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PARTICLE-TRACKING ANALYSIS OF SATURATED- 
ZONE FLOW FROM YUCCA MOUNTAIN, NEVADA 

by Patrick Tucci 

INTRODUCTION 

In April 1997, a workshop was held in Denver, Colorado, to discuss abstraction and 
testing of saturated-zone flow and transport modeling required for the upcoming Total System 
Performance Assessment - Viability Assessment for the Yucca Mountain Project. One outcome 
of that workshop was a proposed analysis of past, present, and future saturated-zone fluxes. This 
report documents the part of that analysis that addresses (1) potential ground-water flow paths 
from Yucca Mountain and (2) potential ground-water fluxes 30 km downgradient from the 
potential repository site, for present, past, and future climate conditions. 

Purpose and Scope 

By use of output from ground-water flow model simulations for the Death Valley region 
(D' Agnese and others, 1997; D' Agnese and others. in press), flowpaths and discharge locations 
for water entering the ground-water flow system beneath the potential repository at Yucca 
Mountain are described for present-, past-, and future-climate conditions. The flux across the 
area representing the boundaries of the site flow model (a smaller, more detailed flow model 
located within the regional model domain that is under construction) is calculated for present-. 
past-, and future-climate conditions, and changes from present-day simulated flux is calculated. 
The southern site-model boundary represents an area approximately 30 km downgradient from 
the center of the potential repository. The areas simulated by the regional and site flow models 
are shown in figure 1. The amount of ground-water flux within the regional model cells that 
immediately underly the potential repository is also calculated for present-, past-, and future- 
climate conditions. 

Simulation of present-day climate conditions is discussed in detail by D'Agnese and 
others (1997). That simulation represents the Death Valley regional ground-water flow system 
for assumed steady-state conditions. The regional model consists of three layers that represent 
hydrogeologic units from 0-500 m (layer I), 500-1,250 m (layer 2), and 1.250-2.750 m (layer 3) 
below the water table. The model grid consists of uniformly spaced cells that are 1,500 m on a 
side. Ground-water flow was simulated using the MODFLOWP parameter-estimation code 
developed by Hill (1 992). 

Simulation of past- and future-climate conditions is discussed by D'Agnese and others (in 
press). Those simulations used the model of present-day conditions as a starting point. Past- 
climate conditions are believed to be representative of a full-glacial climate of about 2 1,000 years 
ago; however, this climate condition could be used to represent a potential extreme, wetter, 



future climate. Future-climate conditions were simulated based on estimates of regional 
precipitation, assuming a doubling of atmospheric carbon dioxide. In these alternate-climate 
simulations no changes were made to calibrated values of hydraulic conductivity; however. 
changes were made to the amount and distribution of recharge and to internal boundaries. such as 
wells and springs. Wells were not included in the simulation of past-climate conditions. but 
drains were added to areas believed to represent paleodischarge areas. Wells, pumping at rates 
equal to present-day rates, were included in the simulation of future climate conditions, and 
drains also were added to areas that were assumed to be possible discharge areas. 

Calculation of travel times of particles introduced to the flow system beneath the 
potential repository is beyond the scope of this exercise, and is not included in the analysis. 
Transient flow conditions were not simulated with the regional model and, therefore. are also 
beyond the scope of this exercise. 

Assumptions 

Steady-state conditions are assumed in the regional model for the simulation of present-, 
past-, and future-climate conditions. The regional model also assumes that ground-water flow is 
through porous media, although in reality, flow through the volcanic and carbonate rocks that 
comprise a large part of the flow system is predominately through fractures. All assumptions and 
limitations listed for model simulations of those conditions (D' Agnese and others, 1997: 
D7Agnese and others, in press) are applicable to this analysis. 

Particles that represent radionuclides leaking from the potential repository and carried to 
the water table through the unsaturated zone are assumed to be released to the water table (upper 
surface of layer I )  instantaneously and at the same time everywhere below the repository. The 
possible effects of this assumption on simulation results are discussed in the Limitations section 
of this report. 

Weak sinks are those in which only a part of the flux entering a cell containing a sink. 
such as a well or drain, is discharged through that sink (Pollock, 1994. p. 2-1 7).  All particles 
entering such a cell were assumed to be discharged to the sink, if discharge from the sink was 
greater than or equal to 75 percent of all of the flux entering the cell. Some particles could, in 
reality, be passing through the cell to downgradient discharge areas. The 75 percent value was 
arbitrarily chosen, and the possible effect of this assumption on simulation results is discussed in 
the Limitations section. 

Particles are assumed to be transported only by advective processes in the ground-water 
system, and factors such as dispersion or radioactive decay are beyond the scope of this analysis. 

METHODOLOGY 

Output from MODFLOWP, in terms of simulated heads and cell-by-cell fluxes, were 
saved to files for the present-, past-, and future-climate simulations. This output is used in the 
particle-tracking program to plot the particle paths and in the post-processing program used to 



calculate fluxes across the southern site-model boundary. 
Particle paths are calculated and plotted using MODPATHIMODPATH-PLOT, version 

3.0 (Pollock, 1994). Particle pathlines are plotted from cells, above which the repository 
potentially would be built, to their ultimate discharge locations downgradient from the 
repository. Five cells in layer 1 were chosen to represent the area beneath the potential 
repository (fig. 2). One hundred particles were distributed, in a 10 x 10 array, along the top face 
of each of these cells (a total of 500 particles). This top face represents the water table below the 
potential repository. Particle pathlines calculated by MODPATH were exported to a file and 
plotted on a shaded-relief map of the area using ARCIINFO GIs software. 

Ground-water flux was calculated using ZONEBUDGET (Harbaugh, 1990), a computer 
program that sums cell-by-cell fluxes output from MODFLOWP for specified blocks of model 
cells (zones). Fluxes were calculated across rows and columns that coincide with site-model 
boundaries. The site model is contained within the regional model domain, but the vertical 
extent of the site model is limited to layers 1 and 2 of the regional model. Simulated flux across 
the north, east, west, and south boundaries of the site model is, therefore, calculated only through 
layers 1 and 2 of the regional model. Flux was also calculated across the bottom of the site 
model (bottom of regional model layer 2). The fluxes reported across any of the site-model 
boundaries is the net sum of the total flux across that boundary. For example, flux both enters 
layer 3 from layer 2, as well as enters layer 2 from layer 3 in the regional model; however, only 
the net sum of the flux into or out of layer 2 is reported in this analysis. 

In order to estimate possible additional dilution of radionuclides entering the water table 
beneath the potential repository under alternate-climate conditions, flux entering cells 
immediately beneath the potential repository was also calculated. 

RESULTS OF PARTICLE-TRACKING SIMULATIONS 

Present Climate 

Simulated particle paths through all three model layers for present-climate conditions are 
shown in figure 3.  Particles travel southeast in the uppermost 500 m of the aquifer from the 
repository until reaching an area near Fortymile Wash, which is represented in the regional 
models by a narrow zone of large hydraulic conductivity. Particles then travel directly south for. 
about 22 km in model layer 1 and discharge to a well. Particles also travel down to model layers 
2 and 3 upon reaching the Fortymile Wash area, and then to the south in layer 2, and south and 
southwest in layer 3. Particles then travel up to layer 1, and either discharge to two wells or 
continue to travel generally south. The remaining particles (about 12 percent of the total 
particles released) discharge to a well located about 33 km south of the potential repository area. 
Particle paths within individual model layers are shown in figures 4-6. 

Ground-water flux simulated by the regional model, into and out of the site-model 
domain is summarized in table 1. Total flux, simulated by the regional model, into the site 
model for present conditions is 40,845 m3/d, and simulated flux across the southern site-model 



boundary is 27,249 m3/d. Simulated flux into the cells beneath the potential repository is 257 
m3/d. 

Table 1. Summary of ground-water flux estimates from the regional model for present-. past-. 
and future-climate conditions. [m3/d = cubic meters per day; N/A = not 
applicable; NOTE: IN and OUT fluxes may not be equal due to round-off 
in the computer program] 

FLUX 

IN. 

Recharge 

North Boundary 

East Boundary 

West Boundary 

(TOTAL) 

0 UT: 

Wells 

Drains (springs) 

Layer 3 (bottom) 

South Boundary 

(TOTAL) 

Beneath Repository 

PRESENT 
(m3/d) 

1,630 

15,528 

16,08 1 

7,609 

(40,848) 

9,060 

N/A 

4,536 

27,249 

(40,845) 

257 

PAST 
(m3/d) 

38,052 

2 1,473 

49,736 

3,382 

(1 12,643) 

N/A 

3 1,502 

1.806 

79,370 

(1 12,678) 

1,009 

FUTURE 
(m3/d) 

5,710 

19.524 

29,509 

8,050 

(62.793) 

9.060 

4,26 1 

92 7 

48,622 

(62,870) 

393 



Past Climate 

Simulated particle paths through all three model layers for past-climate conditions are 
shown in figure 7. These flow paths are based on model simulations described by D'Agnese and 
others (in press) for conditions that probably are representative of the climate about 21,000 years 
ago. The climate of the region was much wetter and cooler than present conditions and, 
therefore, recharge to the ground-water system is assumed to be greater overall than present-day 
recharge. Large parts of the Amargosa Desert, south of Yucca Mountain, probably were wetland 
or marshy areas that discharged shallow ground water. Pumpage from wells was not occurring at 
that time, and is not included in this simulation. 

Under climate conditions similar to those of 2 1,000 years ago, simulated particles follow 
pathlines similar to those simulated under present-day conditions. Simulated particles travel 
southeast away from the potential repository area in the uppermost 500 m of the aquifer. When 
the particles reach the Fortymile Wash area, however$hey flow down to model layers 2 and 3. 
and do not re-emerge into layer 1 until reaching a distance of about 22 km south of the potential 
repository (fig.8). Particles travel in layer 2 for only about 10 km along the Fortymile Wash 
area, and then travel down to layer 3 (figs. 9-1 0). The particles travel south and southwest in 
layer 3 for about 12 km, and then travel up to layer 1. All particles (500) travel in layer 1 to 
discharge from wetland areas in the Amargosa Desert south of the site model boundary, at a 
maximum distance of about 40 km southwest of the potential repository area. 

Total simulated flux into the site-model domain under past-climate conditions is more 
than 112,000 m3/d (table I), about three times the total flux under present-climate conditions. 
The largest increases in flux are due to increased recharge from precipitation within the site- 
model area and increased inflow along the east boundary. Inflow from the west boundary 
decreased by about 55 percent under past-climate conditions. Flux out of the site model at the 
south boundary is about 79,000 m3/d (table 1). Simulated flux beneath the potential repository is 
about 1,000 m3/d (table I),  about 4 times the flux under present-climate conditions. 

Future Climate 

Simulated particle paths through all three model layers for future-climate conditions are 
shown in figure 1 1. These flow paths are based on model simulations described by D'Agnese 
and others (in press) for conditions believed to be representative of a climate influenced by a 
doubling of atmospheric CO,. The climate of the region is somewhat wetter than present 
conditions and, therefore, recharge to the ground-water system is assumed to be somewhat 
greater overall than present-day recharge. Large parts of the Amargosa Desert, south of Yucca 
Mountain, are simulated as potential wetland or marshy areas that can discharge shallow ground- 
water. Pumpage from wells is assumed to be the same as in present-day conditions. 

Future-climate particle pathways are very similar to present-day pathways. As with 
present-day conditions, particles travel southeast away from the potential repository area in the 



uppennost 500 m of the aquifer (fig. 12). In the Fortymile Wash area particles then travel 
directly south for about 22 km in model layer 1 and discharge to a well. Particles also travel 
down to model layers 2 and 3 upon reaching the Fortymile Wash area, and then to the south in 
layer 2, and south and southwest in layer 3. Particles then travel up to layer 1, and either 
discharge to two wells or continue to travel generally south. The remaining particles (240) 
discharge to wetland areas about 37 km south of the potential repository area. Under this 
climate condition, fewer particles are intercepted by the wells north of the southern site model 
boundary. Particle paths within model layers 2 and 3 are shown . p c ~ . ~ t  i qgures 13- 14. 

Total simulated flux into the site-model domain under utu e-climate conditions is more 
than 62,000 m3/d (table I), about 1.5 times the total flux und& present-climate conditions. The 
largest increases in flux are due to increased recharge from precipitation within the site-model 
area and increased inflow along the east boundary. Flux out of the site model at the south 
boundary is about 49,000 m3/d (table 1). Simulated flux beneath the potential repository is about 
400 m3/d (table I) ,  about 1.5 times the flux under present-climate conditions. 

LIMITATIONS 

The accuracy of the calculated particle path lines and fluxes depends on the extent to 
which the ground-water system is realistically represented by the flow model. The Death Valley 
regional ground-water flow system is complex, and was greatly simplified in the regional flow 
model. For example, the wide range of hydraulic conductivities of the various rock types 
through which ground water flows in the region, is represented by nine hydraulic-conductivity 
zones (D'Agnese and others,1997). Abrupt changes in hydraulic conductivity between zones can 
cause abrupt changes in the particle paths that may not occur in real system. The relatively 
coarse discretization of the regional model (1.5 x 1.5 km cells) requires the use of a single 
hydraulic-conductivity value for a large volume of the aquifer, which in reality could be 
composed of several rock types of differing hydraulic conductivities. Use of a single hydraulic- 
conductivity value within such large model cells greatly simplifies calculated particle pathlines 
within those cells. Detailed analysis of flow pathways simulated by the regional model was not 
part of the original objectives of that model. The relatively coarse discretization of the current 
model grid somewhat limits the analysis of flow paths. Other limitations of the flow model are 
discussed by D'Agnese and others (1997). 

Pollock (1994, p. 2-1 7) states, "The effect of spatial discretization on the representation 
of internal sinks is especially important for particle tracking analysis because of the ambiguity 
associated with the movement of particles through weak-sink cells". Discharge of particles in 
this analysis is to weak-sink cells (wells and springs), which are included in cells that are 1.5 km 
on a side. Particles were assumed to discharge to these cells if the sink intercepted most of the 
flow to the cell. A value of 75 percent or more of the flux entering the weak-sink cell was 
arbitrarily chosen as representing "most" of the flow. Some ground water, and particles 
associated with it, entering the cell could actually flow through the cell and beyond, so that this 



assumption could result in prematurely stopping particles at those cells. If particles had been 
allowed to pass through weak sinks, which is an option in MODPATH, then some particles 
would have continued southwest to discharge to Death Valley, the ultimate discharge area for the 
regional flow system. Several simulation were made in which the cut-off value for weak sinks 
(75 percent) was increased incrementally by five percent. Particles were stopped at the weak 
sinks until a value of 95 percent was used. Beyond that percentage particles continued to travel 
through the weak-sink cells to discharge areas in Death Valley. 

Another assumption in the regional model is that ground-water flow is through a porous 
media. Flow through discrete fractures is not simulated, although that flow mechanism is 
probably dominant through many of the volcanic and carbonate rocks in the region. Fractures 
not simulated in the regional model may provide fast and/or channelized pathways for ground- 
water flow that are not seen in this particle-tracking analysis. 

A detailed discussion of the limitations inherent to use of MODPATH is described by 
Pollock (1994, p. 2-1 7,2-18). These limitations are related to the underlying assumptions in the 
particle tracking scheme, discretization effects, and uncertainty in parameters and boundary 
conditions. 

Simulation of past- and future-climate conditions is highly speculative, and limitations 
inherent in those simulations are discussed by D'Agnese and others (in press). For example, the 
exact location of past discharge areas is uncertain, and incorporation of these areas into the flow 
model is based on incomplete knowledge. The simulation of future-climate conditions used in 
this analysis is only one of many possible scenarios, and particle paths under other future 
conditions were not considered. Given the uncertainties in the simulation of past and future 
climate conditions, the simulated particle pathlines shown in this report must be considered non- 
unique, representing only one set of a many possible pathlines. 

The assumption of instantaneous release of particles throughout the area underlying the 
entire potential repository area is probably unrealistic; however, it is the only scenario possible 
given the steady-state assumption of the regional model. Radionuclides that might leak from the 
storage area would probably reach the water table below the repository at different times, and at 
different locations that would depend on the location of potential fast pathways through the 
unsaturated zone. Changing gradients with time, as a result of climate change could cause flow 
paths to be different from those presented in this analysis. 

No attempt was made to calculate time of travel of the particles. Knowledge of porosity 
of the rocks along ground-water flow paths in the region, on which calculated travel times are 
very dependent, is sparse. Porosity values for the various rock types is probably highly variable. 
As discussed in the previous paragraph, actual time of arrival of radionuclides to the water table, 
and the exact location of particles arriving at the water table, is unknown. Therefore, calculated 
travel times would be highly speculative. 
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Figure 1. Location of regional- and site-model boundaries, Yucca Mountain, Nevada 
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Figure 2. Location of potential repository and regional model grid cells used for particle-tracking calculations. 
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Figure 3. Simulated particle pathlines for all 3 regional model layers for present- 
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Figure 4. Forward tracking from Yucca Mountain, present conditions, layer 1 .  
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Figure 5.  Forward tracking from Yucca Mountain, present conditions, layer 2. 



EXPLANATION 

uni \au lTrmr~eneMaFncrpjoe tan , fqrr  11. 
S b k d - ~ l i d b u .  fmm 1 : 2 5 0 . U c  hpUI Elmtion Model; 
su. illmkwn h m  nr 30 d e p a  .bow h c n m  

0 2 4 6 8 10KILOMETERS 
1 I I I I 

I 
. 
I I I 1 

0 2 4 6 8 10 MILES 

Site Model Boundary 
(map border) 

-Nevada Test Site Bou 
Particle Pathline. 
Flow direction genera 
is to the south. 
Location of simulated 

nda1-Y 

lily 

well 

Figure 6. Forward tracking from Yucca Mountain, present conditions, layer 3.  
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Figure 7. Simulated particle pathlines for all 3 regional model layers for past- 
climate conditions. 
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Figure 8. Forward tracking from Yucca Mountain, past conditions, layer 1 .  
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Figure 9. Forward tracking fiom Yucca Mountain, past conditions, layer 2. 
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Figure 10. Forward tracking from Yucca Mountain, past conditions, layer 3. 



Figure 11. Simulated particle pathlines for all 3 regional model layers for future- 
climate conditions. 
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Figure 12. Forward tracking from Yucca Mountain, future conditions, layer 1. 
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Figure 13. Forward tracking from Yucca Mountain, future conditions, layer 2. 
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Figure 14. Forward traclung from Yucca Mountain, present conditions, layer 3. 



Page 1 of 33 

YMP-USGS Administrative Report Record 

SubjectfTitle: Particle Tracking Analysis of Saturated-Zone Flow from Yucca Mountain 

Record date: 2/24/98 

Author: P. Tucci 

Identifiers: None 

Traceability designators: 

Organization: USGS 

WBS: 1.2.3.3.1.3.3 
DTN: GS970901233 133.00 1 

QA designator: QA: L 


