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ABSTRACT

The Yucca Mountain Site Characterization Project is studying Yucca Mountain in southwestern
Nevada as a potential site for a high-level nuclear waste repository. Site characterization includes
surface-based and underground testing. Analyses have been performed to support the design of
site characterization activities so to have minimal impact on the ability of the site to isolate waste,
and on tests performed as part of the characterization process. Two examples of site
characterization activities are the construction of an Exploratory Studies Facility, which may
include underground shafts, drifts, and ramps, and surface-based testing activities, which may
require borehole drilling, excavation of test pits, and road watering for dust control. The
information in this report pertains to two-dimensional numerical calculations modeling the
movement of surficially applied water and the potential effects of that water on repository
performance and underground experiments. This document contains information that has been
used in preparing recommendations for two Yucca Mountain Site Characterization Project
documents: Appendix I of the Exploratory Studies Facility Design Requirements document, and
the Surface-Based Testing Field Requirements Document.
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1.0 INTRODUCTION

The Yucca Mountain Site Characterization Project (YMP) is studying Yucca Mountain in
southwestern Nevada as a potential site for a high-level nuclear waste repository. Site
characterization includes underground and surface-based testing. Underground testing will be
facilitated by the construction of an Exploratory Studies Facility (ESF). Surface-based testing
will require boreholes, test pits, and other similar surface activities. Water will be used for
compaction of fill material and for dust control during construction of roads and pads for the ESF
and for surface-based testing. Water will also be used for such daily operations as dust control
and sewage disposal; waste water could be stored in surface ponds. During these surface
activities, there could also be accidental ;pills. There is some potential for this water to affect
repository performance, the proposed ex_)eriments in the ESF, and surface-based testing
locations, such as boreholes. Previous calculations have been performed to estimate the
maximum amount of water that can infiltrate the surface above the potential repository during the
proposed five-year ESF construction period without affecting repository performance (Fewell et
al., 1992). These calculations are the basis for the current control for surface water application
both inside and outside the perimeter of the potential repository. Cun'ent guidelines specify a
maximum of 2 gallons per square yard per day averaged over any 6-month period for any pad or
section of road. This resu'iction, which has been implemented in the Exploratory Studies Facility
Design Requirements document (ESFDR) (DOE-YMP, 1992) and the Surface-Based Testing
Field Requirements Document (SBTFRD) (DOE-YMP, 1993), is believed to be overly
conservative in the limitations it places on field activities outside the repository perimeter.
Additional analysis is required to determine whether a less conservative restriction is warranted.
Also, the potential effects of road water on experiments in the ESF and in boreholes must be
further evaluated. This report describes calculations performed to estimate the movement of
sufficially applied water at various locations and surface conditions both within and outside the
perimeter of the potential repository in Yucca Mountain. The results of these calculations will be
used to support ESF design and will be incorporated into the ESFDR and SBTFRD.

These calculations constituted one of several ESF analyses being perfonned in support of the
ESFDR. The analysis described in this report is ESF Performance Assessment (PA) Analysis #12,
and it is intended to provide a basis for the evaluation of the movement of surficially applied water
and the potential effects of that water on experiments and repository peffomlance. The
calculations and analyses performed for ESF PA Analysis #12 were conducted as a quality-related
activity in accordance with Sandia National Laboratories' (SNL's) implementation of the Yucca
Mountain Project Quality Assurance Plan, and were controlled by Problem Definition Memo
(PDM) 72-32 (PDM, 1992).

These calculations are based on available data and on the present conceptual understanding of the
processes and mechanisms perceived to be active at Yucca Mountain. Because of limited
knowledge of Yucca Mountain prior to site characterization, the hydrogeological conceptual
model, other existing conceptual models of the physical processes, and the mathematical models
used in these analyses are not validated. Recommendations based on the results of these analyses
are intended to provide guidance for applying engineering judgment during the design,
construction, and operation of the ESF and the conduct of surface-based activites. Therefore,



they must provide relevant results to the architects and engineers who design the ESF.
Refinement of the results is an ongoing and iterative process, which must complement site
characterization. These calculations may be refined as better understanding evolves through site
characterization and through additional analyses, which will address uncertainties and the
sensitivity of the results to alternate conceptual models.



2.0 APPROACH

The analyses defined for ESF PA Analysis #12 estimate the movement of surficially applied water
at various locations both within and outside the perimeter of the potential repository in Yucca
Mountain and its potential effects on repository performance and on proposed experiments in the
ESF, boreholes, and the near-surface. Seven separate cases were defined for analysis; these cases
are listed in Table 1. One case was not evaluated due to a lack of information. The abbreviations

used for the hydrologic units are from Ortiz et al. (1985), and are listed in Appendix A.

Table 1. Calculational Cases for ESF PA Analysis #12
!

1 UE-25a #1 Alluvium 0.1 m 12 m Flat
2 UE-25a #1 Road fill 0.3 m 12 m Flat
3 UE-25 UZ-16 Alluvium 0.1 m 12 m Flat

......

Case #4 was not performed due to a lack of viable
4 UE-25 UZ-16 information indicating subsurface imbricate fracturing

substantially different from that assumed for the other
cases.

5 USW H-5 TCw 0.1 m 12 m Flat

6 USW H-5 TCw 0.1 m 12 m Dip

6U USW H-5 Alluvium (1 m 0.1 m 12 m Dip
plus alluvium thick)

Calculations of water movement in layered, fractured, unsaturated porous media using the
currently accepted mathematical models are complex and require sophisticated computer codes.
The computer program NORIA-SP (Hopkins et al., 1991) was used to perform the calculations
presented in this report. NORIA-SP numerically solves the two-dimensional Richards' equation
for single-phase flow (liquid water) in porous media using the composite fracture/matrix porosity
model (Peters and Klavetter, 1988). The van Genuchten model (van Genuchten, 1980) was used
to describe the moisture characteristic curves for the matrix and fractures. Multi-phase and
nonisothermal effects were assumed to be negligible. NORIA-SP has met the requirements of
SNL's implementation of the YMP's criteria for software quality assurance. For these reasons,
NORIA-SP was chosen to perform the two-dimensional calculations.

Because only the water that enters the mountain can affect potential repository performance and
underground tests, these calculations were posed in terms of the amount of water that may
infiltrate the ground through a continuously saturated road surface. For most of the calculations
reported herein, the effects of evapotranspiration were disregarded. The physics associated with
water transport at the surface is complicated and includes such unpredictable variables as the
weather and surface topography. For these calculations, the rate of water infiltration into the
surface beneath the road surface is a function of the in situ saturation and material properties of
the road surface and underlying layers, and it is assumed that water entering the surface cannot
leave the mountain.



3.0 CALCULATIONS

The problem is conceptualized as follows. Prior to the addition of water, the mountain is at the
steady-state saturation conditions that correspond to a uniform infiltration of 0.01 mm/yr through
the surface.i These steady-state solutions were used as the initial conditions for the transient
calculations. At "time zero," a portion of the surface (wetted surface, or "road") was suddenly
saturated, and continuously maintained at saturation for a period of time (elevated saturation
period), while water continued to infiltrate the remainder of the surface at 0.01 mm/yr. A
saturated boundary condition was imposed at the water table. After the elevated saturation
period, water infiltrated the entire surface at 0.01 mm/yr. For selected calculations, an alternate
model for the flux rate through the non-wetted surface was used; this flux was either evaporative
or infiltrating, depending on the saturation level at the surface. (This evapotranspiration model
will be described in Section 3.2.) The movement of the surficial water was followed for 10,000
years. This conceptual model assumes no surficial ponding of water.

Calculations based on the conceptual model described above were made at three locations: near
the North Ramp Portal of the ESF (Cases #1 and #2), near the location of borehole UE-25 UZ-16
(Cases #3 and #4), and "up-dip" of the repository perimeter (Cases #5, #6, and #6U). The
sensitivity of surficial water movement to road fill material was investigated at the North Portal
location by performing calculations using two different road materials, the naturally-occurring
alluvium (Case #1) and a compacted road fill (Case #2). The North Portal is approximately 1430
m from the potential repository block at its closest point. The effects of highly fractured zones
were to be investigated at the UZ-16 location by performing calculations with two sets of
hych'ogeological properties: one with the same properties as Cases #1 and #2 (Case #3); and the
other with hydrogeological properties indicative of the highly fractured imbricate fault zone (Case
#4). Calculations for Case #4 were not conducted because the only viable information regarding
the expected magnitude of fracturing at the UZ- 16 site indicated little if any difference from the
model used for Case #3. The sensitivity to stratigraphic dip was investigated at the "up-dip"
location (borehole USW H-5) by performing calculations without (Case #5) and with (Case #6)
stratigraphic dip. Additional calculations to evaluate the effects of dip on water flow through a
thin layer of alluvium were performed at the USW I.t-5 location (Case #6U). For Cases #2, #5,
and #6, calculations were made for three different elevated saturation periods of 5, 10, and 15
years, which correspond to possible periods of surface activities at Yucca Mountain. Calculations
for Cases #1, #3, and #6U were performed only for a 5-year elevated saturation period. Figure 1
shows the three borehole locations with respect to the potential repository block.

The borehole UE-25a #1 was selected as a model for the No_'th Portal area. The stratigraphies
for boreholes UE-25a #1 and USW H-5 were obtained from the Reference Information Base

(RIB), Version 2.002. The stratigraphy that was used for the UZ-16 location is the anticipated

1 Montazer and Wilson (1984) estimate the percolation rale through the tuff matrix in the Topopah Spring unit to
be between 1(1-4tc_!0 -7 ram/yr. Weeks and Wilson (19X4) estimate Ihe tale to he between O.(X)3and 0.2 mmlyr.
Based on these estimates, 0.01 mm/yr was chosen as a representative value tk_rthe steady-state surface infiltration.
Also, saluralion values c_btaincd by the sleady-slale calculalions al 0.()1 mm/yr are wilhin ihc range of salutation
values lhal presently reside in the Reference lnformaliov_ Base (RIB), wilh the exception of those reported for Ihe
nonwelded Painlbrush Tuff layer Frl"n. (See the explanatiovl in Section 6.2.)



!

stratigraphy for UE-25 UZ-16 (Hayes and Chaney, 1991), for which construction began in early
1992. These strati/_'aphies are listed in Appendix A. The material hydrogeologic properties that
were used are the current best available data from USW G-4 and USW GU-3 (Peters et al.,
1984). The selected values for the hydrogeological properties for both the USW G-4/GU-3 units
and the alluvium layer are listed in Appendix A. Values for the compacted road fill material are
also listed in Appendix A; the rationale for selecting those values is discussed in Section 3.2.

The problem domain for each case was two-dimensional and cartesian, extending from the water
table to the surface. For Cases #1-#5, the stratigraphic units were horizontal and parallel; for
Case #6, the stratigraphic units were parallel and dipped approximately 4° to the east. The width
of a typical road (12 m) was used for the wetted surface area. Symmetry allowed a no-flow
boundary to be placed at the road centerline for Cases #1-#5. The other vertical boundary was
also defined as a no-flow boundary and placed at a distance far enough away such that road water
was not expected to migrate there during the 10,000-year period. (The selection of the distance
between vertical boundaries did not always have the desired effect, as discussed in later sections.)
For Cases #6 and #6U, the locations of the vertical no-flow boundaries were placed such that no
flow reached either vertical boundary during the elevated saturation period.

3.1 Casg #1: Road Waterin_ Near the North Portal of the ESF

The calculations for Case #1 are used here as the base case to which all other cases will be

compared. This case models the underground movement of surficial water applied to a road
consisting of virgin alluvium, on a section of road near the North Portal. Three sets of
calculations were performed using the Case #1 scenario: a base case for which the in situ
infiltration rate of 0.01 mm/yr was used as the steady-state infiltration rate; a repeat of the base
case using a finer grid to test for sensitivity of the results to the choice of grid; and a repeat of the
base case utilizing a simple evapotranspiration model for elevated saturation levels at the surface.
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3.1.1 Base Case

The calculations for Case # 1 employed a computational grid containing 30 columns and 38 rows
of elements, for a total of 1140 finite elements (see Figure 2). The computational domain was
90 m wide, and the centerline of the road formed the vertical boundary at the origin (left side).
The bottom boundary was the water table level at the UE-25a #1 location, and the ground surface
formed the top boundary. The alluvium was divided into two parts. The top 0.1 m of the
alluvium formed the top row of elements and was designated as the row that contained the road.
This road layer was made to be thin to minimize the artificial addition of water (i.e., resulting from
the numerical modeling of the problem) to the alluvium as a result of forcing the top row of nodal
points in the road section to 100% saturation. Figure 3 illustrates the in situ saturation levels
throughout the stratigraphy resulting from the steady-state infiltration rate of 0.01 mm/yr. (Please
refer to Section 6.2 for a discussion of the assumptions used regarding material properties and the
resulting in situ conditions calculated for PTn.)

After the application of the surficial boundary condition, the alluvium directly beneath the road
became saturated after about 1 year (see Figure 4).2 Approximately 9.6 m of water had infiltrated
through the road surface by this time. 3 As only about 2 m of water would be required to saturate
the alluvium directly beneath the road, much of this water has spread laterally in the alluvium.
Because of the relatively low conductivity of the underlying Tiva Canyon welded (TCw) unit,
movement of water in the alluvium along the alluvium-TCw interface is much more significant
than infiltration of the water into the TCw and underlying stratigraphy. At 5 years, the
calculations indicated that approximately 24 m of water had infiltrated the alluvium through the
wetted alluvium road, and water had moved to nearly 54 m away from the edge of the road.
Figure 5 shows the saturation in the top three hydrologic units after 5 years, and Figure 6 shows
the change in saturation from in situ conditions (i.e., Asat) after 5 years. At this point, road
watering was discontinued and the steady-state infiltration of 0.01 mm/yr was restored to the

entire surface. The plots of Asat in Figures 7 and 8 show that water was nearing the edge of the
computational domain after 15 years of activity, and had reached the edge after 25 years.
Therefore, lateral water movement was artificially restrained, and the vertical movement was
exaggerated, for the remainder of the calculations as a result of the no-flow vertical boundary
conditions. A plot of Asat throughout the stratigraphy at 10,000 years (Figure 9) indicates that a
significant change in saturation comes no closer than about 100 m from the Topopah Spring
welded unit (TSw2) in which the potential repository may be located. A comparison of the
saturation along the road centerline for in situ conditions and at 5 and 10,000 years (Figure 10)
shows no change in in situ conditions below 200 m above the water table, or about 30 m above
the elevation of the closest portion of the proposed repository horizon.

2 The "road"that hasbeensuperimposedon Figure4 andmanyotherfiguresin thispaperis intendedto showthe
widthof the road in thecontextof theproblem. Theroad mavlookraisedin the figures,but in the analysesthe top
of the road wasalwaysat gradewiththe surroundingsurface.
3 The amountof infiltratedwateris reportedthroughoutthispaperin the unitof meters. For example,9.6m of
watermeansthat9.6cubicmetersinfiltratesthrougheachsquaremeterofroad surface.
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3.1.2 Sensitivity of Results to Grid Dimensions

An appropriate step in any numerical analysis is to estimate the discretization error inherent to the
calculations. Such an estimate has been determined for Case #1 by re-running the base case with
a different calculational mesh employing closer node spacing and reduced aspect ratios. The
results are compared graphically and by computing predictions of infiltration amounts at various
times.

The new grid remained at a width of 90 m, but the number of evenly-spaced elemental columns
was increased from 30 to 45, making each element 2 m wide. Two rows of elements were added
to each of the top three stratigraphic layers under the road; this gave the alluvium 5 rows, TCw 6
rows, and the nonwelded Paintbrush Tuff unit (PTn) 5 rows in the new grid. Figure 1la shows
the original grid in the top three stratigraphic layers for Case #1, and Figure 1lb shows the same
for the finer grid. The rows in the affected units had the same row-to-row thickness ratio within
each unit as in the original grid. The aspect ratios (i.e., width-to-height ratios of individual finite
element cells) in ",alluvium,TCw, and PTn remained approximately the same (1.01, 0.18-0.33, and
0.36 for alluvium, TCw, and PTn, respectively, in the original grid versus 1.12, 0.16-0.41, and 0.4
respectively, in the finer grid). The thin road layer was maintained at one row of elements;
therefore, the increase in the number of columns reduced the aspect ratio in this layer from 30 to
20. To minimize the run time by limiting the number of elements, the Calico Hills unit and the
bottommost Topopah Spring unit were eliminated from the grid. The boundary condition for the
bottom boundary was a constant pressure equal to the steady-state pressure at the TSw2-TSw3
interface calculated for the original grid.

As in tile original calculations for Case #1, the road surface was maintained at 100% saturation
for 5 years, after which the steady-state infiltration rate of 0.01 mm/yr was applied over the entire
surface. Figures 12 and 13 are plots of saturation at 1 and 5 years using the finer grid, and Figure
14 is a plot of Asat after 10,000 years. Examination of the graphs and comparison to Figures 4, 5,
and 9, reveal some minor differences, especially in the TCw unit during the first five years, but the
results from the finer grid support the results from the original grid. Table 2 compares the I

amount of infiltrated water at various times up to 5 years for both grids; the results of the two
calculations are essentially the same. The same conclusions that were drawn from the calculations
with the original grid can be drawn from those with the finer grid.

Table 2: Evaluation of the (;rid Sensitivity of Case #1 Based on
Infillraled Water

Amount of Infiltrated Water, Atnount of Infiltrated Water,

,,,Tinge_(y_r)...................Qriginal Gfid..(m).............................F.i_r G!?id.(m.).z...............
1 9.58 9.38

,.

2 14.05 13.87
........

3 17.63 17.65
...............

4 20.97 20.98
5 I 23.80 ..... 24.00

...........
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3.1.3 Evapotranspiration Model

The original boundary conctitions imposed on the wetted and non-wetted surfaces for Case #1 did
not allow any evaporation of the additional water from the alluvial surface. The assumption of no
evaporation may be extremely conservative, and when implemented in the calculations for Case
#1, might result in overly restrictive requirements regarding the standoff distances between
experiments in boreholes and access roads. An initial attempt was made to impose an
evapotranspiration (ET) model on the non-wetted surface based on the local level of saturation.
The model is described more extensively in Appendix B. In essence, the flux of water from the
non-wetted surface is a function of the local saturation level. If the local saturation s = Sin situ, the
local flux was assumed to equal the steady-state infiltration. If lateral migration of road water has
created a locally saturated condition at the surface (s=100%), then the flux was set equal to the
evaporation rate for a small shallow pond (see Appendix B). For saturation Sinsitu --<s _ 100%,

an asymptotic function between these two values is used.

This ET model was implemented fi)r the Case #1 calculations starting with the original solution at
6 months. Figure 15 plots saturation in the top three stratigraphic layers after 5 years. The only
visible differences with the original calculations (see Figure 5) are in the extent of the region of
100% saturation. The ET model slows down the lateral movement of surficial water, but not very
much. This might indicate that for surficial water applications for which the wetted area is
maintained at constant saturation for a long period of time (such as a waste water pond), ignoring
ET is not extremely conservative in predicting migration. The amount of water that infiltrated the
road surface after 5 years for the ET model calculations was 23.40 m, compared with 23.80 m for
the original calculations. Therefore, the application of this ET model had little effect on the
infiltration and dispersion of surficiai water. Because this ET mcxtel is unvalidated, and because
the results obtained by using this model were effectively unchanged from the base case, these
results were not used to derive conclusions regarding the use of surficial water near Yucca
Mountain.
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3.1.4 Results

An analysis of the results of Case #1 indicates that there is little or no likelihood that surficial

water applied near the North Portal will impact potential repository performance, but tests

conducted in the near-surface and in neighboring boreholes may be affected. These results show

that the alluvium soaks up a lot of water and distributes it over a large area. Therefore, it may be

important to construct a road such that its watering requirements are small and its permeability to

water is relatively low; this premise forms the basis of the investigation described in Section 3.2 of

the effects of compacted road material on the migration of surface water.

It is worthwhile to comment on a phenomenon that is particularly apparent in Figures 5 and 13.

These solutions at 5 years show a flow pattern that could be misinterpreted as fingering, which is

a process characterized by flow along fractures. These "fingers" are actually a numerical

idiosyncrasy of NORIA-SP that has been observed in this and other analyses, particularly in the

TCw unit. As the water front moves through the TCw, the large pressure gradient near the

leading edge induces a quasi-sinusoidal pulse ahead of the front. This pulse is in the direction of

the pressure gradient; i.e., for the horizontal movement of water, the gradient occurs primarily in

the horizontal direction (OP/i)x), and the quasi-sinusoidal pressure pulse is a function of only the

horizontal spatial wlriable [P(x)l. The sinusoidal nature of the pulse is apparent in the leading

edge of the front as well. Calculations from the NORIA-SP results of the total change in water

volume at various times after the five-year road watering scenario indicate that this numerical

oscillation has no significant effect on the mass balance of the simulated system. As c_m be seen in

I:igures 5 and 13, the effect diminishes with increasingly finer meshes. There is no analytical

significance to this numerical phenomenon, and this small oscillation does not affect the
conclusions drawn from tile results of these calculations.

3.2 Cas_ #2; Compacted Road Fill Material

While much data exists regarding the hydrogeological properties of a number of soils and clays,

very little information exists regarding compacted fill materials. The authors obtained information

about compacted roads that are built in locales such as southwestern Nevada. 4 Roads built of

compacted fill are generally 6-in. to 12-in.-thick plates of soil and clay material at 95%

c_mlpaction. All the material in tile ]'ill must pass through a l-in. screen before compaction. After

compaction, the road material typically has a moisture content of !()% to 12%.

An effective compacted road fill inaterial must be less pernleable to water than alluvium and other

similar soils. Therefore, it was decided to select a value for the saturated hydraulic conductivity

of the compacted fill equal to 5.(),_ 1(I-8 m/s. This value is one order of nmgnitude less than that

used for alluvium, al;d nearly four orders greater than that used for T('w. A value of 15% was

chosen for the porosity; this value is slightly higher than the moisture content, which inlplies that

,1 The inlbrmalicm regarding typical fill fl_alcriais, ctmlp_lcli(m method,s, and m_fi,sluw UOlllClll {)f compaclcd r{)ad,s

was obl;fincd in a pcrs(mai c()mmtmit:ali(m wilh Joc Calozzi ofRcyn(dtl,s Elcclrical and l:,nginccring ('ompany

(RIiF('()), l,ax Vegas, Ncv_itla, on May !(), It)92. lie lalcr scnl us s_mlc atldilional information on compaclcd fill

Ihl|l sul_porlcd Ihc inlornlalion he gave us previously. Rct,(_rtls o1 Ihis inlormaliotl can bc found in the analysis file
f(_r PI)M 72-32 in Ihc SNI, YMI' l,ocal Rcc(_rtls Ccnlcr.
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the fill is not entirely saturated when compacted. The values for residual saturation and for the
van Genuchten curve-fitting parameters were those for silty clay (Carsel and Parrish, 1988),
whose composition is much like the expected road material and whose saturated hydraulic
conductivity is approximately equal to the selected value. These values are summarized in Table
3 and in Appendix A. In addition, the road thickness was changed from 0.1 m to 0.3 m (roughly
12 in., to be consistent with the information previously cited).

Fracture
Porosity (m/s..)_ Saturation I (!/nt)i'::ii Porosity

0.15 a 5.00×10 .-8a 0.07 b 0.500 b 1.09b 0 0

aparameters selected by the principal investigator.
bparameters based on those for silty clay from Carsel and Parrish (1988).

The calculational grid for Case #2 was the same as that for the base case for Case #1, except the
road was made two element rows thick: the top row is 0.1 m thick, and the second row is 0.2 m
thick. In situ saturation values were calculated with the alluvium in place where the road is
located. After the steady-state calculations, the road was "installect"; it is 12 m wide with an
additional 3-m-wide "shoulder." The road's centerline formed one vertical boundary across which
there is no flow. The boundary condition for the 6-m road section during the elevated saturation
period was 100% saturation. The boundary condition for the shoulcler and for the remaining
alluvial surface was the ET model described earlier. The last assumption is that after the
compacted fill material is installed, the total in situ pressure head in the fill material and in the
tnndisturbed alluvium are assumed equal. When the compacted road material was then put in
place of the alluvium at the road, without changing the total pressure head, a calculated value for
in situ saturation in the compacted fill was 77%; this saturation correlates to an in situ moisture
content of 1 !.6%, within the expected range as observed by Reynolds Electrical and Engineering
Company (REECO) personnel.

The results of the calculations for Case #2 inclicate that a compacted road fill material can
substantially impecte the movement of surficially-applied water into and through the alluvium.
Figure 16 shows the in situ saturation in the road, alluvium, anti the top portion of the TCw; the
only difference between this profile and the one for Case #1 is the saturation level in the
compacted fill road. Figures 17 through 19 show the movement of water resulting from 1, 2, and
5 years of road watering, respectively. The amount of water infiltrating the compacted roact after
5 years is about 3.15 m, or about 14% of that which infiltrates when the water is applied directly
to the alluvium in Case #1. Figure 20 shows the resulting change in saturation after 10,000 years.
For water addition over a 10-year period, a similar pattern to that in Case #1 develops, in that the
water sinks to the alluvium-TCw interface anct spreads out laterally; Figures 21 through 23 show
the results of 8 and 10 years of water, and the change in saturation resulting from that water
through 10,000 years, respectively. For water addition over a 15-year period, the total amount
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that has infiltrated the compacted road is 9.7 m, still only 40% of the amount that infiltrates the
alluvium in Case #1 in 5 years. Figures 24 and 25 show this water at 15 and 10,000 years,
respectively. Figure 26 compares the saturation along the road centerline at 0, 5, 10, and 15 years
of watering; note that the water just begins to enter the PTn unit after 15 years. Figure 27 shows
the vertical extent of the water movement through 10,000 years resulting from each elevated
saturation period. No significant change in saturation occurs below 100 m above TSw2 for 15
years of surficial watering; for 5 years, the depth of water movement is less extensive, to about
150 m above TSw2. A comparison of the cumulative net flux of water for Case #1 both with and
without the ET model and for Case #2 is illustrated in Figure 28. The compacted fill modeled
here effectively reduces the amount of infiltration by an order of magnitude. From all the figures
shown, it is apparent that the storage and transport of water through the subsurface can be greatly
diminished by constructing roads and pads of a compacted fill material characterized by lower
porosity and hydraulic conductivity than alluvium.
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Figure 26: Case #2 - Saturation Profiles at 0, 5, 10, and 15 Years of Surficial Watering
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Figure 27: Case #2 - Saturation Profiles at 0 Years, and at 10,000 Years Resulling from 5-, 10-,
and 15-Year Elevated Saturation Periods
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3.3 Case #3: Water Movement in the Vicinity of UZ-I 6

The calculations for Case #3 were similar in nature to those for Case #1. The major difference
between the two cases is the stratigraphy; Case #3 uses the expected stratigraphy of the borehole
UE-25 UZ-16 (see Appendix A for the stratigraphy). The UZ-16 stratigraphy has 10 m of
alluvium at the surface and 61 m of TCw, compared with 9 m ofalluvium and 50 m of TCw for
the UE-25a #1 stratigraphy used for Case #1. The calculations for Case #3 employed a
computational grid containing 30 columns and 42 rows of elements, for a total of 1260 finite
elements (see Figure 29). The computational domain was 90 m wide, and the centerline ofthe
road formed the vertical boundary at the origin (left side). The bottom boundary was the water
table level near the UE-25 UZ-16 location (Robison, et al., 1988), and the ground surface formed
the top boundary. The alluvium was divided into two parts. The top 0.1 m of the alluvium
formed the top row of elements, and was designated as the row that contained the road. This
road layer is thin to minimize the artificial addition of water to the alluvium as a result of forcing
the top row of nodal points in the road section to 100% saturation.

Figure 30 illustrates the in situ saturation levels throughout the stratigraphy resulting from the
steady-state infiltration rate of 0.01 ram/yr.. The alluvium directly beneath the road was saturated
after about 1 year (Figure 31). During this time, approximately I0.7 m of water had infiltrated
through the road surface. Because of the relatively low conductivity of the underlying Tiva
Canyon unit, movement of water along the aUuvium-TCw interface was much more significant
than infiltration of the water into the TCw and underlying stratigraphy. At 5 years, the
calculations indicated that approximately 27 m of water (areally averaged) had infiltrated the
alluvium through the wetted alluvium road, and water had moved to nearly 70 m away from the
edge of the road. Figure 32 shows the saturation in the top three hydrologic units atter 5 years,
and Figure 33 shows Asat at_er 5 years. At this point, road watering was discontinued and the
steady-state infiltration of 0.01 mm/yr was restored to the entire surface. The plots of Asat in
Figures 34 and 35 show that water is nearing the edge of the computational domain after 10 years
of activity, and had reached the edge after 15 years. Therefore, lateral water movement was
artificially restrained, and vertical migration was exaggerated, for the remainder of the
calculations. A comparison of the saturation throughout the stratigraphy along the road's
centerline between in situ conditions and those conditions at 5 and 10,000 years (Figure 36)
shows no change in in situ conditions below 240 m above the water table, or about 20 m above
the elevation of the closest portion of the proposed repository horizon.

The results of Case/43 are similar to those for Case #1; alluvium acts as an effective storage and
transport medium for water. The thicker alluvium layer used in Case #3 absorbed more water and
more quickly spread it laterally than the layer used in Case #1. A more quantitative evaluation of
this phenomenon is discussed in Section 4.0.
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3.4 Case #4: Water Movement in the Vicinity of UZ-16 Considering the Expected
Imbricate Faulting

As described in Table 1, calculations to be performed for Case #4 were to be used to estimate the
sensitivity of caiculational results to a more highly fractured stratigraphy than is usually modeled.
It had been anticipated that the borehole UE-25 UZ-16 would be drilled through an imbricate
fault zone, where higher fracture densities might be expected, particularly in the TCw and
TSwl/TSw2 units. The values for fracture properties used in this report for the other cases listed
in Table 1 are those which have been compiled from a number of sources and listed in Klavetter
and Peters (1986). The two most important parameters listed are fracture aperture and fracture
density. The values for fracture aperture are taken from data obtained from the borehole USW
G-4 (Peters et al., 1984). The values for fracture density are based on measurements from the
borehole USW GU-3 (Scott and Castellanos, 1984). It was learned from personnel at the USGS
that for the design of the construction of UE-25 UZ-16, the fracture density values expected for
UZ-16 are practically the same as those encountered in USW GU-3.5 Because the anticipated
fracture properties of the UZ-16 borehole are equivalent to the currently-used values, any values
that might have been used for the calculations for Case #4 would be based on semi-educated
speculation. As the value of such calculations for this performance assessment effort was
questionable, it was decided that to cancel calculations for Case #4 until new drill hole data or a
sufficient need warrant an analytical effort.

3.5 Case #5: Water Movement Near USW H-5 Usinl_ a Horizontal Stratillraphic Model

The location for Case #5, borehole USW H-5, is on the top ridge of Yucca Mountain just inside
the proposed repository block. This location was chosen to determine the potential effects of
surficial water applied at a site off and uphill from the proposed repository block. The surface
terrain at the top of Yucca Mountain is characterized by a thin layer of soil overlying the highly
non-porous TCw unit; TCw was designated as the surface layer as defined in the RIB for USW
H-5. (See Appendix A for this stratigraphy,) The calculations for Case #5 employed a
computational grid containing 20 columns and 54 rows of elements, for a total of 1080 finite
elements (see Figure 37). The stratigraphic layers were modeled as horizontal and parallel. The
computational domain was 40 m wide, and the centerline of the road formed the vertical bo,mdarv
at the origin (left side). The bottom boundary was the water table level near the USW H-5
location (Robison et al., 1988), and the ground surface formed the top boundary. The TCw was
divided into two parts. The top 0.1 m of TCw formed the top row of elements and was
designated as the row that contained the road. This road layer is thin to minimize the artificial
addition of water to the alluvium as a result of forcing the top row of nodal points in the road
section to 100% saturation.

Figure 38 shows the steady-state saturation conditions throughout the entire stratigraphy. The
diminished storage and transport capabilities of the TCw bedrock are indicated dramatically in
Figure 39, which shows the saturation in the mountain after 5 years ofsurficial watering. At this
point, only 0.93 m of water had infiltrated through the road. The plot of Asat at 5 years in Figure

5 A more detailed documentation of lhe fracture propcrtics and the discussions with USGS personnel may bc
found in thc analysis filc for PDM 72-_2, I_atcd in thc SNI. YMP Local Rccords Center.
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40 indicates that the water has moved to only about l I m away from the road's edge. The

calculations for 15 years of surficial water application, as plotted in Figures 41 (saturation) and 42

(Asat), continue to reveal the poor storage capability of TCw. The amount of water, averaged

over the road area, that infiltrated the mountain through the road in 15 years was 2.9 m. There is

not the substantial lateral dispersion of water that was witnessed in Cases #1 and #3. Figure 43

illustrates the results of 10,000 years of water movement after the 15-year elevated saturation

period; this figure indicates that all the water remains in the TCw unit through 10,000 years. In

fact, the water reached the edge of the 40-m-wide computational grid between 1O0 and 1000

years, so the resulting numerically-imposed constraint on the water movement may have

artificially increased the extent of vertical transport of the water that would be predicted by the

computational flow model. These calculations support earlier conclusions that the TCw unit is a

poor storage and transport medium for water.

51



rood woter opplLcotLon problem =5 [U5W H-5) - soturoted rood surfoce
1.500 _ ; _ CRERTED BY NORIR-SP

3126/92 08:36:52

MODIFIED BY

II ELEMENT BLOCKS RCTIVlZ:
1.450 - __ 11 OF 11

° lltI
Roads

frill

i1[II

Iiii-

_:!:i:i:!:i:!:!:!:i:i:!i
.1 425 - " I --41

"" _ TCw

<
C:)
_-1.400 _-

= "-" I
"0 s
= S

_ .1.375 _- -

L-L2
m,

m. 1.350 -.

PTn
I .325 -

].3oo : t I111 __
-0.075 -0.050 -0.025 0.000 0.025 0.050 0.075 .0.100

X- [ = 10^3 - )

Cose n5 - ComputotlonoL Grid



003

_,_ _ o
r_o o

_ _. o!-I _-_ _j
Z-" O (_

OO _"_t_0rm nnOO_O0 /'7 _._'_,
(E I.,.3 o_U_

_ nr'_.._--i EJ bJ

73 L_lt) e-I _ _ E
Iv" 0 _0 O _ "-"M

L

-_! i I I i I I I i i I I

c0

-__- i TOw - --_ "'_
O: _ "J

I1)

_ [ C
LO PTn ,...

o

if3 0

i I _C
LI'I _ l_J r'O

# i c_ _ _'J

"J i _ OC-_0

° Jr
L. I _O/El.

C f

"J /' (-I
._ / 0_. ::z_o / .._

u /1 _ C73.J 00

o.-- _ .-4_ or,n
o .,,., r,.

.

I

o / -- • If)
0 ?' C3 t_
L _............................................................... ;::._ I_

..,,_" .... (0

_ [ I I I I I I I I I , °

i i • • • i i • i •
-_ o o o o o o o o o o

_ uo7"_o,Jn_o _

Figure 38: Case #5 - Steady-State Saturation Profile

53



road water appLLcatLon probLem :5 [USNH-5} - _oturoted rood _urgoco

1.500 ---[ ] ] j [ ] I l_ CRERTF.DB'f NORIR-SP
5/ 6/92 14-'41:_6

MODIFIED BY

1.4=75 - .: • -- DRRNNBY BLO_"

_'=.., _ 02/10/93 lt:O2:2t
F NOMRSNIFICR!'[ON

"" 1.{50 - c
('_ D..... ',,'i . ELEMENT BLOCKS RCT]VE:
:_ _Ii II OF It

iiI-B
t_ B..... _Y
r_ 1._25 --

I
"l #0

_" o, .,-,,-, _ TCw= -- l.'tuu
4:x

, P.::: 0.700
_ B ,:: 0.75 0

"_ 1.375 - _ ['= O.BO0
{3": 0.850
E = 0.900
I:"---. 0.950

", I_'-.----,1.000

= I 350 - _ ROAD LOCATION-

m,,.

_ PTn

= 1 325 - -

a.30o __.........__._.1__ __1 1 1 1 r!Mr. _57.8_--6
-0.050 -0.025 0.000 0.025 0.050 0.075 0.100 0.125

X- (_10"3-)

Caee _5 - 5ot,ura_Lon flf_er5 _'eoreof 5urftcLoL 14at,erLng



road water appLLcakLon probLem t5 [USN H-5] - _aLuratgd road _urtacea_

=-, --[ ]" I l ] I 1 CRE:ArED BY NORIA-SP
51 B192 14-'55:33

l'zJO - -- NOOIFICDBY

fi:
" _ 02/I01g3 12:43:08

._" c,, 1._6 - _., NO MAgN[P[CQT[ON
_ D -"

m" _ ...... i)_f---A ELEMENT BLOCKS ROT]VIE::== ,1orit
=-" l'ZJ4 -- _i

"1 !

_" < 1._2-

B - TCw D'rSA?
' .q= 0.0200
N 1 40 -- - -'3:: 0.0600

_. _i',,, O. 1000
& D:--: 0.1400_= 0.1800
.- _"..-0.2200

1.38 -- @= -0 004 zj
= _= 0.2507

m ROAD LOCATION__.

_ 1.36 - -

"_ PTn

1.34 ----1-- I I t I rIME 157.8E.6
"I -0.02 0.00 0.02 0.0'_ 0.06 0.08 0.t0 0. 2
"" X- [• 10"3- ]

Oo_o :5 - Ohonae tn 5at,urot,ton from 5t,eodq-Stot, e Condtt,tone
."2. Af_ter 5 l_oaro of Sur£LoLoL Nd'{,erLn 9



r'oadwater oppLLcatLon problem #5 {USN H-S) - _aturokgd road surface
1.500 _ T I I I I [ I_ CREA'[ED B'fNOR[A-SP

51 6192 14-'41"_6

MaD IFIF.DBY
B

m I &75 -- 4:¢ }_[ -- DRAWN BY BLOT
c ' O I_ 021 10193 11:03:4t

° !i_ G .......

° llOF It
sn=

;;ii:iE"

=. m C

= _ i _00 --_t_ _ _" °

o', _ w_ B -J" TSAT

TCw "_= 0.700
_,, ' B := 0.750
,_ _ "'- 0.800
,_ 1.375 -- - r-,-"0 850

:.i:--- 0.900
F = 0.95 0

"_ ..... _.;;= 1.O00
: m ROAD LOCATION" I.350 --
¢'b_.

,,,,.,.,

:_ PTn t

_" 1.325 --
__.

1.300 __L___I I I I I I J TIME 4:73.4E-,-6
-0.050 -0.025 0.000 0.025 0.050 0.075 0.100 0.125

X- (x10^3- l

Caee :#5 - 5ot,ur'otLonPlfi,er [5 Yeore of 5ur"fL,oi,,aLNot.erLng



road vaLer appLLcatLon probLem zS (USW H-S) - saLuraLed road surface
l.SO0 -_ T [ I I I I I CREATED BY NORIA-SP

= 51 6;/92 15"11"30
MOO ]FIE;D B'L

"" 1.475 -- _i -- ORPIHNBY BL01"
_ 02/10/93 1t:]5:45

m _ NO MAQNIF'[CRT[ON

B'_ I._50 -- -- ELEMENT BLOCKS ACTIVE:?.m IlOF II

_=
=° E_=" 1 _25 -- :'," bl.J::i:-

- Cl.....,xi
e _o B--"-E_A
•"_ < /

_, _" --I.'_00 -- A ...."

R-, _ DTSRT
N , .q= 0.0200

_ TCw _- 0.0600
_" 1.375 - -- 3 _:0.I000
:_ 0 = O.1400
_" _'" 0 1BOO

r = 0.2200

_" 1.350- _ _=-0.0097
_= 0.2525

= I ROAD LOCATION
_i,

g- PTn
= 1.325 - -

_" 1.300 _ _______L__.__t__[__l J_ TIME ._73.4E-6
-_ -o.oso -o.o25 o.ooo 0.025 0.050 0.075 0.100 0._25
_b

:_ X- (w_10"3- }"9

Caee =5 - Chonae _,n5ot_urot,Lon from 5tead_-5_,ot,e CondL_,Lone
After 15 _or_ o£ Sur?loLoL Not_rLn 9



road water appLLcatLon probLem _5 lUSH H-S] - saturated rood surface

_'m._ 1.500 -7 ] ] ] ]" ] "1' l_ 1 CREATED B_ NOR1:FI-SP

_- 5/ 6192 15"11"30

MODIFIED BY

_ 1.4:75 - D ORBHN BY BLOT
_ D 02110193 ! J.:09:07

°° 1_" _ NO NRGNIF[CR_'[ON
_" ' 1..50 -

_ ELEMENT BLOCKS RCTIVE:
==g _ tiOrIt
- N TCwtnl

_. 1._25 -

= ' }..................................D
==,,.

= _ o OTSAT

_" m_.-,= --1._00 - 1

" _ " _ :==0.0050
_"._ - ---.................. c _ .--0.0205

_ , C "---0.0360= _" _ . _ ,: 0.05 15_i :---0.0670
== 1.375 - _.B _ !-,,-o o825
_ _ --. 0.09 80_ O. 1135
_ .... i = O. 1290
e ---" J= 0.1415

i 350 -- -- _:= 0 1600

_= 59,79E-3
-" PTn

_ 1.325 - -

"l

= .1.300 _ _ rIME 3 15.6E-9
-0.050 -0.025 0.000 0.025 0.050 0.075 0,I00 0,125

e X- ( _10^3 - ]

_. Co_e =5 - Chon.qe _n 5oturatLon from 5teod_-_5_ote CondttLone
Flfter 10,000 _eore ReeuLti,n9 from

15 _ar_ o'fSurfLeloL Hatertn 9



3.6 Case #6: Water Movement, Near USW H-5 Usine a S,tratieraohic Model with Natural
Gradien_

The preliminary design of the potential repository at Yucca Mountain has the repository dipping
so that it is approximately parallel to the dip of the stratigraphic layers. Therefore, the current
coordinates of the floor of the repository horizon were obtained, and the westernmost and
easternmost points closest to a west-east line through USW H-5 were used as the endpoints of the
dip line. This line has a dip angle of 3.47 ° from west to east. This angle was used for the dip
angle of the stratigraphy.

All stratigraphic layers for Case #6 were assumed to be parallel and to dip 3.47 ° . The one
exception to this is that the water table was maintained at a constant 775 m elevation across the
computational grid. The road for this case has a horizontal width of 12 m (an actual width of
12.022 m), with the center of the road located at the USW H-5 location. Therefore, the
USW H-5 stratigraphy goes through the centerline of the road.

From the calculations for Case #5, the maximum extent of water movement after 15 years of
elevated saturation level was estimated to be about 28 m from the road centerline. This distance

was determined by a difference in saturation level from calculated in situ conditions of 0.02%.
Because of this, a horizontal distance of 42 m from the road centerline (36 m from the updip edge
of the road) was selected for the updip vertical boundary. In anticipation of a much greater lateral
dispersion of water in the down dip direction, the down dip vertical boundary was placed at a
horizontal distance of 138 m from the road centerline (132 m from the down dip edge of the
road). Figure 44 displays the computational grid used for Case//6.

The steady-state solution for saturation for this case was essentially the same as for Case #5. The
stratigraphic grade employed in Case #6 has some effect on the movement of the surficial water as
compared with Case #5. The saturation and Asat after 5 years of surficial water application are
shown in Figures 45 and 46. The water movement away from the road is essentially symmetrical.
Two significant differences between Cases #5 and #6 are in the amount of water' that infiltrated
the road and the extent of migration of that water. For Case #6, 1.2 m of water had infiltrated
after 5 years, compared with 0.93 m for Case #5. Additionally, the lateral migration of the water

is slightly greater for Case #6. Figure 47 shows Asat in the TCw and PTn after 15 years of
surficial water application; the lateral extent of water movement is again essentially symmetrical,
indicating no preference for downhill flow. After 15 years of surficial migration, the amount of
water infiltration through the road for Case #6 is 2.9 m, the same as for Case #5. It is unclear
why the amounts of infiltrated water are significantly different after 5 years, yet the same at 15
years. Additionally, the lateral migration of the water for Case #6 (as indicated by the contour on
Figure 47 representing 2% change in saturation) is slightly more than that for Case #5 (compare
with the same contour on Figure 42), whereas the vertical migration of the water is nearly 20 m
greater for Case #5 than for Case #6. The change in saturation from steady-state conditions
resulting from 15 years of surficial water application are plotted in Figures 48, 49, and 50 for 25,
1000, and 10,000 years respectively. The downdip stratigraphy appears to have a slight effect on
the water movement after 100 years, until the plume has reached the updip no-flow boundary;
then the tlow pattern is significantly altered, and it is not clear whether this alteration is caused
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more by the downdip or the boundary.

In general, the calculations for Case #6 indicate that the naturalmean downgrade of Yucca
Mountain will have little significant effect on flow in the Tiva Canyon welded unit. The results
from Case #6 indicate that the downdip condition may encourage lateral movement of the water
over vertical movement. The model used in Case #6 did not allow for runoff. The effects of

downgrade on the flow in other units were not evaluated in these calculations.
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3.7 Case #6U: Water Movement Near USW H-5 Considerine the Natural Gradient and a
Thin Alluvium Laye,,r

Cases #5 and #6 simulated flow of surficial water at the USW H-5 location, where the surface has
a very thin soil layer covering the TCw bedrock. The effects of natural gradient were evaluated
using TCw as the layer at the top surface. The conclusion drawn from these cases is that the
natural mean downdip of Yucca Mountain will have little or no significant effect on flow in the
Tiva Canyon welded unit. This conclusions begs the question of what would happen if Case 6
were repeated with an alluvium layer superimposed on top of the in situ stratigraphy. Therefore,
the calculations for Case #6 were repeated with one modification: the addition of an alluvium
layer of 1 m thickness above the USW H-5 stratigraphy. Surficial water was applied for 5 years,
after which the surface boundary conditions were returned to the steady-state infiltration rate of
0.01 ram/yr. All other Case #6 parameters were unchanged. The steady-state calculations with
the added alluvium layer resulted in the same solution for initial saturation in the stratigraphy
under the alluvium as was calculated for Case #6. For convenience, the new calculations for Case
#6 with the additional alluvium layer are referred to as Case #6U (for Undifferentiated
overburden, or alluvium).

In Case #6, the downdip seemed to have little effect on the lateral movement of the surficial
water, as demonstrated in Figure 46 by the symmetry of the region affected by 5 years of surficial
water application. The plot of saturation in Figure 51 illustrates the effects of 5 years of surficial
water application for Case #6U. The affected area for Case #6U is significantly greater than that
for Case #6. There is a slight but clear asymmetry of lateral water movement favoring downhill
flow, but the generally symmetric nature of the water migration remains the same. Using the
contour representing a 2% change in saturation in Figure 51, the extent of water movement on the
downhill side of the road is 47.0 m (or about 7.8 road half-widths) versus 40.8 m (6.8 road-
widths) on the uphill side of the road. The uphill migration is sufficiently close to the left vertical
boundary that it might be restrained in the calculations. Approximately 3.4 m of water infiltrated
through the alluvium road in Case #6U, nearly 3 times more than for the bedrock road of Case #6
after 5 years. The change in saturation from steady-state conditions for Case #6U is plotted in
Figures 52 through 54 for 15, 100, and 10,000 years respectively. The downdip appears to have
little additional effect on the water movement through 100 years; after that point, the artificial no-
flow vertical boundary imposed in the calculations affects the lateral movement of the water. This
apparent lack of effect on lateral flow may be indicative of the strong suction potential in the TCw
relative to the gravitational potential. The strong suction potential in TCw is also indicated in
Figures 53 and 54 by the fact that the water is drained out of the alluvium. Figure 54 indicates
that the infiltrated water will remain in the TCw unit, assuming there are no large fracture or fault
networks that provide a fast path to underlying units.

Two conclusions may be drawn from the calculations of Cases #6 and #6U. First, for preliminary
performance assessment purposes, the natural mean downgrade of Yucca Mountain may be
assumed to have little significant effect on flow in the Tiva Canyon welded units and in thin layers
of alluvium. Second, the presence of a small amount of alluvium or similar soils on the surface
can result in significantly greater infiltration and migration of water than on surtaces of low-
porosity, welded bedrock.
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4.0 IMPLEMENTATION OF THE RESULTS OF THIS ANALYSIS

Given the results of the six cases described in this report and the limitations and assumptions that
are summarized later in this report, the following conclusions have been drawn regarding the use
of surficial water outside the Conceptual Drift Perimeter Boundary (CDPB):

1. Surficial water usage outside the CDPB will not affect potential repository performance,
given the expected surface conditions and no ponding.

2. Compacted fill material can impede water influx into the alluvium (Cases #1 and #2).

3. Alluvium significantly absorbs and spreads surface water (Cases #1, #3, and 6U). This has
potential effects on tests in neighboring boreholes, This conclusion is especially significant
in light of the recent work by the U.S. Geological Survey (USGS) regarding alluvium
properties at Pagany Wash (which is discussed later).

4. The natural gradient has little effect on flow in the alluvium and TCw units (Cases #5, #6,
and #6U). This conclusion is caveated to the cases and material properties considered, as
PTn might act as a capillary barrier under some conditions, and the effects of larger
gradients and deeper alluvial deposits have not been evaluated.

An important limitation to the conclusions drawn above is any activity occurring on the western
face of Yucca Mountain in Solitario Canyon, where potential fast pathways to the proposed
repository horizon exist. Further investigation could be required to determine the potential
impact on waste isolation of activities, particularly those involving water or other fluids, in
Solitario Canyon. Extra care must be taken for activities occurring at the summit of Yucca
Mountain to prevent unintentional runoff down the western slope.

The results of ESF PA Analysis #12, combined with the previous results of an analysis performed
on sewage and settling ponds near the North Portal (Sobolik and Fewell, 1992), can be used as
guidance for the location of waste water storage ponds so that they do not affect nearby testing.
The same results can also be used as guidance for the location of experiments so they are
unaffected by local surficial watering activities such as road watering. The calculations for the
sewage pond built on top of alluvium near the North Portal location were integrated with the
results of Cases #1, #3, #6, and #6U from PA Analysis #12 to obtain the following results. 6

The analyses cited in the preceding paragraph were formulated similarly. A wetted area was
maintained constantly at 100% saturation for a period of 5 years, after which the steady-state
infiltration rate was reimposed. The sewage pond case was calculated using an axisymmetric grid
in cylindrical coordinates, whereas the road cases used cartesian coordinates. Also, the pond had
a depth of 1.83 in, whereas there was no additional head on the roads; this small difference should
not adversely affect a comparison of these results. The results of all the problems are influenced
by the different stratigraphies used for each. For all these cas,zs, the problem was modeled with

6 Case#5 exhibitedresultssimilarto thoseof Case#6 withlesslalera' migration,so it was notincludedin the
resultsdescribedin Section4.0.
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no evapotranspiration of the additional water; in other words, all the water that infiltrated the
ground stayed in the ground. For the road problems, the constant saturation that is used tbr the
boundary condition on the road may result in extremely conservative conclusions and
recommendations, as the road watering process is periodic, not continuous, and much evaporation
from the road surface occurs between watering applications. The assumption of no
evapotranspiration is thought to be conservative for the area around ponds. The resulting
recommendations regarding flow around ponds, though, are less conservative than those for roads
because the pond area actually could be maintained at constant saturation for the duration of
ponding activities; any additional evapotranspiration would occur only at the periphery of the
pond.

Table 4 summarizes the results of five years of constant saturation on the wetted surface for the five cases
mentioned previously, plus the results of Case #2, which simulated flow into a road made of compacted
fill. The amount of water described in Table 4 is the total volume of infiltrated water divided by the
wetted area. Two important observations can be made here. First, the cases for which the alluvium is
deeper allow greater amounts of water infiltration. Second, the sewage pond, even though it was
simulated with the same stratigraphy as Case #1, allowed much less areally-averaged water infiltration
than Case #1. This result can be explained by the dimensions of the road, pond, and alluvium. The
alluvium for both cases was 9 m deep. The road width for Case #1 was 12 m, while the radius of the
sewage pond was 54.6 m Because the pond radius is much larger than the alluvial depth, the general
character of the flow of infiltrated water through the pond more closely resembled a one-dimensional
flow than that through the road. The underlying Tiva Canyon unit then acted as a barrier to the one-
dimensional flow because of its significantly lower hydraulic conductivity.

Table 4: Amount of Infiltrated Water for Selected Analytical Cases
Evaluating Water Infiltration from Roads and Ponds

Areally- Averaged Amount
Calculational Surface Depth of of Infiltrated Water After 5

Case Material Alluvium, m Year s (m)
Case # 1 Alluvium 9 23.8
Case #3 Alluvium 10 27.3

...............

Sewage Pond Alluvium 9 10.2,,,

Case #5 TCw 0 0.93
.............

Case #6 TCw 0 1.2
......

Case #6U Alluvium 1 3.4

Case #2 Compacted N/A 3.2
road fill

.....

The different alluvial depths and surficial dinaensions also have an effect on the lateral migration of the
water. Table 5 lists for each case the estimated area affected by surficial water based on the distance
from the centerline of the road or the center of the pond. This radius is determined by the furtizest point
from the center of the wetted area where the saturation in either the alluvium or TCw has changed by at
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least 2%. This value for the change in in situ saturation was chosen because it is a typical measurement
error for' much of the field equipment that could be used to measure saturation in the soil at Yucca
Mountain, and because it is well within the variability in measurements that have been taken at Yucca
Mountain in the past. The ratio of affected area to wetted area is simple to calculate: for a road, it is the
affected radius divided by half the road width; and for a pond, it is the affected radius squared divided by
the pond radius squared.

Table 5: Estimations for Size of Wetted Area from NORIA-SP Calculations

and from Equation 1

Variable Case #! Case #3 Case #6 .. Case #6U Sewage Pond

Depth of 9 10 0 1 9
Alluvium (m) ...........

Shape of wetted Road Road Road Road Circular Pond
area
Width of road or

radius of pond 12 12 12 12 54.6

"Radius" affected

by water aider 5 74.7 77.8 17.3 47.0 162

),ears (m)* ....
Ratio of affected
area to wetted 12.45 12.97 2.88 7.83 8.80
area

,, ,'-, ,,

Calculated value
ofx as defined in 1.5 1.67 0 0.167 0.330

Equation 1 ....
Calculated value

ofy as defined in 12.55 12.95 2.88 7.87 8.72
Equation 1 .....

* Affected radius is defined by the extent of a minimum change in saturation from the steady-
, state value by 2% (e.g., from steady-state value of 74% saturated to new value of 76%

saturated).

A relationship has been developed (by a curve fit to the calculational results) between the dimensions of
the alluvium, the wetted area, and the resulting area affected by surficial water after five years of
continuous saturation. The relationship is described as follows:
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y= (4.2 + 3e -°-6'°' )ln(6x + 1)+ 2.883,

perimeter of wetted surface * depth of alluviumwhere x =
area of wetted surface

area affected by surficial water
and y = (1)

area of wetted surface

For a pondof radius r, depthof alluviumd, and radiusof the affectedarea R,
2 _rd 2d nR2 R 2

=--, y = //7.2 = r2 'X-" _,.2 /,

for a road of length I andwidthw, 1>> w, andD =distancefromroad centerlineaffectedby tilewater,
(21+2w)d 2d 2Dl 2D

x- _,y- -lw w wl w

For the case of a road, its length is much larger than its width, so the value for x becomes the depth of
alluvium divided by half the road width. In addition, for the case of a pond for which the width and
length are approximately equal (such as the circular pond; see Sobolik and Fewell, 1992), the minimum
value for y should be 4.0. The values for x and the calculated values f-r y are also included in Table 5.
Equation 1 has also been plotted in Figure 55, along with the valu :alculated from the NORIA-SP
results for the five cases.

Because evapotranspiration was not considered in the implementation of the results of these calculations,
the results posed by Equation 1 are considered to be a consenlative assessment of the lateral migration of
surficially applied water. Therefore, the recommendation has been made that Equation 1 be included in
Appendix I of the ESFDR and in the SBTFRD as a guide for designers to use to determine locations of
wastewater storage ponds and surface-based experiments that could be affected by surficial water. For
the case of waste water ponds that will be continuously maintained for a long period of time, Equation 1
provides a somewhat conservative guide for pond and experiment location that should be followed
strictly until additional analyses incorporating the effects of evapotranspiration are attempted. Because of
the periodic nature of road watering, Equation 1 provides a conservative guide for the location of
experiments near roads. Because of the potentially higher hjdraulic conductivity in alluvium, discussed in
Section 6.2, boreholes should be cased through the alluvium layer to preclude test interference in
underlying layers.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 Recommendations for Appendix I of the ESFDR

The following recommendations have been submitted for inclusion into Appendix I of the ESFDR and the
SBTFRD. These recommendations are based on the results of ESF PA Analysis #12 and other preceding
analyses, and they have been made to minimize the potential effects of site characterization activities at
Yucca Mountain on waste isolation and test interference.

1. Surficial water applied to alluvium outside the CDPB has no performance assessment impacts given
the expected surface conditions (no fracture/fault networks leading directly to the potential repository
horizon). For the purposes of preventing potential impacts to waste isolation, surficial water usage
outside the CDPB need not be restricted, with the exceptions that runoff and unintentional ponding
should be avoided. This recommendation does not apply to activities occurring on the western slope
of Yucca Mountain in Solitario Canyon. Surficial water application outside the CDPB should be
monitored in accordance with the Tracers, Fluids and Materials Plan.

2. Surficial water applied to alluvium has a high potential for test interference. Accordingly, boreholes
in which testing will occur should be cased through the alluvium to preclude test interference in
underlying layers.

3. Surficial water applied to alluvium has a high potential for test interference. The placement of surface
waste water ponds, and of experiments near such ponds, roads, and other locations where surficial
water applications will occur, should be made to preclude test interference. Equation 1 described
above should be used by designers as guidance for determining the sizing and/or location of these
activities to preclude test interference.

4. Virgin alluvium has a large capacity to store and transport water; this capacity could pose test
interference problems. Compacted fill material with a lower storage and transport capacity than
alluvium should be used wherever possible for road and pad construction. Bladed and compacted in
situ alluvium could be a suitable substitute for virgin alluvium for roads and surface pads. The use of
compacted fill material does not invalidate the other three recommendations made under ESF PA
Analysis #12; substantive information regarding the hydraulic properties of the compacted fill would
be required before such action may be considered.

5.2 Other General Recommendations

The following are more general recommendations that are not required for inclusion in the ESFDR or
SBTFRD, but are mentioned here because they are also derived from the results ofESF PA Analysis #12.

1. Investigate the sensitivity of these and previous analytical results to the potentially varying
properties of the alluvium and PTn units.

2. Investigate the hydraulic properties of compacted fill materials to help provide accurate portrayals
of road watering scenarios.

3. Investigate infiltration and evapotranspiration phenomena coincident with surficial water addition.
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6.0 LIMITATIONS AND ASSUMPTIONS

The validity of the results of this analysis depends on the assumptions underlying the conceptual
model of flow. This section contains a list of the assumptions and a discussion of the potential
errors in the calculations if these assumptions are invalid. Omitted is the fundamental question of
the applicability of Darcy's law and Richards' equation -- capillary-bundle theory in general -- to
the modeling of unsaturated flow through relatively impermeable rock.

6.1 Surface Phenomena (Evavotransviration and Surfi¢ial Water Avvlication)

A potential limitation on the validity of this analysis is the way in which the surface processes are
modeled. The ambient ET environment is modeled in this analysis by the time-averaged and
areally- averaged infiltration rate of 0.01 mm/yr. However, the conceptual models for ET
processes at Yucca Mountain, both for the usual climatic conditions as well for episodic events
such as flooding or surficial watering, are not well developed, and sufficient data do not yet exist
to develop these models with confidence. An initial attempt at modeling ET for elevated
saturation levels near the surface is documented in this report. In addition, surficial water
application is modeled in this analysis as a continuous process, not as an activity that occurs
several times a week as would be expected; this may result in an overprediction of the amount of
water infiltrating the surface and the range of water movement from the road or wetted surface.
A better understanding of surface infiltration processes, including fracture flow at the surface,
evapotranspiration, and runoff phenomena, will be required before the uncertainties of water
application cm_be decreased. These new models may require modification of existing flow codes
such as NORIA-SP.

i

The modeling of surface phenomena such as infiltration and runoff and of underground water
movement is at some point affected by the manner in which natural grade is assumed in the
problem. The 4° inclination used for Cases #6 and #6U seemed to have little effect on the results

shown here. An undulating stratigraphy, with slope varying from 0° to 10° or more (similar to
actual conditions at Yucca Mountain), may provide a more realistic and revealing simulation.

6.2 Material Hydrological Proi_¢rties

The results of the calculations are sensitive to the hydrolog;cal properties used for each material.
Two materials for which calculations are particularly sensitive are the alluvium and the PTn. The
calculations and analyses defined in PDM 72-32 implement a value for the saturated hydraulic

conductivity (,Ksat) of alluvium of 5x10 -7 m/sec. This value was obtained in April 1989 from
Alan Flint of the USGS. Recently obtained information indicates that more realistic values for
Ksat may be one to two orders of magnitude higher with significant heterogeneity. Alan Flint and
Joe Hevesi of the USGS recently analyzed volumetric water content data taken at Pagany Wash
following a major flooding event in late 1984. They used an inverse solution method to estimate
hydraulic parameters based on standard composition mixtures. Their preliminary results estimate
values of Ksat ranging from 3x10 6 m/sec to 7x10 5 m/sec. These values indicate that the water
storage and flow potential of alluvium may be much greater than what has been shown by this PA
analysis. This flow potential is of primary importance to near-surface testing in boreholes, and
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identifies three requirements for performance assessment. One requirement is for more extensive
data on the hydraulic properties of alluvium and any potential road fill material. Another is the
development of an ET model, both for ambient effects as well as for episodic effects (flooding,
road watering, etc.). A third is the development of the capability to model episodic events in
codes that model long-term effects (such as NORIA-SP).

It is known that there is a significant qualitative difference in PTn at different locations. PTn is
composed of alternating bedded and non-bedded tufts which are distinct layers at some locations,
and are compacted and mixed at others. Data reported for the PTn unit from the RIB and by
Weeks and Wilson (1984) suggest that PTn is more saturated than the initial condition given for
these calculations. The ambient in situ saturation for PTn is listed in the RIB at 61% _ 15%, and

has been reported as high as almost 100% in some places; the calculations presented here
produce a value of near 10%. (Greater initial saturation reduces the amount of space available to
store the incoming surface water, and also calls into question the choice of the characteristic
curve.) The material hydrologic properties used in the calculations for PTn come from a core
sample taken at drill hole UI']WGU-3, which is located over a kilometer from UE-25a #1, UE-25

UZ-16, and USW H-5. Re,-ent measurements taken from samples from the Pah Canyon and
Yucca Mountain members of PTn (Flint and Flint, 1990) suggest significantly different values for
hydraulic conductivity and moisture retention characteristics. A different porosity value or a
different characteristic curve for PTn could significantly change the amount of water that perturbs
the saturation at the repository horizon.

6.3 Homogeneity of Geoloeic Units

Geologic units, e.g., the Tiva Canyon welded tufts, are modeled as a single matrix material and a
single fracture material. It is known that hydrologic properties from samples within a geologic
unit can vary greatly (Peters et al., 1984). It is unknown what effect this variation would have on
flow. For this particular analysis, variations in hydrologic properties in highly conductive and
porous regions (such as the surficial alluvium and PTn) may have large effects on the vertical and
horizontal dispersion of water. If highly conductive regions are vertically connected, groundwater
travel time could be shortened. If highly conductive regions are horizontally connected, lateral
dispersion of flow could be enhanced.

Another simplifying assumption used in these calculations is that of isotropic hydraulic
conductivity (Kxx=K,-_)at each point throughout the geologic units. There is much data in
professional hydrologic literature that indicates a higher degree of anisotropy for hydraulic
conductivity in soils as the saturation level decreases. This anisotropy in soils tends to favor
horizontal movement of water (Kx_/K._> 1). If this sort of anisotropy exists in the alluvium at
Yucca Mountain, it could mean that the estimates given in this report for distances of lateral
movement of water from roads and ponds may be less conservative than stated. Furthermore, the
assumption of isotropic hydraulic conductivity may cause the influence of down dip to be
underestimated in the calculations in Cases #6 and #6U. However, Flint and Flint (1990) found
no evidence of small-scale anisotropy in the nonwelded tuff samples that they tested.
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6.4 ConlDosite-Porositv Model

The composite-porosity model used in these calculations treats the matrix and the fractures as an
equivalent porous medium. The pressure heads in the matrix and the fractures at any given
location are assumed equal. Different flow models have been proposed for Yucca Mountain. For
example, the weeps-and-seeps model (Gauthier et al., 1992) assumes that flow is confined to
limited regions down connected fracture networks. If the weeps-and-seeps model is applicable to
flow at Yucca Mountain, the result would be that a great deal of the surface water could flow
directly to the water table within a few years. Such short travel times imply that surface water
would not affect the repository: first, the matrix would have little time to saturate, and second,
the water would be gone before the repository would be sealed,

6.5 Fast Pathways

Fast pathways such as fractures, faults, and boreholes may either act as preferential pathways that
could affect repository performance, or prevent adverse effects by routing water away from the
potential repository or acting as a barrier to water flow, depending on their orientation with
respect to the proposed repository horizon. Fracture apertures used in these calculations were
taken from laboratory measurements (Peters et al., 1984). Actual fractures within Yucca
Mountain could have much different apertures. Smaller apertures would tend to favor more flow
through the matrix, increasing saturation. Larger apertures would have the opposite effect.
Larger apertures could also favor a mechanism of flow different from that modeled by the
composite-porosity model. Presence of extremely large apertures (fault zones) could increase the
chance of a weeps-and-seeps mechanism that would bypass the water table.
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APPENDIX A

Parameters Used for the Analyses
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Table A.I. Definition of Input Parameters: Water Properties

Description of Variable (units) Value Reference
II III I I

Density of water (kg/m 3) 1000 Standard
Compressibility of water (I/m) 4.30E-06 Standard
Dyn. Viscosity of water [kg/(m*sec)l 0.001 Standard @ 68° F
Acceleration of gravity (m/see 2) 9.8 _,tandard
Steady-state infiltration rate q (mm/yr) 0.01 Given: Boundary condition

on surface

(m/see) 3.17E- 13

Table A.2. Definition of Hydrologic Upits (Ortiz et al.. 1985)
CFUn -- Upper Crater Flat nonwelded, zeolitized unit
PPw -- Prow Pass welded unit
CHnz -- Zeolitized Calico Hills nonwelded unit (CHn3z, CHn2z, CHnlz)
CHnv -- Vitric Calico Hills nonwelded unit (CHn3v, CHn2v, CHnlv)
TSw3 -- Basal Vitrophyre of the Topopah Spring welded unit
TSw2 -- Topopah Spring welded unit (The potential repository unit)
TSwl -- Topopah Spring welded unit
PTn -- Paintbrush nonwelded unit

TCw -- Tiva Canyon welded unit
UO -- Undifferentiated Overburden (alluvium)

STRATIGRAPHIES

Table A.3. UE-25a #1 Stratigraphy (stratigraphy from RIB Version 2.002; water table level
from Robison et al., 1988); this was used for Cases 1 and 2.

Nevada State Plane Coordinates (feet): E.566,350, N.764,900

Elevation (m)

Material Desi_.nation Material Number Bottom Top
Water Table 730.6
CHnz 1 730.6 798
TSw3 2 798 815
TSw2 3 815 871
TSw1 4 871 1115
PTn 5 1115 1140
TCw 6 1140 1190
UO (Alluvium) 7 1190 1199
Alluvium Road Layer 8 1198.9 1199
(for Case #1)

Compacted Road 8 1198.7 1199
Material (for Case #2)
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Table A.4. UE-25 UZ-16 Expected Stratigraphy (stratigraphy from Hayes and Chaney, 1991;
water table level from Robison et al., 1988); this was used for Case #3.

Nevada State Plane Coordinates (feet): E.564,856.90, N.760,535.32

Elevation (m)

Material Designation Material Number Bottom Top
Water Table 730.3

CHn2(z) 1 730.3 736
CHnl(v) 2 736 847
TSw3 3 847 856
TSw2 4 856 1069
TSw 1 5 1069 1134
PTn 6 1134 1149
TCw 7 1149 1210

UO (Alluvium) 8 1210 1220
Road Layer (Alluvium) 9 1219.9 1220

Table A.5. USW H.5 Stratigraphy (stratigraphy from RIB Version 2.002; water table level
from Robison et al., 1988); this was used for Cases #5, #6, and #6U.

Nevada State Plane Coordinates (feet): E.558,909, N.766,634

Elevation (m)

Material Desi_;nation Material Number Bottom Top
Water Table 775
CFUn 1 775 831
PPw 2 831 864
CHn3 3 864 886

CHn2(z) 4 886 ' 901
CHn2(v) 5 901 906 Combined
CHnl(v) 906 974 into one

unit, CHnv
TSw3 6 974 996
TSw2 7 996 1220
TSw 1 8 1220 1305
PTn 9 1305 1357
TCw 10 1357 1479

Road layer (TCw) 11 1478.9 1479
Alluvium (for special 11 1479 1480
calculation Case #6U)
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HYDROGEOLOGIC PROPERTIES

Table A.6. USW G-4 Stratigraphy and Hydrogeologic Properties

Matrix Properties

All matrix properties from Peters et al., 1984.

Saturated

Hydraulic Bulk-Rock
Conductivity Residual o_ Compressibility

. Unit Porosity (m/s) Saturation .... _!../m) ...... B (l/m) Sample
CFUn 0.29 2.00×10-ll 0.135 0.00316 2.019 2.60x10 -6a G4-19

PPw 0.24 4.50x10 -9 0.066 0.0141 2.639 1.70x10 -6 G4-18
CHnz 0.28 2.00x10 -ll 0.11 0.00308 1.602 2.60×10 .6 G4-11

CHnv 0.46 2.70×10 .7 0.041 0.0160 3.872 3.90x10 -6 GU3-14
o TSw3 0.07 1.50x10 -12 0.08 0.00441 2.058 5.80x10 -7 GU3-11

TSw2 0.11 1.90x10 -11 0.08 0.00567 1.798 5.80×10 .7 G4-6

TSwl 0.11 1.90×10 -ll 0.08 0.00567 1.798 1.20×10 -6 G4-6
PTn 0.40 3.90x10 -7 0.10 0.015 6.872 8.20×10 -6 GU3-7

TCw 0.08 9.70×10-12 0.002 0.00821 1.558 6.20×10-7 G4-1

Fracture Properties

All fracture properties from Kla,,etter and Peters, 1986.

Saturated

Hydraulic Fracture
Conductivity Residual ¢x Compress-

Unit Porosity (m/s) Saturation (l/m) B ibility (l/m) Sample
CFUn 4.60×10 .5 2.00×10 -4 0.0395 1.2851 4.23 2.80×10 .8 G4-4F a
PPw 1.30×10 .5 1.40×10 .5 0.0395 1.2851 4.23 0.50×10 -8 G4-2F

CHnz 4.60×10 .5 2.00×10 .4 0.0395 1.2851 4.23 2.80×10-8 G4-4F
CHnv 4.60×10 .5 2.00×10 -4 0.0395 1.2851 4.23 2.80×10-8 G4-4F

TSw3 4.30×10 -_ 1.60×10 .5 0.0395 1.2851 4.23 2.10×10-8 G4-2F
TSw2 1.80×10 .4 1.75×10 .5 0.0395 1.2851 4.23 1.20×10-7 G4-2F

TSwl 4.10x10 -5 2.20x10 -5 0.0395 1.2851 4.23 5.60×10 .8 G4-2F

PTn 2.70×10 .5 6.10×10 -4 0.0395 1.2851 4.23 1.90×10.7 G4-3F
TCw 1.40x10 -4 3.80×10 -5 0.0395 1.2851 4.23 1.32×10 -6 G4-2F

a Used fracture and bulk-rock values for CHnz, which is also nonwelded and zeolitic.
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Table A.7. Alluvium (UO) Hydrogeologic Properties

Alluvium Matrix Properties
(representative values taken from van Genuchten, 1980, except as cited)

Bulk-Rock

Saturated Hydraulic Residual _ Compressibility

Porosity Conductivity (m/s) Sa!urati0n (I/m) [_ (l/m)
0.32 a 5.00xl 0-7a 0.3 0.423 2.06 0

Fracture porosity, none 0
Fracture compressibility, 1/m 0

a Values derived from a range of values obtained from personal
communication with Alan Flint, U.S. Geological Survey, July 19, 1989.

Table A.8. Compacted Road Fill Hydrogeologic Properties

Bulk-Rock

Saturated Hydraulic Residual ¢x Compressibility

Porosity Conductivity (m/s) Saturation ........ (l/m) [_ (l/m)
0.15 a 5.00x10 -Sa 0.07 b 0.500b 1.09b 0

Fracture porosity, none 0
Fracture compressibility, 1/m 0

a Parameters selected by the principal investigator, based in part on road design
information supplied by Reynolds Electrical and Engineering Company.
b Parameters based on those for silty clay from Carsel and Parrish, 1988.
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APPENDIX B

Evapotranspiration Model

As described in Section 3.1.3, an initial attempt was made to impose an evapotranspiration (ET)
model on the non-wetted surface with the assumption that the flux is a function of the local level
of saturation. The model is described by the following:

a) For saturation s = Sin situ, the flux q is set to q =-0.01 mm/yr (-3.17×10 -13 m/sec; the
negative value indicates infiltration).

b) For saturation s=100%, the flux q is set equal to the evaporation rate for a small shallow
pond (Chow, 1968, as found in StandardHandbook for Civil Engineers, Frederick S.
Merritt, editor, p. :21-79, McGraw Hill, New York, 1968.):
q = Ex,

E = C(ew-ea)_, and
_P = 1 + 0.1w, where

E = evaporation rate, in inches/30-day month,
x = conversion factor = 9.8× 10-9 (m/sec)/(in./30-day month)
C = an empirical coefficient, equal to 15 for small shallow pools (or 11 for large,

deep reservoirs),
ew = saturation vapor pressure, in.Hg, corresponding to the monthly mean air

temperature observed locally,
ea = actual vapor pressure, in.Hg, corresponding to the monthly mean air temperature

and relative humidity observed locally,
w = monthly mean wind velocity, mph at about 30 ft above ground, and
q' = a wind factor

This equation, called the Meyer equation in the referenced text, is predicated on the
assumption that the rate of evaporation from a free-water (i.e., saturated) surface is
dependent on the vapor pressure gradient between the water surface and the air above it.
Measurements of temperature, relative humidity, and wind speed have been taken at Yucca
Mountain (Church et al., 1986; Church et al., 1987), and these data were integrated to
provide some of the inputs to the Meyer equation. The saturated alluvium was treated as a
shallow pond, and thus the value chosen for the coefficient C was 15. In the Standard
Handbo0kf0r Civil Engineers cited above, an example was given for the evaporation that
may occur from a large reservoir: "the mean annual evaporation from Lake Mead is 6 ft."
The weather data and the resulting monthly evaporation rates used for the calculations in
Section 3.1.3 are listed in Table B.1. The 2.7 m/yr ET rate predicted for a shallow pond is
somewhat higher than the 1.5 to 1.7 m/yr currently estimated for in situ conditions from
Yucca Mountain. 7

c) For saturation Sinsitu < s _<100%, an asymptotic function for flux between the two values

7 EstimateobtainedfrompersonalcommunicationwithDwightHoxie,USGS,August5, 1993.
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stated in a) and b) is used. The asymptot:,c function is based on the suction pressure of the
alluvial water at the surface.

Table B.1. Yucca Mountain Meteorological Data and the Resulting Monthly

Evaporation Rate According to the Meyer Equation

Monthly Mean Values
Sat. Vapor Actual Vapor

Temp. Relative Wind Vel., Pressure Pressure Evap. rate

de_ F Humidity mph in. H_ . in. H_ m/_,r

January 43.38 35.46 4.96 0.283 0.100 1.25.
February 42.72 31.67 6.81 0.276 0..988 1.45 .
March 44.29 57.92 7.34 0.293 0.170 0.98....

April 45.73 37.97 8.79 0.309 0.117 1.65

May .... 63.85 16.83 7.18 0.599 0.!01 3.92
June 72.58 17.57 7.2 0.810 0.142 5,25
....... I

[July 77.44 .. 24.67 7.7 0.952 . 0.235 5.81
Augusi 74.15 51.68 5.5 0.852 0.440 2.92

September 72.48 29.06 6.19 0.807 0.234 4,24
October 61.04 33.49 4.84 0.543 0.182 2.45,,.

November 47.18 34.64 6.59 0.327 0.113 1.62............

December 40.59 47.54 5.06 0.254 0.121 0.92

Annual Mean 2.70,,,
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APPENDIX C

Reference Information Base and

Site Engineering Properties Data Base

This report uses information from the Reference Information Base; see Appendix A for a listing of
the values used.

This report contains no candidate information for inclusion in the Reference Information Base.

This report contains no candidate information for inclusion in the Site and Engineering Properties
Data Base.
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