runtime for a single million-year transport simulation from 60 to 90 days to a more manageable
1 to 5 days required a different simulation method.  Chapter 4 of this report describes the status
of ongoing work in which the highly efficient particle-based transport method contained in the
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SLIM3 code is used to conduct 1-million-year simulations.  Chapter 5 summarizes the key
conclusions of the analysis.
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2  THE POTENTIAL EFFECTS OF A WETTER CLIMATE ON PLUME
MIGRATION FROM YUCCA MOUNTAIN

2.1  Introduction

Farrell, et al. (2005) described saturated zone conservative solute transport from the projection
of the repository footprint on the water table to the 18-km location under present-day climatic
conditions.  Unfortunately, present-day conditions represent approximately 6 percent of the
10,000-year simulation period and approximately 0.06 percent of the 1-million-year simulation
period.  This chapter extends the work of Farrell, et al. (2005) by considering conservative
solute transport under wetter climate conditions expected for the Yucca Mountain region.

2.2  Groundwater Flow Model

A model describing groundwater flow under wetter climatic conditions at Yucca Mountain is
presented in Winterle (2003).  The model assumes that future recharge at Yucca Mountain will
be approximately 10 mm/yr [0.4 in/yr]—double the present-day value.  The model further
assumes that recharge in the lower reaches of Fortymile Wash will be approximately 200 mm/yr
[8 in/yr].  Changes in the lateral boundary conditions that result from recharge were
determined by an iterative process in which the heads along the lateral boundary were
systematically increased until discharge occurred at Well NC-EWDP-9s (Winterle, 2003).  Note
that Well NC-EWDP-9s represents the approximate location of paleo-spring deposits in the
region.  The iterative approach resulted in the lateral prescribed head boundary conditions
being approximately 5 percent higher than present-day conditions. 

The conceptual model was implemented using the modular finite-difference groundwater flow
modeling package MODFLOW-2000 (Harbaugh, et al., 2000) included in the Groundwater
Modeling System (GMS) Version 5.1 (Environmental Modeling Research Laboratory, 2005). 
The model domain used in Winterle (2003) was 28.5 × 41.4 × 2.7 km [17.7 × 25.7 × 1.7 mi]
(Figure 2-1; cf., Winterle, 2003) and consisted of 95 columns and 138 rows with a uniform node
spacing of )x = )y = 300 m [980 ft].  The model was divided vertically into 30 horizontal layers
with 50-m [160-ft] layer thicknesses near the water table, increasing in thickness to 200 m 
[660 ft] at the base of the model.  Coarse layers were also used to discretize the unsaturated
portion of the domain.  Of the 393,300 finite grid cells produced by the full discretization of the
domain, only those cells within the saturated zone were used in the saturated zone groundwater
flow calculations.  The grid discretization and the identification of grid cells that fall within the
active flow domain are discussed in Winterle (2003) and Winterle, et al. (2002). 

For this study, the model domain was divided into 19 hydrostratigraphic and structural units
using the Center for Nuclear Waste Regulatory Analyses (CNWRA) hydrostratigraphic
framework model (Sims, et al., 1999).  Table 2-1 lists the hydraulic conductivity for each
hydrostratigraphic unit determined from model calibration (Winterle, 2003, Table 2-1).  The
steady-state groundwater model developed using the hydraulic conductivity values in Table 2-1
reproduced observed hydraulic heads at the site to an acceptable degree of accuracy.  The
mean absolute error for the 70 observation stations included in the comparison was 9.6 m 
[30 ft], and root-mean-square error was 17.3 m [56.9 ft].  
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Figure 2-1.  Plan View of the Plumes Computed Assuming All Sources Within 
the Repository Footprint Are Active and All Hydrostratigraphic Units 

in the Model Have a Longitudinal Dispersity of 100 m.
(a) Commonly Used Dispersivity Ratios [("L/"TH) = 10 and ("L/"TV) = 100].

(b) DOE Dispersivity Ratios [("L/"TH) = 200 and ("L/"TV) = 20,000].
The Approximate Elevation of the Horizontal Slice Through the Aquifer Is 725 m.

The Red Line Represents the 18-km location. [1 m = 3.28 ft; 1 km = 0.62 mi]
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Figure 2-1 (continued).  Plan View of the Plumes Computed Assuming All Sources
Within the Repository Footprint Are Active and All Hydrostratigraphic 

Units in the Model Have a Longitudinal Dispersity of 10 m.
(c) Commonly Used Dispersivity Ratios [("L/"TH) = 10 and ("L/"TV) = 100].

(d) DOE Dispersivity Ratios [("L/"TH) = 200 and ("L/"TV) = 20,000].
The Approximate Elevation of the Horizontal Slice Through the Aquifer Is 725 m.

The Red Line Represents the 18-km location. [1 m = 3.28 ft; 1 km = 0.62 mi]
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Figure 2-1 (continued).  Plan View of the Plumes Computed Assuming All Sources
Within the Repository Footprint Are Active and All Hydrostratigraphic 

Units in the Model Have a Longitudinal Dispersity of 1 m.
(e) Commonly Used Dispersivity Ratios [("L/"TH) = 10 and ("L/"TV) = 100].

(f) DOE Dispersivity Ratios [("L/"TH) = 200 and ("L/"TV) = 20,000].
The Approximate Elevation of the Horizontal Slice Through the Aquifer Is 725 m.

The Red Line Represents the 18-km location. [1 m = 3.28 ft; 1 km = 0.62 mi]
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Table 2-1.  Material Types and Assigned Model Properties*

Material Type Description
Hydraulic Conductivity

(m/day)† Porosity
PZ Deep Paleozoic aquifer system 0.05 0.01
UVA Uppermost volcanic aquifer 0.5 0.001
UVC Upper volcanic confining unit 0.15 0.1
LVA Lower volcanic aquifer 0.15 0.001
LVC Lower volcanic confining unit 0.0002 0.1
Alluv Valley-Fill alluvium 3 0.1
FMW Fortymile Wash fault zone 5 0.001
BR–PBC Bow Ridge–Paintbrush Canyon

fault zone
4 0.001

Cald-pz Caldera zone:  altered Paleozoic
rocks

0.001 0.01

Cald-vr Caldera zone:  altered volcanic
rocks

0.0003 0.01

SC–IR Solitario Canyon–Iron Ridge fault
zone

0.0005 0.01

SC–West Western splay of Solitario Canyon
fault zone

0.0005 0.01

CF Crater Flat fault zone 5.0 × 10!5 0.01
VH1 VH–1 fault zone 5.0 × 10!5 0.01
BM Bare Mountain fault zone 0.05 0.01
H95 Highway 95 fault zone 0.005 0.01
Grav1 Gravity fault zone #1 0.001 0.01
Grav2 Gravity fault zone #2 0.05 0.01
CA Central Amargosa fault zone 0.5 0.01
*Winterle, J.  “Evaluation of Alternative Concepts for Saturated Zone Flow:  Effects of Recharge and Water Table
Rise on Flow Paths and Travel Times at Yucca Mountain.”  San Antonio, Texas:  CNWRA.  2003.
†1 m = 3.28 ft

The smallest calibration errors occurred in the area hydraulically downgradient from 
Yucca Mountain (Winterle, 2003).  This area represents the likely pathway along which
radionuclides migrating from Yucca Mountain would travel.  As a result, the flow fields in
Winterle (2003) provide a reasonable starting point for transport calculations for the region
south of Yucca Mountain. 

The effective porosity of the material types included in the model is uncertain (Winterle, 2003). 
Note that material porosities in Table 2-1 do not affect the calibration of the steady-state
groundwater flow model; however, these porosities are required for calculating groundwater
velocities used in the solute transport simulations.



2-6

2.3  Solute Transport Simulation Model

The simulations in this section of the report assume a conservative solute to facilitate
comparisons with the previous results contained in Farrell, et al. (2005).  Conservative solute
transport was simulated using Modular Three-Dimensional Multispecies Transport Model
Version 4.5 (Zheng and Wang, 1999).  The code is capable of simulating advection,
hydrodynamic dispersion, and diffusion of solutes in groundwater systems.  A summary of the
MT3DMS transport code is contained in Farrell, et al. (2005).  Pre- and postprocessing of
MT3DMS input and output data were performed in GMS Version 5.1.  The hydraulic heads
MT3DMS Version 4.5 requires to compute the groundwater velocities that simulate solute
transport from Yucca Mountain were based on the output from the MODFLOW implementation
of the wetter climate model (see Winterle, 2003).

Simulation grid cells along the water table that lie within the repository footprint are shown in
Figures 2-2 and 2-3; each grid can be assigned a unique concentration with unique turn-on
and turn-off times.  For the purposes of this work, cells in which concentration sources were
present and active were kept at constant concentration throughout the duration of the simulation
[i.e., c(x, y, z, t = 0) = 0 and c(x, y, z, t > 0) > 0, where c is the solute concentration; x, y, and z
are spatial coordinates; and t is time].

Dispersive spreading in the unsaturated zone was not considered.  Nevertheless, it is possible
for such spreading to move mass beyond the projection of the repository footprint at the water
table.  Hence, limiting the maximum size of the potential source region to the repository footprint
may underestimate the true source size.  It should be noted that dispersive spreading in the
unsaturated zone will reduce the source concentration at the water table.  It should also be
noted that lateral flows associated with perched water between the repository and the saturated
zone may result in radionuclide mass entering the saturated zone outside the projection of the
repository footprint to the water table.

To maintain consistency with Farrell, et al. (2005), the following were assumed:

• Advection and hydrodynamic dispersion were assumed to be the primary physical
processes controlling plume evolution in the model.  Longitudinal dispersivity values
used in the simulations were selected for consistency with those in 
Bechtel SAIC Company, LLC (2004) and Mohanty, et al. (2004). 

• Molecular diffusion was not included in the model as its effects on plume spreading were
assumed to be small relative to hydrodynamic dispersion.  Note that the potential effects
of molecular diffusion on plume retardation as observed in dual porosity systems were
not considered. 

• The dual-domain formulation present in MT3DMS Version 4.5 that can be used to model
transport in fractured or extremely heterogeneous porous media is not included in the
present work.

• Porosities used in the transport simulations were identical to those used in Winterle
(2003).  Those porosities were within the respective distribution ranges for the alluvium
valley-fill and volcanic units listed in Bechtel SAIC Company, LLC (2004, Table 6-8).
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Bechtel SAIC Company, LLC (2004) suggested the tuff and alluvium units will be assigned
identical values of longitudinal dispersivity in the potential total system performance assessment
for the potential license application.  The longitudinal dispersivity values for the units included
in the abstracted transport model in the potential total system performance assessment for the
license application will be one-tenth of the longitudinal macrodispersivity sampled from a
lognormal distribution with a mean of 2.0 {i.e., a mean longitudinal dispersivity of 100 m [328 ft]}
and a standard deviation of 0.75 m [2.5 ft].  This yields an upper confidence limit for the
longitudinal macrodispersivity of approximately 3.2 km [2 mi].

The horizontal and vertical transverse dispersivities used in the DOE transport abstraction
model are scaled to 0.5 and 0.005 percent of the longitudinal dispersivity, respectively.  These
ratios of transverse dispersivities to longitudinal dispersivity are small; hence, it is expected that
solute plumes based on these ratios will be narrow and have high centerline concentrations.
Dispersivity ratios commonly used by practicing environmental scientists when site-specific
information is not available assume the horizontal transverse dispersivity is 10 percent of the
longitudinal dispersivity, and the vertical transverse dispersivity is 1 percent of the longitudinal
dispersivity (Zheng and Wang, 1999; Wilson and Gardner, 2006).  Studies utilizing field data
that support longitudinal-to-transverse dispersivity ratios of 10:1 include Lee, et al. (1992), who
analyzed a tritium plume migrating in the subsurface at Bear Creek, and Cole, et al. (1998), who
analyzed several radioactive groundwater plumes at Hanford.  Plumes based on these ratios of
10:1 are expected to demonstrate greater spreading and lower centerline concentrations when
compared to those generated based on the DOE ratios. Note that longitudinal-to-transverse
dispersivity ratios on the order of 10:1, 3:1, and 2:1 have been reported for laboratory
experiments (Harleman and Rumer, 1963; Robbins, 1989; and Benekos, et al., 2006).

2.4  Solute Transport Simulation Scenarios

The solute transport scenarios described in Farrell, et al. (2005) were used in the current
analysis.  Scenarios considered in this report focused on different potential source locations
within the repository footprint.  In addition, the simulations considered a range of longitudinal
dispersivities and a range of ratios of longitudinal dispersivity to horizontal and vertical
transverse dispersivity.  The range of values selected for the analysis is consistent with those
used in industry—Mohanty, et al. (2004) and Bechtel SAIC Company, LLC (2004).  A detailed
discussion of the bases for selecting the modeling scenarios is contained in Farrell, et al. (2005)
and is not repeated here.

2.4.1  Scenario 1:  Size of Plumes That May Occur at the 18-km Location 

Scenario 1 assumes that all potential source cells within the repository footprint represent
Dirichlet boundary conditions in the transport model (cf., Farrell, et al., 2005).  The scenario
was designed to provide insights into the cross-sectional dimensions and peak concentrations
of solute plumes that may occur at the 18-km location during the 10,000-year simulation. The
scenario uses (I) identical longitudinal dispersivity values for the tuff and alluvium
hydrostratigraphic units (consistent with the DOE model) and (ii) longitudinal dispersivity values
that fall within the range used in Bechtel SAIC Company, LLC (2004) and Mohanty, et al.
(2004).
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Figure 2-2.  Vertical Cross Sections at the 18-km Location Showing the Cross-Sectional
Dimensions and Concentrations of the Plumes Computed Assuming All 

Sources Within the Repository Footprint Are Active and All Hydrostratigraphic 
Units in the Model Have a Longitudinal Dispersivity of 100 m.

(a) Commonly Used Dispersivity Rations [("L/"TH) = 10 and ("L/"TV) = 100].
(b) DOE Dispersivity Rations [("L/"TH) = 200 and ("L/"TV) = 20,000].

The Dash Outline Encloses the Region Occupied by the Plumes.  The Previous
Concentration Legend Refers to Plume Concentrations Within the Dash Outline.  The
Legend for the Hydrostratigraphy Is Given in Figure 2-3.  The Red Blocks Represent
the Gravity Fault, and the Dark Purple Blocks Represent the Central Amargosa Fault.

[1 m = 3.28 ft; 1 km = 0.62.mi]
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Figure 2-2 (continued).  Vertical Cross Sections at the 18-km Location Showing the
Cross-Sectional Dimensions and Concentrations of the Plumes Computed Assuming

All Sources Within the Repository Footprint Are Active and All Hydrostratigraphic 
Units in the Model Have a Longitudinal Dispersivity of 10 m.

(c) Commonly Used Dispersivity Rations [("L/"TH) = 10 and ("L/"TV) = 100].
(d) DOE Dispersivity Rations [("L/"TH) = 200 and ("L/"TV) = 20,000].

The Dash Outline Encloses the Region Occupied by the Plumes.  The Previous
Concentration Legend Refers to Plume Concentrations Within the Dash Outline.  The
Legend for the Hydrostratigraphy Is Given in Figure 2-3.  The Red Blocks Represent
the Gravity Fault, and the Dark Purple Blocks Represent the Central Amargosa Fault.

[1 m = 3.28 ft; 1 km = 0.62.mi]
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Figure 2-3.  Legend for the Hydrostratigraphy Contained in Figure 2-2

To support the analysis, a range of longitudinal, horizontal transverse, and vertical transverse
dispersivity values were used (see Table 2-2).  As discussed in Farrell, et al. (2005), dispersive 
spreading in the unsaturated zone that could produce source sizes larger than the repository
footprint was not considered; hence, the largest computed plume sizes at the 18-km location
described in this report may underestimate the largest solute plumes that may occur in reality. 

Conversely, source sizes used in the simulations in this report may overestimate the actual
source sizes at Yucca Mountain if focused flow occurs in the unsaturated or saturated zone.

A Dirichlet boundary condition with a concentration of 10 mg/L was applied to each grid cell in
the source region to facilitate comparison with the results contained in Farrell, et al. (2005).  As
in Farrell, et al. (2005), two simulations were performed for each longitudinal dispersivity
selected:  one based on more commonly used ratios of longitudinal dispersivity to transverse
dispersivity and the other on the DOE ratios of longitudinal dispersivity to transverse dispersivity
(both horizontal and vertical).  The results of the simulations performed are summarized next.
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Table 2-2.  Scenario 1
Objective

Determine the size of plumes that may cross the regulatory 18-km location 
 for selected values of longitudinal dispersivity* 

Source model
All potential source grid cells within the repository footprint are active

Model considerations
• 10 mg/L constant concentration applied to all source cells
• Longitudinal dispersivity "L = 100, 10, and 1 m [330, 33, and 3.3 ft], respectively

— Commonly used transverse dispersivity ratios 
– horizontal transverse dispersivity ("TH) ratio: ("L/"TH) = 10
– vertical transverse dispersivity ("TV) ratio:  ("L/"TV) = 100

— Transverse dispersivity ratios in Bechtel SAIC Company, LLC (2004)* 
– horizontal transverse dispersivity ("TH) ratio: ("L/"TH) = 200
– vertical transverse dispersivity ("TV) ratio:  ("L/"TV) = 20,000

*Sampled from Bechtel SAIC Company, LLC.  “Saturated Zone Flow and Transport Model Abstraction.”  Las
Vegas, Nevada:  Bechtel SAIC Company, LLC.  2004.

Figure 2-1(a–f) shows horizontal slices through the plumes at an elevation of 725 m [2,879 ft]
10,000 years after the source is turned on.  The figures are qualitatively consistent with those
contained in Farrell, et al. (2005) and with the path lines in Winterle (2003) because they show
the plumes initially migrating in a southeasterly direction before taking a more southerly path
through the tuff aquifer.  Winterle (2003) suggested this southerly transport path is caused by a
more hydraulically transmissive zone in the vicinity of the Bow Ridge–Paintbrush Canyon
fault zone.

Many of the general observations reported in Farrell, et al. (2005) are supported by the current
simulations.  For example, consistent with the findings of Farrell, et al. (2005), plume sizes at
the 18-km location based on the more commonly used dispersivity ratios [Figure 2-1(a,c,e)]
generally have larger cross-sectional areas than those based on the DOE dispersivity ratios
[Figure 2-1(b,d,f)].  Further, plumes based on the more commonly used dispersivity ratios
generally have lower centerline concentrations than those based on the DOE dispersivity ratios
(cf., Farrell, et al., 2005).  Similar to Farrell, et al. (2005), the simulation results show that a
significant portion of the path length of each plume is in the volcanic tuff units with the transition
of the plume from the volcanic tuff units to the alluvial valley fill occurring in the southern portion
of Fortymile Wash.  The distance of the valley-fill transition from the 18-km location is between
3.2 and 4.5 km [2 and 2.7 mi] at the water table.  This distance decreases with depth due to the
southward-dipping slope of the valley-fill contact.  

Selected vertical cross sections through the plumes at the 18-km location are shown in Figures
2-2 and 2-3.  In addition, the cross-sectional dimensions of the simulated plumes at the 18-km
location are presented in Table 2-3.  The figures and table confirm that plumes based on the
commonly used dispersivity ratios are larger than those based on ratios proposed by Bechtel
SAIC Company, LLC (2004).  A comparison of the plume dimensions to those contained in
Farrell, et al. (2005, Table 3-2) shows a general increase in plume cross-sectional area under
the wetter climate scenario relative to present-day arid climatic conditions.  Note that the vertical
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dimension of the plume computed using a longitudinal dispersivity of 1 m [3.28 ft] and the DOE
dispersivity ratios is larger than that for the corresponding plume computed using commonly
used dispersivity ratios.  It is also noteworthy that the vertical thickness of the plume based on
the DOE dispersivity ratios exceeds that based on the commonly used dispersivity ratios.  This
is likely due to the fact that the geometries of small plumes are strongly influenced by
characteristics of the local velocity field and the coarse nature of the grid relative to the plume
size.  The influence of the local velocity on plume evolution is often seen in the pre-asymptotic
phase of field tracer experiments.  

Annual groundwater flow through the plumes was also determined.  For the plumes based on
the commonly used dispersivity ratios, the computed groundwater flow through the plumes
considered ranged from 1.1 × 106 to 2.2 × 106 m3/yr [875 to 1,804 acre-ft/yr].  In contrast, the
groundwater flow through the plumes based on dispersivity ratios DOE used ranged from
1.0 × 106 to 1.5 × 106 m3/yr [783 to 1,242 acre-ft/yr].  For similar ranges of longitudinal
dispersivity, the groundwater flows through the plumes under wetter climatic conditions
exceeded those determined for present-day climatic conditions by approximately 24–33 percent. 
The observed increase in the annual groundwater flow through the plumes under wetter climatic
conditions relative to the results computed for the present day climatic conditions (Farrell, et al.,
2005) is due to the increased mean groundwater velocity computed for the wetter climate
scenario relative to the present-day scenario and the increased dimensions of the plume.  Note
that Winterle (2003) indicated that the mean travel time of particles moving under advection
from the potential repository location to the 18-km location decreased from 950 years under
present-day conditions to 728 years under wetter climatic conditions, indicating a 3-percent
increase in the mean transport velocity from present-day conditions.

2.4.2  Scenario 2:  Formation of Multiple Independent Plumes

Farrell, et al. (2005) found that plumes migrating from sources in the northern and southern
ends of the repository showed the greatest initial separations before converging south of the
repository footprint.  This scenario (Table 2-4) was repeated for a longitudinal dispersivity of 1 m
[3.28 ft] to determine whether the flow field calculated for wetter climatic conditions could give
rise to such a situation.  Note that small values of dispersivity are more likely to cause the
evolution of separate distinct plumes.  

The results from the analysis show that while separate and distinct plumes occur in the near-
source region west of the Bow Ridge–Paintbrush Canyon fault zone, the plumes coalesce north
of the 18-km location (Figure 2-4).  This is consistent with the observations in Farrell, et al.
(2005) and suggests that groundwater flow directions under present and wetter climatic
conditions will be strongly controlled by the structural features present in the region.  Changes
in the water table configuration will, however, affect the magnitude of the groundwater velocity.

Although the current simulations do not support separate plumes crossing the 18-km location, it
is possible that such behavior may be simulated on a higher resolution mesh.  However, it is
expected that there will not be a wide separation between such plumes, because southeasterly
groundwater flow from the potential repository location is focused into a southerly flow in the
region of the Bow Ridge–Paintbrush Canyon fault zones.
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Table 2-3.  Summary of Simulation Results for Scenario 1*

Longitudinal
Dispersivity

(m)†

Horizontal
Transverse
Dispersivity

(m)†

Vertical
Transverse
Dispersivity

(m)†

Maximum
Plume
Width
(m)†

Maximum
Plume

Thickness
(m)†

100 10 1 3300 1200
100 0.5 0.005 2100 900
10 1 0.1 1900 950
10 0.05 0.0005 1800 900
1 0.1 0.01 1800 800
1 0.005 0.00005 1500 900

*Shaded rows represent data based on simulations conducted using the U.S. Department of Energy
dispersivity ratios.
†1 m = 3.28 ft

Table 2-4.  Scenario 2

Objective
Determine whether small, widely spaced plumes can cross the regulatory 
18-km location

Source model 
Two source cells, one located in the northern portion of the repository and
 the other located in the southern portion of the repository

Model considerations
• 10 mg/L constant concentration applied to all source cells
• Longitudinal dispersivity "L = 100, 10, and 1 m [330, 33, and 3.3 ft] 

— Commonly used transverse dispersivity ratios 
– horizontal transverse dispersivity ("TH) ratio:  ("L/"TH) = 10
– vertical transverse dispersivity ("TV) ratio:  ("L/"TV) = 100

— U.S. Department of Energy transverse dispersivity ratios
– horizontal transverse dispersivity ("TH) ratio:  ("L/"TH) = 200
– vertical transverse dispersivity ("TV) ratio:  ("L/"TV ) = 20,000
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Figure 2-4.  Plan View of Northern and Southern Plume Sources and Associated
Plumes Computed Using a Longitudinal Dispersivity of 1 m and Commonly Used

Dispersivity Rations [("L/"TH) = 10 and ("L/"TV) = 100].  The Elevation of the Horizontal
Slice Through the Aquifer Is 725 m.  The Red Line Represents the 18-km Location.

[1 m = 3.28 ft; 1 km = 0.62 mi]
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3  CHARACTERISTICS OF SATURATED ZONE RADIONUCLIDE
TRANSPORT

3.1  Introduction

Radionuclide transport in the saturated zone at Yucca Mountain is controlled by several
processes including radionuclide decay, the time-varying characteristics of the source term,
and sorption/desorption reactions.  This section examines some characteristics of saturated
zone radionuclide transport that provide information relevant to evaluating the potential DOE
license application.  For illustrative purposes, the solutes considered in this analysis represent
generic species with user-specified decay and sorptive properties.  Further, the flow field used
in the analysis is one-dimensional and, as a result, differs significantly from three-dimensional
flow simulations (Winterle, 2003) at Yucca Mountain.  Hence, plume dispersion and migration
characteristics determined from this analysis cannot be directly compared to the simulation
results for Yucca Mountain.

Two approaches were used to support the analyses.  First, analytical solutions that account for
decay of both the solute and the source strength and retardation were used to identify
characteristic features of radionuclide transport in homogeneous domains with one-dimensional
groundwater flow (i.e., vx = constant and vy = 0).  Second, the numerical model describing solute
transport at Yucca Mountain previously discussed in Farrell, et al. (2005) was modified
to account for and determine the impact of decay and retardation on the evolution of
radionuclide plumes that may migrate from the repository footprint at Yucca Mountain.

3.2  Analytical Solution to the Problem of Radionuclide Transport
with Decaying Source Term

  
Analytical solutions provide fast and efficient approaches for identifying important processes in
physical systems.  For the purposes of this analysis, some information from previous Yucca
Mountain simulations was used to construct a simplified model that assumes (i) a
two-dimensional domain; (ii) a uniform one-dimensional flow with a mean velocity that falls
within the range of groundwater velocities determined from previous modeling studies; 
(iii) radionuclide half-lives and retardation values that are within the range of those specified in
Mohanty, et al. (2004); and (iv) simulation times consistent with regulations.  Note that the 
one-dimensional flow field does not include convergent groundwater flow that is assumed to
occur at Yucca Mountain.

The equation describing radionuclide transport in a two-dimensional domain subject to an
exponentially decaying source term and retardation is given by

(3-1)



1Winterle, J. “Dispersivity Values for the Saturated Zone at Yucca Mountain.”  Personal communication (April) to
D. Farrell, Caribbean Institute for Meteorology and Hydrology.  San Antonio, Texas:  CNWRA.  2006. 

3-2

( )
( )

( ) ( )

c x,y,t
c

x

D

vx
D

t  R R
v

4D
x

4D

a y

D

a y

D
d

o L L

2

L

2

L

T T

= −
⎛
⎝
⎜

⎞
⎠
⎟ − − +

⎛
⎝
⎜

⎞
⎠
⎟ −

⎡

⎣
⎢

⎤

⎦
⎥ •

−⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟ +

+⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

∫ −

4 2

2 2

1 2
0

3 2

1 2 1 2

π
β λ β τ τ τ

τ τ
τ

/

/
/

/ /

exp exp

erf erf

t R

where c is the solute concentration, co is the initial source concentration, 8 is the decay constant
for the radioactive solute, $ is the decay constant for the source strength, DL is the dispersion
coefficient in the mean flow direction, DT is the dispersion coefficient perpendicular to the mean
flow direction, v is the groundwater velocity, R is the retardation factor, t is time, and the source
width is 2a.  The solution to Eq. (3-1) for the case in which the source is perpendicular to the
mean flow direction is given by Cleary and Ungs (1978) as

(3-2)

Note that c(x,y,t)/co represents the normalized or relative concentration, and a cutoff relative 
concentration of 10-3 was used to define the dimensions of the plume in Section 3.3. A modified
version of the computer code used to implement Eq. (3-2) (see Javandel, et al., 1984) is
contained in Scientific Notebook 735.

3.3  Scenarios Considered

The objectives of the transport scenarios discussed in this section were to demonstrate the
sensitivity of plume concentration and cross-sectional dimensions 18 km downgradient from the
source due to

• Decay of both the source strength and the solute
• Dispersion
• Retardation of the solute

Groundwater velocities used in the simulations represent the upper bound of the velocities
computed for present-day climatic conditions.1  Longitudinal dispersion coefficients used in the
analysis varied between 10 and 100 m2/d [107 to 1,076 ft2/d] with a ratio of 10:1 
[i.e., (DL/DT) = 10, where DL and DT represent longitudinal and horizontal transverse dispersion
coefficients respectively] between the longitudinal dispersion and the horizontal transverse
dispersion coefficients. The longitudinal dispersion coefficient values used correspond to
longitudinal dispersivity values of 476 m (1,561.68 ft) and 4,762 m (15,623.36 ft), respectively. 
The longitudinal and transverse dispersion coefficients (DL and DT) in a two-dimensional
transport system with one-dimensional flow are related to longitudinal and transverse
dispersivity ("L and "T) by

D V
D V
L L

T T

=
=

α
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The dispersivity values used for this analysis are larger than those used for the Yucca Mountain
simulations and will result in more spreading than expected at Yucca Mountain where
dispersivity values are smaller and convergent groundwater flow occurs. However, as
mentioned earlier, the results from the analytical simulations are not to be compared directly
with Yucca Mountain site-specific simulations. The analytical solutions are used to
improve understanding of the radionuclide transport processes that may be important at
Yucca Mountain.

The special case of steady-state radionuclide transport under a constant source concentration
is not explicitly addressed as it is bound by the conservative case and the source decay cases
included in the analyses.  Analytical solutions for the special case of steady-state radionuclide
transport are contained in Domenico and Schwartz (1990).  Tables 3-1 and 3-2 summarize the
evaluated scenarios.

3.3.1 Scenario 1:  Effect of Radionuclide Decay on Plume Characteristics

For this scenario, the decay constants 8 and $ [see Eq. (3-1)] were set equal so that the
decreasing strength of the source was due solely to radioactive decay.  Radionuclide half-lives
for the generic species used in the analyses varied from thousands to millions of years.  Hence
the upper boundary for the half-life was expected to reflect the conservative case. 

Table 3-1.  Scenario 1

Objective
Demonstrate the sensitivity of the concentration and width of modeled plumes to
radionuclide decay and source strength decay

Source size
500-m [1,600-ft] line source perpendicular to the mean flow direction

Model considerations
• Line source
• Longitudinal dispersion DL = 100 and 10 m2/d [1,076 and 107 ft2/d], respectively
• Dispersivity ratio (DL/DT) = 10

Table 3-2.  Scenario 2

Objective
Demonstrate the sensitivity of the concentration and width of modeled plumes to decay
and retardation

Source size
500-m [1,600-ft] line source perpendicular to the mean flow direction
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Table 3-2.  Scenario 2 (continued)

Model considerations
• Line source
• Longitudinal dispersion coefficient DL = 100 and 10 m2/d [1,076 and 107 ft2/d], 

respectively
• Dispersion ratio (DL/DT) = 10

The groundwater velocity used in the simulations was kept constant at 0.021 m/d [0.069 ft/d]. 
This value for the velocity is drawn from the upper range determined for present-day
climatic conditions.

Plots of the time series of the peak plume concentration at the 18-km location for several values
of half-life are shown in Figure 3-1.  The figure shows that as the transport time increases, the
peak plume concentration at the 18-km location for the conservative species increases prior to
reaching an asymptote value of 0.1.  The asymptotic value of the concentration at the 18-km
location is less than the source concentration because lateral dispersion moves mass away
from the centerline of the plume.  Characteristics similar to those of the conservative case were
observed for cases in which the half-life of the species is similar to, or greater than, the
simulation period.  When the half-life of the species is significantly less than 1 million years, the
concentration at the 18-km location initially increases to a maximum value before decreasing
later.  Figure 3-1 also shows that the peak concentration achieved by each species decreases
with decreasing half-life, because for a fixed transport period, shorter half-life results in greater
mass loss.  Further, the results in Figure 3-1 predictably show that as the half-life decreases,
the peak concentration at the 18-km location occurs earlier in time.

The approximate plume half-width determined at several times for the various scenarios is
shown in Figure 3-2.  For the conservative case, the plume half-width grows to an asymptotic
value.  Similar behavior is expected for cases where the plume half-life exceeds 1 million years. 
When the radionuclide half-life is less than 1 million years, the plume half-width initially grows to
a maximum value before decreasing later.  Hence, the radionuclide plume expands at an early
time and contracts at a late time.  Note that the peak plume width at the 18-km location for a
given species decreases as the half-life decreases.

3.3.2  Scenario 2:  Effect of Retardation on Plume Characteristics

Retardation describes the net effect of processes that cause plumes to migrate slower than the
mean groundwater velocity.  Sorption is one process that causes plume retardation.  Within the
context of repository safety, combining sorption and radioactive decay may significantly reduce
radionuclide concentrations at locations downgradient from the potential repository footprint.

The simulations performed in the previous section were expanded to account for retardation.
For the purposes of this analysis, the retardation factor (i.e., the ratio of the groundwater
velocity to the mean plume velocity) across the model domain was set to 50. Comparison of the
results in Figures 3-3 and 3-1 for the nonradioactive solute show that accounting for retardation
alone delays the arrival of the plume, but has no effect on the peak concentration in the plume. 
Figures 3-4 and 3-2 similarly show that retardation alone does not impact the plume width
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Figure 3-1.  Peak Plume Concentration 18 km [11 mi] Downstream: 
(a) DL = 10 m2/d [110 ft2/d] and (b) DL = 100 m2/d [1,000 ft2/d]
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Figure 3-2.  Plume Half-Width 18 km [11 mi] Downstream:
(a) DL = 10 m2/d [110 ft2/d] and (b) DL = 100 m2/d [1,000 ft2/d]
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Figure 3-3.  Peak Plume Concentration 18 km [11 mi] Downstream Under Retardation
With DL = 10 m2/d [110 ft2/d]

Figure 3-4.  Plume Half-Width 18 km [11 mi] Downstream Under Retardation 
With DL = 10 m2/d [110 ft2/d]
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(i.e., comparison of the no-decay curves).  When radioactive decay (including decay of the
source strength) is combined with retardation, Figures 3-3 and 3-4 show that reductions in the
peak plume concentration and plume dimensions occur downgradient.  The amount by which
downgradient concentrations are reduced is dependent on the radioactive decay rate; that is,
the higher the radioactive decay rate (i.e., the shorter the half-life), the greater the reduction in
downgradient radioactive plume concentrations. 

3.4  Potential Effects of Radioactive Decay and Retardation on
Radioactive Plumes Migrating From a Potential Repository at
Yucca Mountain

The previous section illustrated the relative importance of radionuclide decay and retardation
on plume evolution and stressed that accounting for the time-varying characteristics of the
source term can have a significant effect on downgradient radionuclide concentrations.  This
section examines the effects of the radionuclide decay (including decay of the source term) on
radionuclide migration from Yucca Mountain.  To support this analysis, the model described in
Farrell, et al. (2005) was expanded to include the effects of radioactive decay (including source
term decay) and retardation.  Because MT3DMS Version 4.5 (Zheng and Wang, 1999) does
not contain an algorithm to account for an exponentially decaying Dirichlet boundary condition,
the exponential decay of the source term was modeled by dividing the simulation period into
10 equally spaced intervals with differing constant concentration boundaries over each interval. 
The value of the constant concentration within the repository footprint was determined from
independent calculations.  Radioactive half-lives used in the simulation runs were 1,000, 2,000,
4,000, and 8,000 years.  Note the simulation timeframe is 10,000 years, and the longitudinal
dispersivity is 300 m [984 ft].

Examples of the results for simulations that account for the effects of radioactive decay alone
are shown in Figures 3-5 and 3-6.  Consistent with the results of the previous section, the
plumes initially grow before subsequently contracting.  A decrease in plume concentrations is
associated with the contraction of the plumes.  The results confirm the rate of plume growth and
contraction of the plumes is controlled by the half-life of the radioactive species.  Figure 3-5
shows that when the half-life of the species is significantly less than the performance period,
considerable plume contraction and concentration reduction will occur due to radioactive decay. 
However, as the half-life approaches the time length of the performance period, less radioactive
decay occurs.  This causes a slow decrease of the source strength, thereby contributing to a
slow contraction of the plume size and concentration at downgradient locations.  This tendency
is confirmed in the results from the analytical solutions [Figure 3-1(a,b)].

Simulations that accounted for retardation assumed that radionuclide transport was retarded
only by the valley-fill aquifer downgradient from Yucca Mountain.  Further, retardation in the
valley-fill aquifer was assumed to be due solely to sorption.  For this preliminary analysis,
sorption was modeled using a linear isotherm (Zheng and Wang, 1999).  The relationship
between equilibrium sorption and the retardation factor is given by

(3-3)
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Figure 3-5.  Plan View of the Plumes Computed for 10,000-Year Simulation With Decay
(Half-Life = 2,000 Years) Assuming All Sources Within the Repository Footprint Are
Active, All Hydrostratigraphic Units in the Model Have a Longitudinal Dispersivity of

300 m, and Commonly Used Dispersivity Rations Are Applied:
(a) 1,000 Years, (b) 5,000 Years, and (c) 10,000 Years.

The Red Line Represents the 18-km Location.  
[1 m = 3.28 ft; 1 km = 0.62 mi]
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Figure 3-6.  Plan View of the Plumes Computed for 10,000-Year Simulation With Decay
(Half-Life = 8,000 Years) Assuming All Sources Within the Repository Footprint Are
Active, All Hydrostratigraphic Units in the Model Have a Longitudinal Dispersivity of

300 m, and Commonly Used Dispersivity Rations Are Applied:
(a) 1,000 Years, (b) 5,000 Years, and (c) 10,000 Years.

The Red Line Represents the 18-km Location.
[1 m = 3.28 ft; 1 km = 0.62 mi]
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where R is the retardation factor, kd is a partitioning coefficient determined from the linear
isotherm, and Db and 2 are the bulk density and effective porosity of the porous media,
respectively.  A bulk density of 2,000 kg/m3 [125 lb/ft3] was used for the valley fill.  This value is
within the range specified in Bechtel SAIC Company, LLC (2004).  The effective porosity of the
valley fill used in the simulation was 0.1 (see Table 2-1).  Values of kd used in the model were
1 × 10!2 and 2 × 10!4 m3/kg [0.16 and 0.0032 ft3/lb].  The computed retardation factors derived
from these values were 201 and 5, respectively.

Examples of the simulation results for the case where both retardation and decay are combined
in Figures 3-7 and 3-8 show similar behavior to the analytical solution (i.e., the combination of
sorption and radionuclide decay control the size and geometry of plumes).  In particular, the
figures show that for R = 200 (Figure 3-7), retardation due to the linear isotherm sorption model
and radionuclide decay will prevent the 10!2 ppm isocon from penetrating any appreciable
distance into the valley-fill aquifer.  However, radionuclides migrating in the tuff aquifers below
the valley fill would be expected to travel to the 18-km location (Figure 3-9).  For R = 5 (Figure
3-8), the results show that radionuclides will migrate through the valley-fill aquifer to the
18-km location. 

The peak concentrations for the three plumes at the 18-km location are shown in Figure 3-10. 
The figure shows that for the conservative case, the concentration at the water table at the
18-km location increases toward an asymptotic value as shown in the analytical solutions in
Figure 3-1.  When a half-life of 8,000 years is applied to both the solute and the boundary
condition, the peak concentration at the water table at the 18-km location initially increases to
peak value before declining at a later time.  This peak value occurs between 3,000 and 4,000
years or less than the half-life of the solute.  This tendency is also reflected in the solutions from
the analytical model (Figure 3-11).  In particular, the results from the analytical solution indicate
the peak concentration can occur at a time significantly less than the half-life of the solute.  As
expected, retardation increases the arrival time of the solute at the 18-km location (Figure 3-10). 
The increased travel time to the 18-km location allows for an increased amount of radionuclide
decay relative to the previous case, which in turn results in a decrease in the peak
concentration at the 18-km location.  Figure 3-11 shows that the peak concentration and later
concentrations associated with the scenario that incorporates decay and retardation are
bounded by the scenario that considers decay alone. This tendency is also reflected in 
Figure 3-10 for the Yucca Mountain simulations.  In Figure 3-10, the offset between the plots for
the two scenarios is due to (i) the coarse discretization of the source boundary condition, (ii) the
model heterogeneity, and (iii) possible numerical dispersion.

This analysis confirms the numerical modeling results and provides insights into the evolution of
radionuclide plumes that may migrate from Yucca Mountain.  In particular, the results indicate
that the time of arrival of the peak concentration and the peak plume width at the 18-km location
are sensitive to the (i) dispersion characteristics of the medium, (ii) half-life of the radionuclide
species, and (iii) retardation.  Finally, the analysis demonstrates that the mass transport model
developed for Yucca Mountain can evaluate a range of scenarios. 
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Figure 3-7.  Plan View of the Plumes Computed for 10,000-Year Simulation 
With Decay (Half-Life = 8,000) and Retardation (Retardation Factor = 200) 

Assuming All Sources Within the Repository Footprint Are Active, All
Hydrostratigraphic Units in the Model Have a Longitudinal Dispersivity of 

300 m, and Commonly Used Dispersivity Rations Are Applied:
(a) 1,000 Years, (b) 5,000 Years, and (c) 10,000 Years.

The Red Line Represents the 18-km Location.
[1 m = 3.28 ft; 1 km = 0.62 mi]
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Figure 3-8.  Plan View of the Plumes Computed for 10,000-Year Simulation
With Decay (Half-Life = 8,000 Years) and Retardation (Retardation Factor = 5)

Assuming All Sources Within the Repository Footprint
Are Active, All Hydrostratigraphic Units in the Model Have a Longitudinal

Dispersivity of 300 m, and Commonly Used Dispersivity Rations Are Applied:
(a) 1,000 Years, (b) 5,000 Years, and (c) 10,000 Years.

The Red Line Represents the 18-km Location.
[1 m = 328 ft; 1 km = 0.62 mi]
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Figure 3-9.  Plan View of the Plumes Computed at 10,000 Years
With Decay (Half-Life = 8,000 Years) and Retardation (Retardation Factor = 200)

Assuming All Sources Within the Repository Footprint Are Active,
All Hydrostratigraphic Units in the Model Have a Longitudinal 

Dispersivity of 300 m, and Commonly Used Dispersivity Ratios Are Applied:
(a) Concentration Distribution at the Water Table and
(b) Concentration Distribution at Depth in Tuff Units.

The Red Line Represents the 18-km Location.
[1 m = 3.28 ft; 1 km = 0.62 mi]
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Figure 3-10.  Concentration Time Series at the Point of Peak Concentration at the
18-km Location for the 10,000-Year Simulation Assuming All Sources Within the

Repository Footprint Are Active, All Hydrostratigraphic Units in the Model Have a
Longitudinal Dispersivity of 300 m [984 ft] and Commonly Used Dispersivity Rations

Are Applied:  (i) Conservative Case, (ii) Decay (Half-Life = 8,000 Years), and
(iii) Decay (Half-Life = 8,000 Years) and Retardation (Retardation Factor = 5).

Figure 3-11.  Concentration Time Series at the Point of Peak Concentration at a
Downstream Location for the 1-Million-Year Analytical Simulation Assuming a Source

Length of 500 m [1,640 ft] and a Longitudinal Dispersion Value of 10 m:
(i) Conservation Case, (ii) Decay (Half-Life ~200,000 Years), and (iii) Decay (Half-Life

~200,000 Years) and Retardation (Retardation Factor = 50).
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4  STATUS OF ONGOING WORK:  RADIONUCLIDE TRANSPORT
SIMULATIONS OVER THE 1-MILLION-YEAR SIMULATION PERIOD

4.1  Introduction

Simulations of radionuclide transport extending over hundreds of thousands to a million years
are computationally expensive using common approaches such as finite element and finite
difference methods, because an excessive number of timesteps are often required.  For the
Yucca Mountain site, attempts to simulate saturated zone transport from the repository footprint
to the 18-km location over a 1-million-year period using algorithms in MT3DMS code Version
4.5 required approximately 60–90 days of computational time to generate reasonably accurate
solutions. This long simulation time was due primarily to the relatively short timestep required by
the robust solution schemes available in MT3DMS code Version 4.5.  As a result, the approach
was considered to be impractical.

Particle-tracking methods provide an alternative approach for simulating solute transport in
porous media, where excessive timestepping, as required in finite element and finite difference
methods, is often not required to obtain stable accurate solutions.  However, a common
limitation of particle-tracking codes is that a large number of particles must be generated,
stored, and transported through the computational domain to reach an accurate smooth
solution.  This section documents the current status of CNWRA efforts to use a particle-tracking
methodology to simulate transport over a 1-million-year period at Yucca Mountain.

4.2  Radionuclide Transport at Yucca Mountain Using a Particle-
Tracking Approach

DOE is using a particle-tracking approach embedded in the Finite Element Heat and Mass
Transport (FEHM) code (Los Alamos National Laboratory, 2003) to simulate radionuclide
transport at Yucca Mountain.  Results from the FEHM code are expected to be used to support
the DOE Total System Performance Assessment in the potential license application (Bechtel
SAIC Company, LLC, 2004).

CNWRA is modifying a version of the random walk particle-tracking computer code SLIM
Version 3 (Tompson and Dougherty, 1992; Tompson and Gelhar, 1990) to evaluate its
capability to simulate solute transport over a 1-million-year time period.  The SLIM Version 3
code is limited to solute transport and, as a result, the groundwater velocity field required to
support transport was generated from the CNWRA Yucca Mountain site-scale groundwater flow
model developed in MODFLOW-2000 and subsequently imported into SLIM Version 3 code.

Figure 4-1 shows particle displacements at various times over a 1-million-year time period for a
test simulation in which 400 conservative particles were initially placed in two source cells
located in the proposed Yucca Mountain repository footprint.  The runtime for the 1-million-year
simulation was approximately 6 days.  The simulation contained tens of thousands of particles
at the end of the simulation period because additional particles were introduced into the domain
to replace particles that left the source cell due to advective and dispersive transport.  The
particle trajectories appear consistent with the concentration distributions computed by
MT3DMS code Version 4.5 for 10,000-year simulations.  Figure 4-2 shows computed plots of
the approximate solute concentration distribution based on the particle 
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Figure 4-1.  Plan View of Particle Distributions From SLIM Version 3 
After 1 Million Years
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Figure 4-2.  Plan View of Plume Concentration from SLIM Version 3 
After 1 Million Years
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distributions shown in Figure 4-1.  Because the velocity is complex and three-dimensional, the
plume is nonuniform. Therefore, planar slices through the plume, such as Figure 4-2, do not
depict the smooth, elongated structures expected in two-dimensional plumes.  The computed
solute concentrations are, however, qualitatively consistent with those obtained using MT3DMS
code Version 4.5.

The performance of the modified version of SLIM Version 3 code to date suggests that it has the
potential to accurately simulate solute transport from Yucca Mountain more efficiently than
MT3DMS code Version 4.5. 
 



5-1

5  SUMMARY AND CONCLUSIONS

This report extends analyses reported in Farrell, et al. (2005) by (i) simulating the effects of
wetter climate on the characteristics of groundwater plumes that may migrate from the Yucca
Mountain region, (ii) incorporating decay and retardation processes into the computation, and
(iii) investigating more efficient approaches to conduct 1-million-year simulation models. 

The simulation results showed that under wetter climatic conditions, the dimensions and the
cross-sectional area of plumes at the 18-km location will be larger than those presented in
Farrell, et al. (2005) for present-day climatic conditions.  The increase in the cross-sectional
area of plumes at the 18-km location under wetter climatic conditions resulted primarily from
increased dispersion caused by higher groundwater velocities that result from increased
groundwater recharge at Yucca Mountain.  In addition to the observed increase in plume
dimension, the analysis showed a 25–35 percent increase in the annual groundwater flow
through plumes at the 18-km location relative to the results presented in Farrell, et al. (2005). 
This increase in the annual groundwater is directly related to the increased recharge and higher
groundwater velocities modeled for the wetter climate scenario. 

Analytical solutions incorporating radionuclide decay and retardation illustrated the
characteristics of plumes that may migrate from the potential repository location at Yucca
Mountain.  These simulation results confirmed that retardation and decay of both the solute and
the source strength could significantly influence the characteristics of radionuclide plumes
migrating from Yucca Mountain. 

The mass transport model developed by Farrell, et al. (2005) was extended to account for the
effects of radionuclide decay, including decay of the source term and retardation.  The
characteristics observed in the analytical solution were generally observed in the numerical
mass transport models.  In particular, the initial expansion of the plume and its subsequent
contraction was observed.  As shown in the analytical solution, the expansion and contraction
of the plumes were controlled by the half-life of the radionuclide species (i.e., the shorter the
half-life of the species, the greater the contraction and lower the concentration at the end of the
performance period).  Although application of the numerical model to the Yucca Mountain region
showed significant retardation in the valley-fill deposits, the potential exists for long-lived
radionuclides in volcanic aquifers below the valley fill to migrate to the 18-km location because
sorption in the volcanic aquifer is assumed to be much less.

In addition to the 10,000-year simulations, the current work also evaluated the efficiency of
particle-tracking methods for simulating solute transport over a 1-million-year simulation period.
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