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1.0 INTRODUCTION

Under the sponsorship of the U.S. Nuclear Regulatory Commission (NRC), Sandia
National Laboratories (SNL) is developing a performance assessment methodology for
the analysis of long-term disposal and isolation of high-level nuclear waste (HLW) in
unsaturated, fractured tuff. Assessment of a given site's ability to show compliance with
the Environmental Protection Agency's (EPA) containment requirements (40 CFR
191.13; EPA, 1985) and the NRC's ground-water travel time requirement (10 CFR
60.113; NRC, 1086) by application of this methodology will require the use of conceptual
models, and the implementation of mathematical and numerical models to analyze
ground-water Now and radionuclide transport. Therefore, SNL has developed a
conceptualization of ground-water flow and radionuclide transport in the far-field (i.e.,
outside the disturbed zone) of a hypothetical HLW repository site located in unsaturated,
fractured tuff formations to provide a foundation for the development of conceptual,
mathematical and numerical models,

The results of this study have been termed a “conceptualization” rather than a
"conceptual model" because a single conceptual model has not been defined. Given the
existing information, it is recognized that multiple conceptual models are possible. As
a result, this conceptualization provides a basis for the development of alternative
conceptual models through a site description and a discussion of flow and transport
processes, Nevertheless, the ideas expressed here are built upon some fundamental
definitions of "conceptual model.”

1.1 Definition of Conceptual Model
For a HLW repository, the NRC (1984) defines "conceptual model" as:

A pictorial and /or narrative description of a repository system or subsystem
which represents all relevant components and structures contained within the
system or subsystem, the interactions between the components and structures,
and any internal or extemal processes which affect the overall performance
of the subsystem.

Essentially, a conceptual model is the set of assumptions and simplifications used to
understand and Jescribe the system for the purpose intended. Specifically, as applied
to this report, & conceptual model is a description of the processes controlling ground-
water Row and radionuclide transport, the system geometry, the initie’ “onditions for the
system, and the boundary conditions for the systc n. A mathematical model, on the
other hand, is a set of equation. which quantitatively describe the conceptual model
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1.4 Sco.e

A conceptualization of the ground-water flow and contaminant transport systems is

described in terms of general properties, as well as specilic flow and transport

mechanisms that depend upon these properties. This report iden ifies and describes
specific mechanisms, although these mechanisms are not quantified Potential

stratigraphic representations of the geohydrologic and transport systems are proposed

{

based upon published data and information Finally, a veview and evaluation of

previously developed conceptual models for flow and transport at a repository site

located ‘1 unsaturated, fractured tuff, are discussed in this report. These previous

conceptual models were chosen for review because their purpose was perceivea 10 be

that of assessing the performance of a HLW repository site This con puUrpose was

the basis for evaluating the conceptual model assumptions

The roview of p.'c\mxi\l\ dn‘\t‘lnpc'd “\'.f‘.\ft';‘il..a" models includes detailed discussion ol

this is, by definition,

each assumption that was impleinented in the modeling study, since
a conceptual model. By including this section in the report, the authors wish to
emphasize and illustrate that, regardless of the objective of a modeling study, whenever
modeling is conducted, a conceptual model is assumed

his report provides a qualitative description of a hypothetical repository site In
fractured tuff; however, no definitive, single conceptual model has been chosen Instead,
a basis for the development of possible conceptual models 18 provided based on a

| 1,

description of properties and processes in gencral and at the site, Although le

d SIngic

|-transport stratigr

| 4

hydrogeologic stratigraphy and a single geochemica aphy have been
described, it is recognized that other alternatives are possible since there exist several
possible methods and criteria for determining stratigraphy. Nevertheless, this study
shows that although the hydrologic and transport stratigraphies are closely related, they

can be quite different,
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computationally inefficient to mode! the regional sysiem in detail. The local system,
based on a conceptualization by Waddell and others (1984), includes Yucca Mountaia
and adjacent basins and highlands covering approximately 1600 km? (see Figure 2.2).
The lateral boundary conditions for the local system are defined by the regional grcand-
water flow system. Note that the repository controlled area of approximately 100 km?
is significantly smaller than the local system area. Using the definition of a local system
that is significantl/ laiger than the  spository controlled area allows for the treatment
of scenarios tha' may affect hydrologic conditions at the EPA accessible environment
boundary, such as faulting in the repository area.

2.2 Physiographic Setting

The repository site is located in a region of rugged topography composed of north-south
trending ranges and intermontane sedimentary basins with over 900 m of relief. The
ranges can be up te 150 km long and 25 km wide. These are fault-bounded blocks
created in an extensional environment. Often, the range is tilted with only one range
flank bounded by a major high-angle fault (Stewart, 1985). Intermontane basins are
deep, sediment-filled structural depressions between ranges, Many of the basins are
closed, containing a u.early level or gently sloping basin floor surrounded by moderately
sloping piedmont surfaces extending from the basin floor to the range front. The floors
are typically covered with fine-grained playa, distal fan, and eolian deposits, Open basins
are more deeply incised, locally exposing basin-fill deposits of late Tertiary and
Quaternary periods (DOE, 1988). Piedmonts are composed of complex coalescing
alluvial fans and pediments,

The local repository area includes six distinct physiographic subdivisions (see Figure 2.2).
Yucca Mountain is an irregularly shaped highland 6 to 10 km wide and 40 km long. The
crest altitude ranges from 1500 to 1930 m, which is about 650 m above adjacent basins.
West of Yucca Mountain, Crater Flat is a structural basin surrounded by highlands.
Bear Mountain is an upthrown fault biock that bounds the western edge of Crater Flat.
East of Yueca Mountain, Fortymile Wash is a linear north-south trending trench that is
150 to 600 m wide, and up to 25 m deep (Swadley and others, 1984). Jackass Flats is
an asymmetrical alluvial basin (Byers and Warren, 1983) located east of Fortymile Wash,
Pinnacles Ridge is a triangularly shaped upland with similar structural and lithologic
characteristics to Yucca Mountain (Carr, 1984),

6O
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2.3 Climate

The repository site is located in a semi-arid to arid environment with sparse vegetation,
characterized by short mild winters and long, hot, dry summers, The area has very low
annual precipitation, low humidity, high evaporation, and, during the spring high, wind
velocities.

The precipitation distributic - highly variable over space and time. In general, the
amount of precipitation is ¢ ‘lated to the elevation (Quiring, 1983), ranging from an
average of 40 mm annual rainfall in the lowest basins to 760 mm on the highest
mountain peaks. Three-fourths of the precipitation occurs as thunderstorms during the
cool season from about October through April. The storms may vary in lozal intensity
and duration (Nichols, 1987). Light snow falls during the winter and generally melts or
sublimates within a few days (Waddell and others, 1984). The seasonal pan evaporation
exceeds the annual rainfall by S to 25 times (Rice, 1984). However, the pan evaporation
rate may not be a reliable indicator for the actual evaporation in the extremely arid
portions of the region.

The consequences of climatic variations must be addressed when evaluating scenarios
at the repository site. For example, the repository performance may be impacted if a
climatic change causes increased precipitation and decreased evaporation,
Paleoenvironmental evidence (e.g., the vegetation record, lake level variations, pack rat
middens, glacial cycles) indicates that significant climatic variations have occurred within
the past 2 million years. These climatic variations of the past suggest that such
variations will continue to occur in the future, and that a significant change could take
place within the next 10" years, the regulatory time period of interest.



30 GEOLOGY

This section describes the stratigraphy of the region. The physical properties, petrology,
and mineralogy of each geologic unit is described. A brief discussion of the structure
of the local area is also given.

A1 Stratigraphy

This section provides a general description of the geologic stratigraphy of the repository
site. The stratigraphy is determined from field work performed in the Yucca Mountain
region by the USGS and other investigators using data from borehole logs, well logs, and
outcrops (Winograd and Thordarson, 1975). The stratigraphy of the repository site was
divided according to the major rock types (see Figure 3.1). Table 3.1 contains a
description of the lithology of each geologic formation according to work by Winograd
and Thordarson (1975).

The general geologic serface e.pusures in the region are shown in Figure 3.2, The
repository site is composed of a thick sequence of volcanic rocks overlying carbonate and
clastic depos’ts. In this ragion, two structural blocks are underlain by thick sections of
upper clastic sediments (see Figure 3.3). The upper volcanic rocks are described with
the most detail, because they control the unsaturated flow paths from the repository to
the water table. The lower carbonate and clastic rocks comprise the regional aquifer
system, and less detail is necessary to describe the region. The gen~ ! subsurface
stratigraphic relationships of the geologic umnits is depicted in Figure 3.3,

3.1 Alluvium

The alluvium is comprised of Quaternary unconsolidated alluvial fan, fluvial, and
fanglomerate deposits, primarily consisting of sand and gravel. Interbedded laucustrine
and mudflow deposits are composed of much finer clay-sized material. Alluvial deposits
are up to 610 m thick. The alluvial deposits are often found in the basins as the
uppermost stratigraphic unit.

3.1.2 Volcanic Tufr

The volcanic rock sequence is comprised of a wide variety of rock types including
densely welded devitrified and vitric ash-flow and ash-fall tuffs, nonwelded vitric ash-flow
tuffs. vitric bedded tuffs, nonwelded zeolitized and argillized ash-flow tuffs, zeolitized and
argillized bedded tuffs, as well as minor basalt and rhyolite flows (Scott and others,

9
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Table 3.1. Description of the Stratigraphy of the Hypothetical Repository Site
(modified from Winograd and Thordarson, 1975).

Geologic Geologic Lithology Maximum
Unit Formation Thickness (m)
Alluvium Alluvium Alluvial fun, Nuvial, 610
fangiomerate, lakebed and
mudNow deposits.
Voleanic Tulf Timber Min Tuff Interhedided nonwelded 1o densely 640
Paintbrush Tuff welded ash fiow tall, and thin
(Tva Canyon ana ash-"all tulf Qeposits
Topopah Spring Members)
Painthrush Tuf! Ash-Tall tuff and Ouvial a8
(Beddad Tuff Member) reworked tuff,
Wahamie Formation Interhedded ush fall ff, 520
tuffacecus sandstone, iufl
tireceia, matrx clayey and
reolitie,
Salyer Formation Precoia floas, lithic bre . 610
interbedded with ash  ail tufl,
sandsione, silistone.  laystone,
matrix clayey or ¢ ireous.
Indian Trail Formation AshNow fl, densely welded. k.
Cirouse Canyon Member
Tub Spring Member Ash-flow 1uff, nonwelded to welded. 90
Informal units Ash-fall tffl, nonwelded to 610
semi-welded ash-Now tutl, tulfaceous
sandstone, silistone, and claystone
all massively altered to zealite or clay
mine ruls
Tuffaceous heds Nonwelded and welded ash-flow and 610
of Calico Hills ash-fall wff, wif breccia, tuffaceous
sandstone, matrix of tff and sandstone
commaonly clayey or zeolitic,
Tuff of Crater Flat Ash-flow 1uff, nonweided and welded %0

ash-Now and ash fall waff, wil breceia,

wifaceous sandstane, mateix of tuff
and saadstone commonty clayey of
zeolitic.
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313 Upper Carb - ..

The carbonate rocks are found in two major deposits with clastic strata differentiating
the upper and' lower units. The upper Pennsylvanian to Permian carbonate unit is a
massive fractured limestone measuring more than 1000 m thick. Deformation of the
carbonate rocks results in regions of high fracture density (Winograd and Thordarson,
1975). The upper carbonate rocks have been eroded away from most of the repository
area.

3.1.4 Upper Clastics

There are two clastic deposits below the repository area. The upper clastic unit is an
argillitic rock containing a large fraction of clay minerals, with minor quartzite and
limestone beds that are approximately 2400 m thick. The upper clastic strata is a series
of depositions occurring within an elongate trough as a result of a late Devonian to late
Mississippian orogenic event. The deposit in the Syncline Ridge area is 99% argillite
and contains minor quartzite beds. Lappin and others (1981) describe the argillite
petrology and mineralogy in more detail,

The argillites have moderate matrix porosity (Winograd and Thordarson, 1975),
Secondary porosity, such as solution cavities along fractures, is poorly developed due to
the low solubility of shales. These rocks respond plastically to deformation by shearing
and tight folding. In general, sections of high-quartz argillite have lower fracture
frequencies than those that are mainly low-quartz argillite (Lappin and others, 1981).

A 1.5 Lower Carbonates

The lower carbonate strata are up to 4500 m ihick, comprised of limestone and
dolomite, commonly inierbedded with siltstone, claystone, or quartzite. The lower
carbonates exhibit highly variable physical properties. The matrix porosity of the lower
carbonate rocks is very low. The rocks are fine grained to coarsely crystalline, and
calcite or dolomite crystals are tightly intergrown. Vugs have been observed, but no
interconnected vuggy porosity has been observed (Winograd and Thordarson, 1975).

The lower carbonate rocks are highly fractured and locally brecciated. Brecciation
occurs along faults with only a few meters displacement. The strike and frequency of
the fractures is significantly different from one area to another, particularly from fault
block to fault block. Local fractures are confined to a particular bed or group of beds.
The local fractures exhibit consistent trends over areas tens of meters in diameter. Most
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4.0 GROUND-WATER FLOW SYSTEM PROCESSES

The following sections describe the processes controlling ground-water flow through the
unsaturated and saturated zones,

4.1 Infiltration

Infiltration is the process of water entry through the land surface/atmosphere interface.
The rate of infiltration varies with time and space, and depends on the initial moisture
and pressure conditions as well as the texture, structure, and uniformity of the geologic
profile (Hillel, 1980a). The frequency, rate, and duration of precipitation events are
factors in determining how much infiltration occurs, High-intensity thunderstorms most
likely exceed the soil/rock’s ability to imbibe water, resulting in surface runoff to
ephemeral stream channels where infiltration may occur. Degree of vegetation, slope,
and surface soil/rock type are controlling factors in surface runoff rates. Conversely, if
the rainfall rate is smaller than the soil/rock infiltrability, the infiltration process is
supply-controlled, and water infiltrates as fast as it reaches the surface (Hillel, 1980a).
Once water has penetrated the land surface /atmosphere interface, it may be stored in
surface soil or rock deposits, become interflow, or undergo evapotranspiration. The
water that is not lost to these processes is considered net infiltration. Information on
rainfali, runoff, and evaporation for the area, however, are not available to determine
the rainfall runoff infiltration relationships in the region (DOE, 1988).

The most probable areas for infiltration to occur are at high elevations that receive the
highest annual precipitation. If bare tuff rock is exposed, pulses of water can enter the
rock fractures. Fractures are most abundant near the land surface, and may be filled
with weathered material of higher infiltrability than the rock matrix. If soil is covering
the rocks, the soil properties and thickness dictate the infiltration rate. A significant soil
cover on the mountain would dampen rapid pulses of water entering the fracture system.
In this case, more water can infiltrate the soil than it can the tuff. However, evaporation
or storage in the soil layer may reduce the amount of infiltration to the fractured tuff
unit,

The potential for infiltration is high in areas of low elevation that consist of alluvial
valiey fill. However, the precipitation is less and the evaporation rate is higher in these
regions. It is likely that only a small amount of water actually enters the flow system
through the thick valley fill deposits. Norris and others (1985) inferred that no
infiltration occurred below a depth of about 2 m in valley fill alluvial deposits northeast
of the repositor “te (Yueca Flat), according to *Cl infiltration studies.
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Figure 4.5. Conceptualization of Barometric Pressure Eftects on Air Flow in
Boreholes Open in the Unsaturated Zone (from Weeks, 1987)
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4.5 Saturated Ground-Water Flow

In the saturated zone, capillary forces are no longer dominant. Gravity forces cause the
pressure head. The pressure head distribution, in turn, determines the ground-water
gradient, the driving force behind ground-water flow, The flow system through the
saturated zone is often conceptualized to be horizontal (see Section 3.2). In reality,
vertical movement also occurs in recharge and discharge zones. The structural
framework and the location of high and low permeability units complicates the three-
dimensiona! saturated flow field in the region. The saturated zone is comprised of two
fractured aquifers that are sometimes separated by an aquitard. Thus, saturated fracture
flow is a dominant process for water movement through the saturated zone. Sections
6.2, 6.3, and 8.2 describe the characteristics of the saturated zone at the repository site
in more detail,
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£0 TRANSPORT SYSTEM PROCESSES

T, define a conceptual mode! (see Section 1.2), & description of the transport processes
affecting the repository system is necessary. The following sections identify important
processes related to transport of radionuclides from the repository to the accessible
environment (i.e., through the geologic medium in the far-field region). Since the
primar: mode of radionuclide transport may be as dissolved solutes in the ground water,
the migratio: of radionuclides must be consistent with the ground-water flow system that
will be discussed in detail in Section 6, These ransport system processes apply to both
transport in the unsaturated and saturated zones. These processes are convection,
dispersion, diffusion, radioactive decay, and sorption. Other processes will be discussed
in terms of how they affect or are related to these important transport processes (i.e.,
dissolution and its effect on sorption). Gas phase transport will be discussed, because
it is a possible migration path due to the presence of the gas phase in the unsaturated
zone. Colloid transport will also be described, since there is the possibility of
radionuclide colloid transport in a ground-water flow system. The processes will first be
described in general terms, then the discussion will be extended to unsaturated and
saturated, fr ctured rock.

5.1 Convection/Dispersion

The physical processes that govern the flux of solute in a ground-water system are
convection and hydrodynamic dispersion. Transport by the bulk motion of the flowing
fluid is known as eunvection. The rate of solute transport by convection alone is equal
to the average lincar velocity of the flowing fluid.  Therefore, to conceptualize
convective solute transport in & porous medium, information about the velocity field
must be known. Hydrodynamic dispersion is the tendency of the solute to spread out
from the path it is expected to follow due to convection, or is the macroscopic outcome
ot the actual movement of individual solute particles through the porous medium (Bear,
1972). If investigators knew the exact flow path of every solute particle through the
porous medium, then it would not be necessary to include dispersion as a transport
process. Since this microscopic information is not available, however, it becomes
necessary 1o represent this macroscopic phenomenon as the physical process of
dispersion, This process is important because dispersion causes dilution of the solute,
and, therefore, dispersion affects the concentration of radionuclides in the ground water.

Hydrodynamic dispersion includes two processes: mechanical dispersion and molecular
diffusion (Bear, 1272). Although hydrodynamic dispersion is defined in this manner,
mechanical dispersion and molecular ¢/fusion are two distinet processes. However,
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classical dispersion theory (Tavlor, 1953) maintains that the mechanical dispersive flux
can be represented in a way that is similar to the diffusive flux (i e, Fick's law of
diffusion). Consequently, mechanical dispersion and molecular diffusion are typically
combined, and the resultant process is called hydrodynamic dispersion.  Analyses of
ground-water flow systems traditionally follow classical dispers.on theory: hydrodynamic
dispersion is represented by defining a dispersion coefficient that is a function of
mechanical dispersion and diffusion.

The driving force for mechanical dispersion is mechanical mixing. Mechanical mixing
oceurs during convection and, when viewed on the microscopic level, is caused by the
roughness of pore surfaces, the uifferences in pore sizes along the flow paths, and the
branching of pore channels. Molecular diffusion is solute particle (ionic or molecular
constituents) movement in the direction of a concentration gradient. This movement is
due to the thermal-kinetic energy of the solute particles (random motion). Solutes tend
to move outward from a concentrated source, even in the absence of fluid movement.
Therefore, it is possible that radionuclides may migrate by diffusion only and may not
be coupled with ground-water movement. Diffusion is the dominant process of
hydrodynamic dispersion at relatively low velocities, and mechanical dispersion
dominates at high velocities.

The dispersive process causes spreading of the solute in the longitudinal flow direction
as well as directions transverse to flow. Because the spreading of the solute
concentration is larger in the direction of flow compared to directions travsverse to flow,
the dispersion process is anisotropic, even if the porous medium through which flow
oceurs is isotropic (de Marsily, 1987),

In traditional analysis, mechanical dispersion is treated as a function of the product of
ground-water velocity and a dispersivity coefficient. The dispersivity has generally been
assumed to be constant for a specific porous medium. This was experimentally verified
on small samples by Pfankuch (1963). However, more recent studies (Lallemand-Barres
and Peaudecerf, 1978; and Dieulin and others, 1981a, 19811} have indicated that the
dispersivity may be both scale and time dependent, Lallemand-Barres and Peaudecerf
found that, for published values of dispersivities, the dispersivity increased with distance
between the source and the observation point. The data presented was for several rock
types and ranged between distances of a few meters to 10 km, As an approximation, the
dispersivity was found to be one-tenth of the distance traveled and, therefore, the
dispersivity increased with distance. Dieulin and others found that, during a short time
interval, measurements at different distance” from the source implied a constant
dispersivity; however, for a longer time interval, they o ained a larger dispersivity value.
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In general, convection in fractured, geologic media is more complicated, compared 10
unfractured media. Ground water in the unsaturated zone is preferentially drawn into
the smallest pores due to surface tension forces (capillarity). This leads to greater
constrictivity and lower permeability in the matrix compared to the fractures. Although
some researchers have indicated that fracture flow in unsaturated tuff will not oceur due
to the high matrix potential, there have been no conclusive studies involving
experimental laboratory and/or field data to support this assertion. One area that has
not been investigated thoroughly is the possibility of short intense rain storms that may
induce fracture flow and transport. It is typically assumed that if this flow occurs, it will
be transferred to the matrix due to capillary suction. However, mineral layers on the
fracture surfaces can possibly impede capillary uptake into the matrix (Thoma and
others, 1990). Because dominant matrix flow cannot be established at this time, fracture
flow cannot be ruled out as a possible path for radionuclide migration,

Hydrodynamic dispersion in fractured geologic media may be more complicated than it
is in urfractured media, Fractured geologic media are highly anisotropic with respect
to the orientation and frequency of fractures and hence, dispersion becomes more
complex. For example, the clessical assumption that the principal direction of dispersion
is in the direction of the velocity is questionable for fractured media, because fractured
media are anisotropic (de Marsily, 1986). 1t is also conceivable that the connectivity of
the fracture network would have a significant influence on the magnitude of the
dispersive effects in fractured media.

£.2 Diffusion

As indicated earlier, molecular diffusion will be the dominant transport process at
relatively low flow velocities, For unsaturated zone transport, molecular diffusion can
oceur in bath the liquid and gas phase. For a fractured geologic medium, molecular
diffusion can occur within the fractures in the matrix or between the fracture/matrix
system,

Diffusion within the unfractured matrix will be affected by resistance from pore
constrictions and branching pore channels. Characteristics that will decrease diffusion
due to the porous medium are usually accounted for by using an effective diffusivity.
The effective diffusivity is typically defined in terms of a tortuosity factor, a molecular
diffusion coefficient, and the porosity of the porous medium. The tortuosity factor
accounts for the resultant tortuous path that the solute particles follow as a result of
migration in the porous medium. Porosity accounts for the decrease in cross-sectional
area for diffusion to oceur due 1o the parous medium,
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typically m isure K,'s. This question arises from the fact that researchers often find K,'s
by using crushed rock samples and measuring the amount adsorbed in a batch system,
This is in contrast 1o the actual physical system, which is dynamic (i.e., ground water
flowing through the rock). Also, the surface area available for sorption to occur is quite
different in the actual system than that of the ground up rock sample; consequently,
these measurements may not be conservative,

Another chemical process that can occur in a ground-water system that is related to
sorption is ion exchange. In fact, some studies define ion exchange as a form of sorption
(Travis and Etnier, 1981). In a repository setting, it is difficult to discern between
sorption and ion exchange because the result of each process (i.e., retardation of solutes)
is the same. One main difference between the two processes is that sorption is often
considered reversible (physical adsorption), whereas ion exchange is often considered
irreversible (chemical adsorption).

One aspect of ion exchange that can be applied to the unsaturated, fractured tuff is that
the zeolites that are in the tuff show high selectivity for specific cations (Drever, 1982),
Consequently, zeolites could immobilize specific radionuclide elements and therefore
contribute to the chemical retardation process. However, because zeolites have a rigid
structure and the pore sizes are relatively small (on the order of 3 x 10° m to 9 x 10°
m), counter ions are not very mobile. Consequently, zeolites can act as molecular sieves
and ions that are larger than the pore sizes are excluded from the ion exchange process.
For example, Helfferich (1962) states that in zeolites, ion exchange can occur with Na*
for Li*, K*, and Ag*, but not for Cs*, This molecular sieve effect may exclude some
of the larger radionuclide ions from exchanging with counter ions contained on the
zeolite surface in the porous matrix,

54 Radioactive Decay

Another important process that is specific to transport of radionuclides in a ground-water
system is radioactive decay, Radioactive decay is the spontaneous transformation of a
nuclide into one or more different nuclides, accompanied by either the emission of
particles from the nucleus, nuclear capture, ejection of orbital electrons, or fission,
Radioactive decay is imperant because many of the transport mechanisms depend on
the concentration of the radionuclide elements. For example, a daughter nuclide may
be sorbing w e its parent may not, or vice versa. Radioactive decay is a first-order
reaction, whire the amount of radioactive element decaying is proportional to the
amount presen.  The proportionality constant is called the decay constant and is specific
for each radionu clide.
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Smith and others (1986) also analyzed the transport of volatile radionuclides in the gas
phase by con  ‘on/diffusion, They performed conservutive hounding caleulations on
the gas flow cate relative to the liquid flow rate (mobility ratios) due 10
convection/diffusion for expected repository conditions. From the magnitude of these
mobility ratios they concluded that, except for the immediate region near the canister,
transport in the liquid phase will be dominant for radionuclides as heavy as or heavier
than cesium, The authors also note that near the waste canister, gas phase transport of
"1 may be important.

As indicated previously, transport of gaseous tadionuclides (such as "C in the form of
CO, or CH,, or "I) may also occur in the unsaturated zone. This is a research area
where little work has been done to ascertain its importance, although recently, some
investigators have done preliminary studies concerning gaseous “C migration (van
Konynenburg and others, 1985; Amtc - and others, 1988, Ross, 19UKK).

There are several different driving forces for gus flow. Diffusion oceurs along a
concentration gradient. Density differences drive convective gas flow, The density
difference between gases below the surface and gases in the atmosphere are caused by
temperature and pressure differences. Because of seasonal temperature fluctuations, gas
moves up in the winter and down in the summer. Daily pressure changes ¢an also cause
upward and downward gas movement. Researchers have inferred that air moves in and
out of boreholes at Yucca Mountain (Weeks, 1987) and at the Apache Leap Tuff Site
(Evans and Rasmussen, 1988), and they have postulated that this movement is due to
density differences.  Gas phase radionuclide migration to the surface due to these
oscillating flows may be possible, However, Amter and others (1988) conclude that, for
CO, migration at Yucca Mountain, transport due to the seasonal gas flow is much less
than migration of CO, due to diffusion, and is therefore negligible. This conclusion i
based on physical assumptions about the Yucca Mountuin system under present-clay
conditions. These assumptions include gas transport in un equivalent porous media,
steady-state gas flow during any season (with the air pressure at the surface an average
over diurnal and weather-related fluctuations), and a retardation factor of 70 for gaseous
“C0,,

In high-level nuclear waste (spent fuel) “C is found on the interior of fuel rods and on
the interior and exterior of fuel assembly structural components (van Konynenburg and
others, 1985). Initially, when the waste package is breached and the contents contact air,
the ™C contained in the external structural components will be released rapidly in the
form of gaseous CO,. Van Konynenburg and others (1985) conclude that this initial
release of "C will not exceed the proposed EPA standard, but that further research is
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in dissolved form. On the other hand, colloids might be retarded by filtration in the
POrOUs Matrix,

Colloid filtration depends on the relative sizes of the colloids and the pores. Colloid
particles must be smaller than the fractures and/or pures in the geologic medium to pass
through them. Preliminary experimental work (Smith, 1988) indicates that pore sizes in
welded tff matrix are relatively small {radii ranging from § x 10°m to 1 x 107 m),
Consequently, transport of radioactive colloids will probably oecur primarily in the
fractures of the tff. This conclusion is consistent with the conclusions of Teang and
Mangold (1984). Colividal particles may also aggregate into larger particles due to
flocculation. By forming larger particles, the efficiency of colloid fltration increases,

The critical parameters when considering colloid transport include flow rate, ionie
strength, particle size, and surface charge (Binnall and others, 1987; Bonano and Beyeler,
1985). Untortunately, due to lack of experimental data, the exact nature, stability, and
properties of radioactive colloids are difficult to predict.  Apps and others (1982)
concluded, from the smait amount of availuble data, that concentrations of colloids are
very low, and, therefore, not a significant path for radionuclide transport. Bonano &nd
Beyeler (1985) showed that if the rate of appearance of colloids increases along the
transport path so does their yate of capture and vice versa, This may be the reason
colloid concentrations have been found to be low. For the unsaturated zone, if one
assumes transport occurs predominately in the matrix system, ground-water flow rates
will be relatively low, and colloid transport is probably not a significant path for
radionuclide migration, However, for the saturated zone where fracture flow is
demicant or for unsaturated fracture flow, colloid transport becomes more significant,
This 1s because of the relatively higher flow rates in the fractures and the possibiiity of
radioactive colloids reaching the accessible environment in a relatively short time period.
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stratigraphy of the suturated zone,

Only one hydrogeologic stratigraphy is presented here, mainly based on work by
Montazer and Wilson (1984) and Winograd and Thordarson (1975). There are actually
an infinite number of hydrogeologic stratigraphies, depending on which physical
characteristios are ¢hosen as the criteria for selecting the divisions, The following
discussion presents tae hydrogeologic stratigraphy in only one- and two-dimensional
format, recogniziry that the ‘rue hydrogeologic system is not well understeod in three-
dimensions,

Alluvium is present in washes that dissect Yucca Mountain, and form surficial deposits
in the inter-ridge and flats in the vicinity. The thickness, lithology, and sorting of the
alluvium deposits vary substantially, but overall, the alluvium hydrogeologic unit is more
permeable than the tuff units (Montazer and Wilson, 1984). The alluvium is unsaturated
in the immediate repository area. The alluvium is saturated only beneath the structurally
deep parts of the region near recharge or discharge zones. The alluvium is the principal
aquifer of the Amargosa Desert (Waddell and others, 1084),

The Tiva Canyon welded unit is the uppermost unit at the surface of Yucca Mountain,
On the central block this unit dips to the east at an angle of 5§ to 10 degrees and is
exposed at the land surface in several areas (Montazer and Wilson, 1984), The Tiva
Canyon welded unit ranges from 0 to 150 m in thickness (Scott and Bonk, 1984). This
unit has a large fracture density and a low matrix permeability (Scott and others, 1983;
Anderson, 1981),

The Paintbrush nonwelded unit consists of thin ash-flow sheets and bedded tuffs that
thin to the southeast in the repository area from a maximum thickness of 100 m to about
<0 m (Scott and Bonk, 1984). The unit dips to the east at angles of § tc 25 degrees.
These tuffs are vitric, nonwelded, highly porous, contain low fracture densities, and have
high matrix permeabilities (Montazer and Wilson, 1984),

The Topapah Spring welded unit is the proposed host rock for the repository. It is
characterized by dense fracturing and low matrix permeability (Weeks and Wilson, 1984;
Scott and Bonk, 1984). The Topopah Spring unit is the thickest and most extensive ash-
flow tuff in the repository area (290 to 360 m) (Scott and Bonk, 1984). The Topopah
Spring welded unit is devitrified throughout the central portion of the deposit. The
Topopah Spring unit contains several lithophysal cavity zones that are laterally
continuous, varying in thickness and stratigraphic location. East of the repository block,
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ti - water table is located within the base of the Topopah Spring welded unit (Montazer
and Wilson, 1984),

Tie Calico Hills nonwelded unit varies in unsaturated zone thickness because of the
location of the water table. The thickness of the Calico Hills nonwelded unit ranges
from 140 to 250 m (Scott and Bonk, 1984). Both vitric and devitrified facies occur
within the Calico Hills nonwelded unit (Montazer and Wilson, 1984). The vitric facies
have substantially larger permeability than the devitrified facies, and thus have an effect
on flow within and through the hydrogeologic unit.

The Crater Flat tff unit consists of welded and ronwelded twff layers. However, no
differentiation was made between the two layers because the Crater Flat toff is located
beneath the water table within the maujority of the repository area (Montazer and
Wilson, 1984). The thickness of the Crater Flat tuff ranges from zero to 160 m (Scott
and Bonk, 1984),

Beneath the water table, the upper carbonate aquifer is more than 1000 m thick at
several locations, The upper carbonate aquifer hus been eroded from the eastern part
of the region, or occurs in ridges at altitudes above the water table (Winograd and
Thordarson, 1975). The only area where the upper carbonate aquifer is saturated is in
the western part of Yueca Flat (Waddell and others, 1984). Therefore, the upper
carbonate aquifer has minor significance to the regional ground-water flow system,

The upger clastic aquitard is present in the Yucca Flat area, The upper clastic aquitard
is composed of argillite with minor quartzite and limestone, It is approximately 2400 m
thick and has a very low permeability, The presence of the upper clastic aquitard is
responsible for local steep horizontal hydraulic gradients.

The lower carbonate aguifer is widespread in the eastern portion of the region. 1t is the
primary transmitter of water in the saturated zone. As discussed previously (Section 3.1),
the lower carbonate aquifer is highly fractured und saturated fracture flow is a dominant
flow process in this unit. The total aquifer thickness exceeds 4700 m, and the effective
transmissivity of the aquifer is very large (Waddell and others, 1984),

The lower clastic aguitard is comprised muinly of quartzite and shales, It is up to three
orders of magnitude less permeable than the lower carbonate aquifer. The lower clastic
aquitard is often treated as the lower boundary of the hydrogeologic system (Winograd
and Thordarson, 1975). The low permeability of this unit most likely has a significent
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7.0 TRANSPORT SYSTEM

Transport of radionuclides from the repository, through the unsaturated and saturated
zones, to the accessible environment will oceur through a complex, spatially varying
system,  For a conceptual model, these variations in the vertical direction are
represented as a series of discrete layers, The location and thickness of each of these
layers, for the purposes of transport modeling, will be a function of the nature of the
dominant transport mechanisms considered.  In the following section, a possible
stratigruphic representation of the repository site based on radionuclide transport
processes is proposed. For this discussion, transport is divided into physical (convection,
diffusion, dispersion) and chemical (sorption) components,

As will be discussed below, the layering (i.e,, number of units, unit thickness, location
of units) based on physical transport mechanisms is likely to be different than that based
on chemical transport mechanisms. Similarly, stratigraphy derived from hydrogeologic
considerations can differ from that based on solute transport.  The differences in the
stratigraphies arise primarily because the processes considered cuan depend on different
types of properties. For example, when defining transport layers, both physical and
chemical properties of the rock can play a role in the conceptualization, whereas,
defining hydrologic layers really requires that only the physical properties of the rock be
considered. Note that no attempt is made here to define a transport stratigraphy for
each, specific radionuclide, but rather a general layering for all radionuclide species.

In addition to the transport-based stratigraphy, the effect of repository site
hydrochemistry on transport processes will be bricfly discussed in this section,

7.1 Physical Transport Stratigraphy

Similar to ground-water flow, the convective, dispersive, and diffusive components of
radionuclide transport will be controlled directly or indirectly by the fundamental
physical properties of the geologic medium. For that matter, the convective and
dispersive components of transport are functions of specific flow properties (i.e., ground-
water veloeity). As a result, the stratigraphic layering bused on convection, dispersion,
and diffusion must be the same as the hydrogeologic stratigraphy discussed in Section
3.1, Sections 5.1 and 5.2 have previously presented a detailed discussion of the transport
processes convection, dispersion, and diffusion in porous, fractured, unsaturated, and
saturated media.
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Convective transport of a species results from the bulk flow of a fluid in which the
species is contained. Thus, layering derived for this mechanism would be id»=cical to
the hydrogeologic layering. Because the mechanical dispersion component of
hydrodynamic dispersion is caused by the flow of ground water through variable flow
channels (see Section 5.1), it is assumed that dispersion would similarly be correlated to
the hydrogeologic layering. Because convective and dispersive transport are directly
dependent on flow, the above should be true for both fracture and matrix
convective /dispersive transport.

As opposed to convection and dispersion, diffusion can occur without ground-water
flowing. Nevertheless, because the effective diffusion is @ function of the same
underlying physical properties of the geologic medium which control ground-water flow
(e.g., pore structure, pore properties), the stratigraphy for transport by diffusion would
likely be the same as the hydrogeologic strata. This is hecause ground-water flow,
convection, dispersion, and diffusion, in general, can be described as functions of
macroscopic properties, such as porosity and tortuosity,

Diffusion between fractures and matriy, as a transport retardation mechanism, could also
potentially influence transport stratigraphy. Matrix diffusion, as a function of fracture
flow velocities and the physical properties of both fracture and matrix, would not in itself
be basis for a stratigraphy different than the hydrogeologic stratigraphy. However, as
a function of the sorptive properties of the geologic medium and radionuclide species,
matrix diffusion may impact the need for a different stratigraphy. These geochemical
considerations are discussed below in Section 7.2.

The relative contribution to stratigraphy definition by convection, dispersion, and
diffusion will of course depend on the relative impact each has on overall solute
transport. Using only the qualitative arguments given above, for this conceptual model,
we will assume that the stratigraphic representation based on the physical radionuclide
transport mechanisms is the same as the hydrogeologic stratigraphy (Section 3.1), for
both the saturated and unsaturated zones. Consequently, no new layering will be defined
based on the physical transport processes.

7.2 Geochemical Transport Stratigraphy

Geochemical and mineralogical properties of the volcanic rocks affecting radionuclide
transport (specifically sorption capacity) include the degree of vitrification and the
presence of secondary zeolitic and clay minerals. In the discussion that follows, the
geochemical and mineralogical variations at the repository site that affect chermical
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components of transport (i.e., sorption) will be reviewed. Subsequently, & geochemical-
transport stratigraphy is proposed, based on variations in these sorptive properties. For
a detailed discussion of the process of radionuclide sorption in porous geologic media,
sec Section 5.3,

Duritg cooling, ash-flow tuffs at the repository site have gone through a series of
crystallization stages. Tt is during the late stages of this crystullization that secondary
minerals, such as zeolites and clays, are formed. The secondary mineralization oceurs
as the initial tuff components are altered during cocling, In the devitrified zones,
smectites are formed by alteration of glass, feldspar, and mafic silicates. In the vitric,
non-welded tuffs, many secondary zeolites are formed during alteration of glass phases,
In addition to coolic -induced alterations, availability of water can induce further
alteratien in the formation of hydrous minerals (e.g, transition from clinoptilolite to
analeime o albite; Bish and others, 1981).

Specifically, the most sorptive minerais at the repository site are the open-channel
zeolites (clinoptilolive, heulandite, and mordenite) (Vaniman and others, 1984; Daniels
and others, 1982), Less sorptive are those zeolites possessing a less open structure (e.g.,
analcime). Of the clay minerals at the site, the smectites are the most sorptive (Bish and
others, 1984b). Although elemental compositions of clinoptilolite, heulandite, mordenite,
and smectite are variable (Broxton and others, 1986; Caporuscio and others, 1982), and
sorption is varinble with composition (Rundberg and others, 1985), no attempt is made
here to correlate sorptive properties with specific zeolite or clay elemental composition.

A number of studies have shown that the sorptive behavior of certain radionuclide
groups is significantly affected by the presence of zeolites and clays, while other
radionuclide groups exhibit poor correlation between mineralogy and sorption. Sorption
ratios for the simple cations, cesium, strontium, and barium (used as an analogue of
radium; Daniels and others, 1982), hava been found to be as much as two orders of
magnitude higher in zeolitized wffs than in devitrified tuffs not containing zeolites
(Johnstone and Wolfsberg, 1980: Vine and others, 1981; Wollenberg and others, 1983,
Thomas, 1987). The increase in sorption is greatest when clinoptilolite and mordenite
are considered together. An increase in sorption of cesium, strontium, and barium has
also been observed in samples with high smectite content (Daniels and others, 1982),

Sorption ratios for cerium and europium are generally very high in zeolitized and clay

samples (greater than 1000 ml/g and often greater than 10' ml/g) and lower on
devitrified and glass samples (100's of milliliters per gram), but do not follow mineralogy

67


















PR Ry v —

sandstone.  However, although they are well-defined mineralogically, lack of
sorption/retardation data for these deeper saturated-zone formations precludes further
quantitative definition of discrete sorption intervals within this unit. Conservatively, this
deepest geochemical unit is defined as a non-sorptive unit throughout, although local
abundances of clay and zeolites exist.

The depth and thickness of the units within this stratigraphy, including their lateral
variations based on borehole data, are summarized in Table 7.1. A plan view indicating
location of the boreholes from which the data were gathered is shown in Figure 7.1.
Note that because this stratigraphy is based primarily on zeolite abundance, it is but one
possible geochemical transport stratigraphy. Considering additional mineraiogy and/or
chemical processes could result in alternative stratigraphies.

For a detailed summary of sorption data as a function of lithology and stratigraphic
position, se¢ Tien and others (1985) and Thomas (1987). For a detailed stratigraphic
summary of the mineralogy within the tuffaceous rocks at the repository site, see Bish
and Vaniman (1985), and within the deeper petrologic zones, see Winograd and
Thordarson (1975).

7.3 Stratigraphic Comparison

A qualitative, one-dimensional, stratigraphic comparison of the depth and thickness of
the geochemical transport (sorptive) units with the geologic and hydrogeologic units is
given in Figure 7.2 to indicate graphicaily some obvious differences in each. Between
the repository horizon and the upper carbonate aquifer, the geochemical transport layers
are highly variable in thickness and are much finer relative to the hydrogeologic or
geologic layers, whereas, below the upper carbonate, only a single geochemical transport
layer is defined. The physical transport stratigraphy would be the same as the
hydrogeologic stratigraphy.

For the purposes of transport modeling, a composite layering system which includes both
the hydrogeologic and geochemical transpoit stratigraphies would be a more complete
representation. In doing so, both physical and chemical transport components would be
incorporated, at their appropriate locations, The composite layering would be an overlay
of the geochemical stratigraphy over the hydrogeologic stratigraphy (or vice versa),
resulting in a stratigraphy with thinner and greater number of units than found in either
of the contributing stratigraphies. A hypothetical example is given in Figure 7.3. Both
physical and chemical properties would change simultaneously at the interface between
two layers only in the case where the hydrogeologic and geochemical transport layer
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margins coincide; otherwise, only one set of properties, physical or chemical, would
change at a given interface.

From the above discussion and from Figure 7.2 it is evident that the geochemical
stratigraphy defined for the purposes of transport modeling does not necessucily
correspond with either the geologic or hydrogeologic stratigraphies, whereas the physical
transport stratigraphy is the same as the hydrogeologic stratigraphy. Differences in
depth, thickness and lateral variations of layers are due to fundamental differences in
the processes considered in defining each stratigraphy. However, the respective
stratigraphies should not be considered as alternatives, but rather as complements
because, when defining a final transport stratigraphy, both physical and chemical
components must be considered. In doing so, the resulting transport stratigraphy will be
consistent with the flow assumptions made, but due to the geochemical contribution,
would be a finer, more detailed layering. Uncertainty in the depth, thickness,
mineralogical composition, and lateral location of each of the units should Gecrease as
more pertinent data become available,

7.4 Hydrochemistry Reiated to Radionuclide Transport

Ground-water chemistry at the repository site can impact significantly the transport of
radionuclides from the repository to the accessible environment. The discussion below
is given only in the context of the effect that ground-water chemistry has on transport
of radionuclides through the far-field, including nuclide solubility, speciation, and
sorption. However, because reliable data for ground-water chemistry in the unsaturated
zone at Yucca Mountain are sparse to non-existent, very little can be said about specific
impact of hydrochemistry on transport in that zone for this conceptualization.

Water taken from the saturated zone of the tuffaceous aquifers adjacent to and below
the exploration block at Yueca Mountain has been characterized to be primarily a
NaHCO, water with relatively low total elemental concentration (less than 400 mg/1) for
all samples (Benson and others, 1983; Ogard and Kerrisk, 1984). Water taken from
deeper formations (i€, carbonate aquifer) has much higher dissolved salids
concentrations (greater than 1000 mg/1). Generally, Na*, Ca**, K*, und Mg?* ate the
dominant cations present, while HCOy, CI, SO,%, F, and NO, are the dominant anions.
Ground-water pH is controlled (i.e., buffered) primarily by CO, concentration in the
water and should remain in the range of 6 to 8 (Ogard and Kerrisk, i984). A reducing
environment exists in the saturated zone directly below the proposed repository site (-143
mV vs. H, electrode) (Ogard and Kerrisk, 1984). An oxidizing environment, however,
would be expected in the unsaturated zone because of the presence of oxygen in the gas
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Ortiz and others designated the hydrogeologic units according to variations in porosity
and grain density. Peters and others assumed that each hydrogeologic unit is
characterized by unit properties which are constant throughout the unit with the
exception of the unit located above the water table, the Calico Hills nonwelded unit.
The Calico Hills unit is assumed to be either vitric with a high conductivity, or zeolitic
with a relatively iow conductivity,

8.1.3 Lin and others (1986)

Lin and others (1986) developed a one-dimensional conceptual model for use in a
probabilistic approach to calculate ground-water travel times and total radionuclide
releases from the repository disturbed zone to the water table bundreds of meters
directly below the repository. Their model geometry consists of a group of one-
dimensional vertical tubes grouped together to create a pseudo-three-dimensional
geometry (see Figure 8.3). Thus, although the analysis allows only vertical flow to oceur,
the travel time results include the entire repository area.

Lin and others used an equivalent porous medium approach in their unsaturated flow
model. They assumed that unsaturated flow occurs in the matrix only if the flux rate is
less than the saturated hy Iraulic conductivity of the matrix. If the flux is greater than
the matrix saturated hydraulic conductivity, then fracture flow was assumed to occur as
Darcy flow only. Thus, for fracture flow to occur, the matrix is also saturated.

Lin and others assumed that any transient infiltration pulses that travel through fractures
which may occur at the land surface are damped out by strong matrix capillary forces.
Therefore, steady-state one-dimensional vertical flow was assumed to occur from the
repository to the water table. In addition, Lin and others assumed a unit gradient,
meaning that the unsaturated matrix flow is driven solely by gravity, with an unsaturated
hydraulic conductivity equal to the flux rate of the system. The unit gradient assumptior:
implicitly neglects capillary forces that may cause lateral flow to occur, thus increasing
the amount of vertical flow that occurs.

Lin and others assumed that seven different hydrogeologic units occur from the base of
the repository to the water table, which is consistent with the three-dimensional
interpreted stratigraphy of Ortiz and others (1985) (see Figure 8.4). Lin and others
assumed that each hydrogeologic layer behaves as a uniform porous medium. The range
of data available from four boreholes were used to determine the distributions of the
properties for each hydrogeologic unit (e.g.. effective porosity, saturated hydraulic
conductivity, unit thickness).
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8.1.4 Wang and Narasimban (1955)
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simulations and the low flux cases of the transient pulse simulations. Because this is a
one-dimensional model, the water that moves laterally due to the fixed gradient
approximation is lost from the system and is no longer accounted for.

8.1.6 Wang and Narasimhan (1988)

In 1988, Wang and Narasimhan expanded their model to analyze a wo-dimensional
system .Lat extends up to 1000 m laterally and is composed of slightly dipping welded
and nonwelded tuff units bound on each side by vertical faults (Wang and Narasimhan,
1088) (see Tigure 8.7). The focus of this analysis was to determine whether the fault
zones act as barriers to or conduits for water movement in the unsaturated zone. The
researchers assumed that there are nine hydrogeologic units of uniform thickness and
constant dip (SNL, Interactive Grraphies Information Services). Because the hydraulic
properties of the faults are unknown, the face of the faults were treated as seepage
boundaries open to the atinosphere so that the capillary force is zero and the saturated
hydraulic conductivity is infinite, Various steady-state infiltration simulations, from the
land surface to the water table, were performed. It appears that one-dimensional
columns similar to these in their previous model (Wang and Narasimhan, 1986),
constructed adjacent to each other, were used to create the two-dimensional cross-
section. The assumptions for the occurrence of fracture or matrix flow (e.g., a composite
porous medium, porous medium, etc.) are not clear, but the fault zone analysis is
described as a continuation and extension of the previous work (Wang and Narasimhan,
1986).

8.1.7 Travis and others (1984a.b)

The purpose of the work by Travis and others (19844,b) was to examine the effect of
lithology and the presence of fractures on water flow and radionuclide transport at the
Yucea Mountain site. They present bounding flow calculations to determine to what
depth a slug of water will travel through a fracture,

The conceptual model for the flow analysis involves a series of parallel equally spaced
vertical fractures in a competent, homogeneous, isotropic rock. The fracture is assumed
to be a uniform width that is significantly smaller than the distance between fractures
(see Figure 8.8). Water is allowed to enter the fracture as a pulse. Travis and others
assumed that the water flows down each fracture simultaneously as a saturated slug.
That is, no film flow occurs along the fractures, The fracture flow velncity is determined
by assuming the cubic law is valid for this situation. As a slug of water propagates
vertically downward through a fracture due to gravitational forces, the matrix capillary
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Table 8.1, Conceptual Model Assumptions for Unsaturated Flow at a HLW

Repository in Fractured Tuff

Assumptions

Previous Conceptual Models
3 4 S 6 7 X

Porous Medium
(Matrix flow only)

Compaosite Porous
Medium

Dual Porosity

Discrete Fracture/
Porous Medium

Matrix Only or
Fracture Only

Darey's Law Assumed X

Scale km
Hydrogeologic 6
Units

Empirical Unsaturated X
Relationships for
Conductivity of

Fracture and Matrix

Steady Infiltration X
Rate
Pulse Infiltration X
Rate
Spatially Variable X

Infiltration Rate

X X

X X X X X X
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Table 8.1. (continued)

Assumptions Previous Conceptual Models

1 2 3 4 § 6 7 8 9

Steady-State X X X N X X

Transient X X N

Dimensions 2 1 1 3 3° 1/3¢ 2 1¢ 1

Capillary Effects X X

Negligible

(i.e, Unit Gradient)

Vapor Flow X X

INVESTIGATOR(S)

I. Montazer and Wilson (1984) - Provided qualitative description

2. Peters and others (1986) - Investigated influence of percolation rate

3. Lin and others {1986) - Calculated ground-water travel time

4. Wang and Narasimhan (1985) - Calculated vertical drainage (uniform column)

5. Wang and Narasimbhan (1986, Casel) - Calculated infiltration (layered)

6. Wang and Narasimhan (1986, Case2) - Calculated infiltration (layered)

7. Wang and Narasimhan (1988) - Investigated fault zone effects

8. Travis and others (1984) - Studied fracture slug flow

9. Ross (1984) - Investigated conditions for which vapor flow is important

¢ - From bottom of disturbed zone to water table

b - From ground surface to upper portion of unit where repository is located

¢ - For matrix only

d - Pseudo 2-dimensional system (for some cases lateral flow occurs by applying a
fixed gradient approximation at each node in nonwelded units, allowing water to
move laterally out of the system)

e - Pseudo 2-dimensional system (flow along a fracture and flow from fracture into

matrix ¢an ogcur)
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the pressure head versus hydraulic conductivity curves for most of the unsaturated zone
conceptunl models (see Table 8.1). Peters and others (matrix and fractures, 1986) and
Wang and Narasimhan (matrix only, 1985, 1986, 1988) utilized the closed form analytical
solution of van Genuchten (1980). van Genuchten's model calculates the relative
hydraulic conductivity from a moisture retention curve based on the pore structure
model of Mualem (1976). Lin and others (nuatrix only, 1986) used the empirical power
equation of Brooks and Corey (1966), which is also based on the moisture retention
cutve. Montazer and Wilson (1984) present hypothetical fracture and matrix hydraulic
conductivity versus pressure head curves that could be derived from moisture retention
relationships. Regardless of which empirical method is used, the relationships described
above are all based on soil physics theory, However, the validity of applying soil physics
principles to unsaturated, fractured rock has not been verified by field or laboratory
tests, 1t is likely that the soil physics relationships are applicable to the matrix of the
porous medium, but it may not be as reasenable to treat the fractures in this manner,
For example, the moisture retention curve of a single discrete fracture has never been
measured, Often, a representative moisture retention curve of an unfractured, porous
medium is assigned to the fracture. For instance, Peters and others (1986) assigned
moisture retention curves that &re based on the hypothetical sand moisture retention
cuive of Freeze and Cherry (1979) to the fractures.

The infiltration rate is another component of the unsaturated zone conceptual models.
At the repository site, the infiltration rate probably varies in time and space in
association with episodic precipitation events, However, many of the unsaturated zone
conceptual modeis assume a steady infiltration rate (see Table 8.1). Previous
investigators justified the steady-state infiltration assumption by hypothesizing that if
water infiltrated into fractures at the land surface in pulses, the water would be pulled
from the fractures into the matrix, due to the strong capillary forces of the matrix. Then,
due to low matrix permeabilities, the pulses are essentially dampened out, resulting in
steady flux rates. Additionally, the infiltration rate at the repository site probably varies
spatially according to the physical properties of the land surfuce (e.g, vegetation, soil
cover, slope, et¢). Only Montazer and Wilson (1984) account for spatial variability in
the infiltration tate when comparing the three multi-dimensional unsaturated zone
conceptual models.

The steady-state flow assumption has been made for most of the discussed unsaturated
zone conceptual models (see Table 8.1). For describing flow through the unsaiurated
zone, the steady-state assumption simplifies the analysis considerably. To satisfy the
steady-state condition, or near steady-state condition, the pressure head and moisture
content conditions must not change throughout the time scale of interest, Most
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direction in the unsaturated zone is an oversimplification that neglects many processes
that may be significant for determining the unsaturated flow paths,

The lack of spatial data is a practical factor which has been used by previous authors to
explain the constraiced dimensionality of conceptual models to date. Two boreholes
have been drilled for collecting cores for characterizing the unsaturated zone
approximately 1.5 km apart on the northeastern edge of the repository location
boundary. A third borehole is located about 6 km away, south of the repository location.
Additionally, there are seven boreholes for hydrologic monitoring of the unsaturated
zone in the repository area located along a general north-northeastern trend about 6 km
long (see Figure 8.9). Only one of the monitoring boreholes is located within the
repository area. However, a lack of data is not an acceptable justification for ruling out
a conceptual model which allows three-dimensional flow.

Assuming that steady-state, one-dimensional, vertical flow conditions occur in the
unsaturated zone, the flow system could be further simplified by assuming the hydraulic
gradient is equal to unity and is in the vertical downward direction. Two of the
conceptual models discussed make the assumption of a unit gradient (Lin and others,
1986; Ross, 1984). This assumption allows the flux rate to be equal to the effective
hydraulic conductivity and neglects effects of capillary forces. All the problems
previously discussed with the assumptions of steady-state and one-dimensional vertical
flow pertain to the unit gradient assumption. The unit vertical gradient assumption may
be reasonable for certain sections of the repository site, but the heterogeneity of the
hydrologic system and the potential for lateral flow to occur probably results in a
complex distribution of the pressure head and hydraulic gradient.

Water vapor flow may be a consideration in the unsaturated zone. Only two of the
previous investigators include vapor flow in their conceptual models (see Table 8.1).
Montazer and Wilson (1984) discuss the possibility that vapor flow may occur due to
convective and dispersive processes, but they do not state whether vapor flow is an
important process for the movement of water through the unsaturated zone. Ross (1984)
contends that for flux rates of greater than 0.3 mm/yr the effects of vapor flow are not
important for a system with a thick unsaturated zone.

8.2 Saturated Ground-Water Flow

This following section describes several conceptual models for ground-water flow in the
saturated zone below a repository located in unsaturated fractured tuff. Following a
brief description of each saturated, ground-water flow conceptual model is a discussion
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B2 Craroecki and Waddell (1984)

Czarnecki and Waddell (1984) analyzed the effect of varying lateral flux boundaries
within a subtegfonul ground-water flow system in the Yucca Mountain area. Their
model is equivalent to one of the basins within the regional conceptual model of
Waddell (1982) and included an approximate area of 50 km by 100 km (see Figure 8.13).

Czarnecki and Waddell made the same major assumptions for their conceptual model
as Waddell (1982). They assumed that the aquifer behaved as a one-layer system with
only two-dimensional horizontal flow. Czarnecki and Waddell (1984) also included four
different hydrogeologic units distributed areally in their model: tuffaceous, voicanic,
carbonate, and alluvial rocks. The hydrogeologic units were also designated according
to the regional framework deseribed by Winograd and Thordarson (1975). Hydraulic
properties of the zones were designated by the dominant lithology. Initial estimates of
transmiss'vity values were assumed to be uniform throughout areas with similar
lithologies, or where there were insufficient data available for a given area to define
smaller zones. Additionally, hydraulic parameters, such as transmissivity, were assumed
to be constant over time. The hydrogeologic units were also assumed to be
homogeneous and isotropic.

The external boundaries of the model were based on one of the basins within Waddell's
(1982) conceptual model, The external boundaries were designated as constant flux,
constant kead, or no flow (see Figure 8.14). The areal recharge and discharge
distribution varied over the subregion. Infiltration (i.e., recharge) was assumed to occur
in Forty Mile Canyon. It was assumed for model boundary conditions that
evapotranspiration occurred in Alkali Flat,

8.2.4 Czarnecki (1985)

Czarnecki (1985) used the same conceptual model as described above (Czarnecki and
Waddell, 1984) to evaluate the effects of increased ground-water recharge on the
ground-water system in the Yucca Mountain vicinity. Czarnecki made some slight
modifications in the designation of hydrogeologic zones and included additional
boundaries of constant flux in the con.eptual model. In addition, Czarnecki assumed
that the aquifer is a constant thickness of 1000 m over the entire region, for ‘"« purpose
of determining hydraulic conductivity values from previously calibrated transmissivities.
Since the saturated zone thickness is not well known in this area, the resulting hydraulic
conductivity is therefore suspect. That is, the variation in hydraulic conductivity may be
overestimated due to the assumption that all of the observed, calibrated transmissivity
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variability could only be attributable to variations in hydraulic conductivity in that
variations in the aquifer thickness were not accounted for. Thus, when the model was
used to estimate the change in water level caused by variations in recharge, the predicted
water level change may be greater than or less than the true change because the
hydraulic conductivity value used for the prediction is greater than or less than the true
hydraulic conductivity value.

Superimposed on this effect is the fact, that if the water table rises into less transmissive
units, the actual hydraulic conductivity would be less than the average hydraulic
conductivity, This results in a steeper gradient and higher water table position than the
model predicts. The opposite situation would occur if the water table rose into a more
permeable unit than the average hydraulic conductivity (Czarnecki and Waddell, 1984).

8.2.5 Barr and Miller (1987)

Barr and Miller (1987) evaluated alternative interpretations of how geologic structures
control the lacal flow system below the repository site. They assumed a two-dimensional
lucal system over an area of approximately 8 km by 20 km, Barr and Miller constrained
their conceptual models to be consistent with the regional ground-water flow system
interpretation of Czarnecki (1985) (see Figure 8.15).

Barr and Miller considered two different conceptual models. The first model was
referred to as a "smooth” model. The smooth model ignored the effect of local
structural controls. They assumed that the system behaves as a water table aquifer
composed of saturated porous media. The stratigraphy was simplified into one
hydrogeologic unit, A calibrated distribution of hydraulic conducuvity was established
for the region based on inverse calculations and a comparison of predicted hydraulic
head values to the measured hydraulic head values, The assumption was made that the
aquifer is a uniform thickness of 100 m, based on the results of a tracer study
(Thordarson and others, 1984). The hydraulic conductivity vector was allowed to vary
in both direction and magnitude.

The second conceptual model was referred to as a “fault-controlled" model. Local
structural controls, such as faults that extend to the water table, were assumed to affect
the hydraulic gradient distribution of the local ground-water flow system, The fault
zones were treated as a porous medium and were assumed to have higher or lower
conductivity than the unfaulted zones.
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majority of the flow paths may be located within a minc.ity of the fractures. Also, some
large-scale solution caverns (with length on the order of kilometers) are present in the
region (Winograd and Thordarson, 1975). The solution caverns may cause a
discontinuity in the flow field for an REV that includes an area larger than the solution
caverns. Conversely, contin-ous flow may occur in an REV that only includes the
caverns. Thus, the scale over which a continuum is assumed is of utmost importance,

Another concern with assuming a continuum (and therefore Darcy's law) in the saturated
zone is that the fracture flow velocities may be so large that turbulent flow occurs and
Darcy's law is no longer valid. According to Bear (1972), if the dimensionless number
expressing the ratio of inertial forces to viscous forees (i.e., the Reynolds number) based
on an average grain diameter does not exceed some value between 1 and 10, then
Darcy's law is valid. The Reynolds’ number is a function of the fluid density and
viscosity, the specific discharge, and a representative length dimension (i.e., average grain
diameter). Because the lower carbonate aquifer is highly fractured due to tectonic and
solution processes (Winograd and Thordarson, 1975), it may be possible for turbulent
flow to oceur in large fractures and solution cavities, thus invalidating Darcy's law.

The conceptual models describing flow through the saturated zone cover a much larger
area than the unsaturated zone conceptual models. The size of all of the saturated zone
models is on the order of kilometers, ranging from the largest regional model of 6 x 10*
km? (Rice, 1984) to the local model containing approximately 160 km? (Barr and Miller,
1987) (see Table 8.2). The regional ground-water flow system includes a large area so
that the boundary conditions can be based on actual physical boundaries as much as
possible,

Most of the saturated zone conceptual models assume the hydrogeologic framework
described by Winograd and Thordarsan (1975), who defined aquifers based on variations
in lithology. Similar to designating hydrogeologic stratigraphy in the unsaturated zone
(Section 8.1.9), it may also be necessary to incorporate hydrogeologic data; this may
assist in determining the saturated zone flow paths. However, the multi-layered system
of alluvium, voleanic tuff, and carbonate rocks was integrated into a single layer in all
of the saturated zone conceptual models (see Table 8.2). Within each designated
transmissivity zone, the researchers assumed that the aquifer was homogeneous. The
hydraulic properties were allowed to vary spatially, zone by zone, with the most
transmissive unit present in each zone determining the designated transmissivity of that
zone. This approach is not valid if vertical flow occurs. Because the most transmissive
continuous hydrogeologic unit will dominate the horizontal flow, determination of
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different areal transmissivities partially accounts for hydrogeologic variations in the
vertical third dimension.

The researchers attribute the assumption that the aquifer acts as one hydrogeologic unit
partially to the current lack of data for the region. However, there is substantially more
information available for the saturated zone than for the unsaturated zone. There are
two geologic boreholes which were drilled to depths down to 1800 m, seven hydrologic
test holes, and fourteen monitoring wells in the repository area of approximately 100 km?
(see Figure 8.17),

The areal recharge rate is an important factor in the saturated zone conceptual models.
As discussed previously, the amount of infiltration (and hence recharge) to the region
varies over time and space. Because all the saturated zone models have assumed that
Steady-state flow conditions exist, the recharge rate is also assumed to be at steady-state.
All the saturated zone conceptual models allowed for spatially variable recharge to
occur, with the exception of the Barr and Miller model (1987) (see Table 8.2). Barr and
Miller assumed that the areal recharge rate is negligible for the purpose of investigating
the effects of geologic structure on the saturated flow field in their local ground-water
flow system. In an arid climate, their assumption is justified because the volume of
water toat enters the saturated flow system as through-flow is substantially larger than
th- amount of areal recharge available.

The steady-state flow assumption has been made for all of the saturated zone conceptual
models (see Table 8.2), The regional ground-water flow system may be in a state of
hydrodynamic equilibrium, meaning that over large periods of time the input and output
to the system are essentially equal. However, Brikowski (1989) suggests that it may not
be appropriate to assume steady-state conditions for a regional system where the
recharge rate is known to have varied considerably in the past. Brikowski suggests a
valid argument, considering the regulatory time-frame of interest which includes at least
10* years. In localized areas of the region, within a time frame which may include days
or even years, the steady-state condition may be viclated in areas where intense pumping
has occurred. Changes in the water levels due to pumping have been documented in
Ash Meadows, Pahrump Valley, and Sand Spring Valley. However, the changes in water
level are small, given the range of hydraulic heads measured over the entire region and
the uncertainty in the interpreted 'ydraulic-head distribution (Rice, 1984),

All the saturated zone conceptual models have assumed a one-layer aquifer system
where only two-dimensional horizontal flow is allowed, with the exception of the Barr

and Miller model (1987). Barr and Miller assumed a one-layer aquifer system where
] 4 )
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vertical flow can occur (see Table 8.2). Horizontal flow occurs in a homogeneous,
isotropic, confined aquifer of constant thickness. The assumption of horizontal flow is
appropriate for an aquifer that is relatively thin compared to its horizontal dimensions,
or if the thickness variation of the aquifer is much smaller than the average thickness
(Bear and Verruijt, 1987). The horizontal flow assumption is viciated if there are large
vertical flow components. Overall, in a regional flow system such as this, downward flow
will probably occur in the areas of major recharge, and upward flow may occur at
discharge points. Vertical flow components may also be dominant in localized zones of
sources or sinks, There is evidence that vertical flow occurs in both the upward and
downward directions beneath the Pahute Mesa (Blankennagel and Weir, 1973). Beneath
Yucca Mountain, there is evidence of an upward flow component from the lower aquifer
(Czarnecki, 1989). If the saturated zone is treated as a single aquifer system, assuming
horizontal flow may be reasonable for the regional flow conceptual model, although
vertical flow may dominate on local scales. However, there are no definitive data in the
field that support the assumption that only one aquifer system exists. In fact, according
to recent work by Czarnecki (1989), there may be two nonconnected flow systems below
the repository site that move in directions nearly perpendicular to each other. Further
evaluation of the hydraulic gradient at the repository site is necessary to determine
whether Czarnecki's hypothesis can be substantiated. Care must be taken to evaluate
the hydraulic head measurements so that composite water levels are not compared to
static water levels, which can represent either the upper or lower aquifer,

8.3 Solute Transport

The following sections summarize and dJiscuss previous conceptual models of
radionuclide transport from a high-level nuclear waste repository located in unsaturated,
fractured tuff. To reiterate, the emphasis is on the description of each conceptual model
and not the purpose or the results of each study. To describe each conceptual model,
each assumption that is made is discussed, since assumptions, by definition, form the
conceptual model. The last section evaluates the assumptions that were made with
regard to assessing performance of a HLW repository located in unsaturated, fractured
tuff; the perccived purpose of each study.

8.3.1 Sinnock and others (1984)

The purpose of the conceptual model presented by Sinnock and others (1984) was to set
preliminary bounds on the expected postelosure performance of the Yucca Mountain
Repository Site. It is included in this review because it is one of the first attempts to
assess the suitability of a repository site in unsaturated, fractured tuff.
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Sinnock and others made several assumptions about radionuclide migration in their
transport conceptual model. They assumed that all releases of waste from the repository
were caused by ground water that flows through the repository and dissolves the spent
fuel. Consequently, they did not consider transport of radionuclides in the gas phase.

Sinn ck and others assumed that the ground-water flow path, and therefore the transport
path, was vertically downward from the repository through the unsaturated zone to the
water table, and then flowed horizontally through the saturated zone to the accessible
environment (see Figure 8.18). Based on this migration path, they considered transient
radionuclide transport in a steady-state flow field in only one dimension (vertically in the
unsaturated zone and then horizontally in the saturated zone),

Sinnock and others assumed that the species velocity of any radionuclide was equal to
the water velocity divided by a constant retardation factor for that radionuclide. They
assumed that this retardation factor represents the combined effects of any transport
process (e.g., sorption, precipitation, matrix diffusion) that can slow the net migration of
the radionuclide species. Consequently, the conceptual model did not directly account
for matrix diffusion and did not consider diffusion and dispersion,

The retardation factor that was used by Sinnock and others for transport in the matrix
was assumed to be described by a sorption distribution coefficient, effective porosity, and
bulk density. By using a distribution coefficient to define the retardation factor, they
implicitly assumed that equilibrium conditions existed and considered only the chemical
process of sorption for retardation. This may be inconsistent with the initial assumption
that the retardation factor represented all the transport processes that may contribute
to retardation in the geosphere.

For transport in the fractures, Sinnock and others assumed that the retardation factor
is characterized by a sorption distribution cuefficient and the ratio of surface area to
void volume, They assumed that the fracture distribution coefficients were equal to the
matrix distribution coefficients divided by the specific surface area, Sinnock and others
assume that the fracture surfaces were planar and smooth; therefore, the ratio of surface
area 1o void volume was equal to two divided by the fracture aperture.

In assigning retardation values to each radionuclide, Sinnock and others considered two
transport paths through the unsaturated zone. The first path was through the vitric
Calico Hills unit to the water table, and the second path was through the zeolitic Calico
Hills unit (these units were next to each other beneath the repository). Transport
throu_" the unsaturated zone was only considered through the Calico Hills unit because
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Sinnock and others assigned retardation factor values to each radionuclide for matrix
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transport through four stratigraphic units (see Figure 8.19). These units were the
Topopah Spring (densely welded), bedded tuff (densely welded), and Calico Hills unit
(undifferentiated tuff) in the unsaturated zone, and the Prow Pass unit (older volcanics)
in the saturatéd zone,

Travis and others considered transient radionuclide transport in either a porous medium
or in a porous medium containing a set of parailel, equidistant, vertical fractures. They
assumed that a continuum exists in both the porous medium or the fractured, porous
medium. The difference between fracture transport and matrix transport is determined
by the properties used in the governing equations. The researchers assume matrix
transport or fracture transport depending upon the stratigraphic unit through which
migration is occurring. For the Topopah Spring and bedded tuff units, they assumed that
only transport in the fractures occurs. The fracture apertures and spacing were assumed
to be constant across each unit. They used a constant fracture flow rate for the transport
through the unsaturated, densely weldcd uniis. This flow rate was based on the
saturated flow rate through fractured Topopah Spring tuff that was estimated by Waddell
(1983). Therefore, Travis and others assumed that the fractures were saturated and flow
is continuous; which was also considered to be a conservative assumption. For their first
analysis, in the Calico Hills unit, they assumed that transport in the fractures is similar
to that found in the Topopah Spring and bedded tuff units. Later, Travis and others
assumed that transport occurs only in the porous matrix in the Calico Hills unit. They
assumed a constant flow rate that was two orders of magnitude less than the flow rate
they assumed for fracture transport.

For the horizontal pathway through the saturated zone, Travis and others assumed that
only fracture transport occurs, again with a constant flow rate. This flow rate value was
taken from the rough estimates for flow from Pahute Mesa to Yueca Mountain reported
by Blankennagel and Weir (1973).

Travis and others included convection, retardation, and diffusion for transport in the
porous matrix (i.e., in the Calico Hills unit). For the fractures, the researchers assumed
that only transport by convection occurs and did not consider the effects of dispersion
or diffusion. For matrix transport, they used the retardation coefficients based on
sorption distribution coefficients. For diffusion in the tuffaceous matrix, they assumed
that the unsaturated nature of the tuff could be accounted for by multiplying porosity
and diffusivity by saturation values.

For the radionuclide source, Travis and others also assumed that a decaying source was
injected into a fracture at the top of a layer, and included ten radionuclides in their
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The conceptual model for transport described by Dudley and others is similar in many
respects to the transport conceptual models discussed previously. They considered only
transient transport in the unsaturated zone in one dimension, and neglected gas phase
transport. Dudley and others assumed that transport occurs vertically downward through
the Topopah Springs welded nonlithophysal unit (TSw2-3) and the Calico Hills
nonwelded unit (CHn) to the water table (see Figure 8.21). The repository was assumed
to be located entirely within the TSw2-3 unit. For the flow conceptual model, they
assumed five stratigraphic units from the land surface to the water table, including TSw2-
3 and CHn, and they assumed that the hydrologic environment is steady-state vertical
flow.

The foundation for the transport conceptual model presented by Dudley and others was
the basic convective-dispersion equation. They used this equation to describe transport
in the matrix and in the fractures, and a matrix/fracture term coupled the two equations.
Consequently, they assumed a continuum for the matrix and for the fractures. According
to these governing equations, Dudley and others assumed that the following transport
processes occur in both the matrix and the fractures: convection, dispersion, diffusion,
sorption, precipitation and radioactive decay. They implemented the matrix ground-
water flux values and the fracture ground-water flux values as calculated from the flow
analysis (see Section 8.1.2 for a description of the corresponding flow conceptual model)
for the convection process included in the transport conceptual model.

Dudiey and others estimated hydrodynamic dispersion with a dispersion coefficient for
the fractures and a dispersion coefficient for the matrix. This coefficient included the
cffects of both mechanical dispersion and diffusion. Dudley and others assumed that
diffusion could be represented by the free diffusion coefficient in water divided by a
tortuosity factor, They also assumed that the resulting effective diffusivity is a linear
function of the corresponding water content. For the Yucca Mountain example, Dudley
and others assumed that the free diffusion coefficient in water for all the radionuclides
was a constant value. They assumed that the fracture tortuosity is unity (i.e., the path
is not tortuous) based on the assumption that the tortuous path in the fractures is
negligible compared to the tortuous path in the matrix. They assumed that the tortuosity
for the matrix 18 a constant value, based on data reported by Daniels and others (1982).

Dudley and others assumed that mechanical dispersion is represented by the product of
the velociiy and a dispersivity,. They assumed that the velocities for the matrix and
fractures are equal to the corresponding ground-water flux values divided by the
corresponding moisture contents, These velocities were slightly different from the
ground-water velocities defined in the flow conceptual model in that, for calculating the
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For radioactive decay, Dudley and others assumed that the radionuclides are members
of a single nonbranching decay chain. The conceptual model did not limit the number
of members in a chain or the number of chains allowed. For the Yucca Mountain
analysis Dudley and others included only seven representative radionuclides (*C, ®Te,
L, rh, BeU, MU, MPu), They estimated the source term from the repository by
assuming that the fractional release rate of radionuclides from the spent-fuel inventory
was equal to the fractional leach -ate of the uranium dioxide matrix. They also assumed
that the rate of waste matrix dissolution was a function of the solubility limit of uranium
dioxide and the amount of water available. Dudley and others assumed that transport
of the dissolved species to the source boundary was instantaneous, and that the transport
behavior in the near-field region of the waste package was similar 10 transport in the
adjacent undisturbed rock (i.e., they neglected any difference between transport in the
disturbed zone and transport in the far-field region).

Dudley and others also assumned that the coupling term between the matrix and fracture
system is made up of two components, an advective part and a dispersive part. They
assumed that the advective component is equal to the product of the water transfer rate
and the concentration at the matrix fracture boundary. They assumed that this boundary
concentration is equal to the concentration in the fracture if transfer is occurring
between the fractures and the matrix. For transfer between the matrix and the fractures,
they assumed tiat the boundary concentration is equal to the matrix concentration.

The hydrodynamic dispersive component of the coupling term assumes that only
diffusion oceurs between the fractures and the matrix located transverse to flow.
Essentially, this component accounts for the physical process of matrix diffusion
discussed in Section 5.2. Dudley and others determined that the dispersive component
is equal to the product of the difference between the concentration in the matrix and the
fracture, the moisture content in the matrix, the effective diffusivity of the matrix, and
a numerical fuctor, all divided by half the fracture spacing. The numerical factor in this
definition indicates the magnitude of the diffusive transfer between the fractures and the
matrix. If this factor is equal to unity, which Dudley and others define as the standard
diffusive coupling term, then the ditfusive transfer between the matrix and fractures is
strong (i.e., there is hardiy any resistance to transfer between the matrix and fractures).
For values less than unity, diffusive transfer is weak (i.e., there is resistance to mass
transfer between the matrix and fractures).

Initially, for Yucca Mountain, Dudley and others estimated this diffusive transfer factor
to be one. In doing so, they assumed that there is strong coupling between the matrix
and fractures, which results in equal concentrations in the matrix and fractures.
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Ross assumed that liquid diffusion and liquid convection did not contribute to transport
of CO, in the gas phase. He assumed that the carbon species that are contained in the
liquid-phase (i.e., dissolved bicarbonate) are immobile relative to the mobile species in
the gas phase,

Ross assumed that several chemica!l processes occurred in the system. This processes
considered transfer between gas phase and liquid phase carbon species and between
liquid and solid carbon species. The specific carbon species were gas CO,, liquid
bicarbonate and solid calcite and the concentrations of each of these species are needed
to estimate interphase transfer. Ross assumed that chemical equilibrium exists between
gaseous CO, and dissolved bicarbonate in the liquid phase and that calcite is the only
carbonate mineral in the system that is important. To find concentrations of these
species, a conceptual model of the carbonate chemistry of the system must be assumed.

Ross presented three alternative carbonate chemistry conceptual models. The first
conceptual model that he presented assumed that the principal chemical reaction
determining the behavior of the system was the dissolution of calcite by carbonic acid
and that this reaction was at equilibrium. The second carbonate chemistry conceptual
model that Ross presented assumed that the principal reaction in the system was
precipitation of calcite. For this conceptual model he assumed that the calcium
concentration was fixed and that the principal reaction was at equilibrium. For both of
these conceptual models, Ross assumed that pore waters were saturated with calcium
carbonate. The third carbonate chemistry conceptual model that Ross presented did not
assume this.

8.3.6 Discussion of Assumptions Used in Previous Solute Transport Conceptual Models

Table 83 summarizes the major characteristics and assumptions of the transport
conceptual models discussed previously (Sections 8.3.1 - 8.3.5). Each of these major
assumptions will be discussed in the following section.

It is evident from Tuble 8.3 that all the conceptual models described consider transport
of radionuclides in only one dimension. Obviously, this is a simplification of the physical
three-dimensional system. For assessing the performance of a repository (which
constitutes physical dimensions on the order of kilometers and time scaies on the order
of 10° years) this simplification may be advantageous. However, due to the complexities
associated with unsaturated, fractured, porous media, at least two dimensions may have
to be considered for transport. There is one way to simplify the transport analysis; if the
velocity field is described in detail (i.e., three dimensions), then it may be possible to
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Table 8.3. (continued)

Assumptions Previous Conceptual Models

1 2 3 4

Retardation

K, based X X
f(moisture content)

>

Radioactive Decay

single membered chains X X
n-membered chains X X

‘{NVESTIGATOR(S):

N

1. Sinnock and others (1984) - Set preliminary bounds
A
3. Lin and others (1986) - Analysis in support of the Environmental As.essment

Travis and others (1984) - Investigated the effect of fractures

document

Dudiey and others (1988) - Presented model used by TOSPAC
Ross (1988) - Presented conceptual model for “CO, migration



extract a dominant one dimensional transport path from this field. Therefore, the effects
of the three-dimensional flow system would result in a one-dimensional transport path,

All the previous conceptual models discussed consider time-dependent transport, This
is necessary to assess compliance with the regulations, because concentrations of
contaminants as a function of time must be known, Although transient transport is
considered in these conceptual models, researchers assume that the flow field, as
indicated in Table 8.3, is in steady-state. This assumption of steady-state flow is
discussed in Section 8.1,

Only one conceptual model (Ross, 1988, see Table 2.3) considered gas phase transport.
This signifies that the path of radionuclides as dissolved solutes in the liquid ground
water was usually assumed to be the dominant transport path for a repository in
unsaturated, fractured tuff. It is difficult to refute or support this assumption because
of the lack of experimental data concerning gas phase transport in unsatvrated, fractured
tuff. However, it is apparent that gas phase transport will only be important for a few
radionuclides (see Section 5.7). Some researchers (Dudley and others, 1988) do
acknowledge that gas phase transport will occur, but assumed that it will not be coupled
with liquid-phase transport; therefore, they could implement a separate conceptual
model for gas phase transport. The gas-phase conceptual model presented by Ross
makes several significant assumptions and if any of these assumptions are not valid the
performance of th. system may change. For example, if the fractured tuff cannot be
represented by a homogeneous porous medium then the system may behave significantly
different.

Two of the conceptual models described (see Table 8.3) consider transport in the
saturated zone (Sinnock and others, 1984; Travis and others, 1984a,b). Both of these
conceptual models assumed that transport occurs in the fractures, and they do not
consider retardution. These are conservative assumptions, and they indicate that all
retardation of solutes was assumed to occur in the unsaturated zone.

Concerning the fractured nature of the tuff, different studies have presented several
different assumptions, as indicated in Table 83. All of the conceptual models discussed
assumed that a continuum exists in the transport system. Although some of the models
assume that transport occurs predominately in either the fractures or the matrix
(depending on the hydrogeologic unit) they still assume a continuv + for each transport
system. The only difference between fracture and matrix transport is the numetical
values that were used (i.e, different values for the retardation factor, depending on
whether matrix or fracture transport is assumed). It is questionable whether the
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ium approach is appropriate for transport in fractured, porous media. When
INg a continuum, one is assuming that there are no discontinuities in the system,;
er the presence of fractures may constitute discontinuities One way to
conceptualize transport in fractured porous media (which none of the studies have done)

1§ 10 assume that transpot occurs in each discrete fracture. However, a discrete fracture

maogiel 1§ cumbersome on id':{(' scales, and would require data that ;»ruh.r‘\‘y\ cannot be
\ ittained. The guestion that needs to be addressed is on what scale can a continuum be
: ¢ d tor unsaturated, fractured medi¢
D y and others (1¥88) presented the only conceptual model that considers transport
the matrix and fractures sin dNCOUSIY (1.€ \\m;‘.u" maitrix and “.t:';\f}’n\."()
\.l { they assumed a continuum tor the fractures and for the matrix (.e., dUd}
cont N Mod¢ When they appi ed their ¢ ceplua model to Yucca Mountzain for
their first example, they assumed that there is strong t. ‘nsport coupling between the
atrix and ftractures. ( onceptualiy, Lhis IS € qu valent to & “on pPosIte porous medium
where the concentration ot solute 1s equal it both the matrix nd fractures (1.e., [h('((‘
no resistance to transport between the two systems). This composite medium for
transport was consistent with the corresponding conceptual model for flow discussed in
Section 8.1, However, there is no experimental data to support this (Hilu'p'.\hﬂ. model
of the fractured rock as a composite porous nedium. In another example, Dudiey and
others assumed weaker transport couplin; beiveen the matrix and fractures, and,
theretore, a dual continuum model was 1. 2lon ented (i.e., simultaneous matrix and
tracture transport occurred). However, the flow ' esults that were utilized were obtained
tfrom a equivalent porous medium model o7 (he ¢ em. For steady-state flow this may
’ ) } , 4 ’ | i , ] i
u-\\;',‘..'."‘.t' NOWEVEr, 1L 1S not clear that results trom an cquivaient POrous medium model
tor tiow can be used as mput for a dual-continuun transport mode!
As indicated in Table 8.3, convection is a ransport process that rese ners assume to
occur 1n each of the conceptual models that were discussed previo This \ngll?.!t\
that assumptions about ground-water flow are ai i'Hv‘-.l?\x" part of concey 1odels for
) radionuchide wrransnort PFOr SOmi )\ the st lles reviewed. a tlow ¢cor model was
i ol HLCHIUC L PO (83 L O LIS UL TCVICWEAL, 4 TIUOW ( | ‘ HOUC s B
I presented; instead researchers assumed values for flow propert to be ;t;\pi‘.cd {0
the transport conceptual mode
For dispersion, which 1s coupled with convection. different nvestigaters made several
different assumptions (see Table 8.3). Some studies assumed that dispersion did not
QCCUl I'his may be not make a diierence In assessing con pliance with the EPA
3 dCCeS 4 Wi ¥ (UES t have reached




the accessible environmert is added over time for a specified time period, information
concerning the distribution of concentration in space may not be important. There is
one exception: if the contaminated plume is at the accessible environment boundary at
the specified time. Concentration as a function of time and space is needed for the EPA
Ground Water Protection Requirement and the EPA Individual Protection Requirement
and therefore, it may be necessary to include dispersion in a transport conceptual model
for a complete performance assessment,

Lin and others (1986) did not include dispersion in their governing equation for
transport, but assumed that this transport process can be approximated using a
distribution of ground-water travel times (GWTT) inferred from the corresponding flow
analysis. The corresponding flow analysis uses a Monte Carlo approach to sample from
distributions of hydraulic conductivity and porosity to find a distribution of GWTTs.
For transport, this GWTT distribution was assumed to be equivalent to the physical
process of dispersion. Therefore, dispersion is based on a distribution of flow
parameters, This distribution of flow parameters is based on uncertainty and spatial
variability, In the strictest sense this is not dispersion, since, if the flow parameters were
known spatially and with certainty, solute disp “ion would still occur on some scale.
However, in a complicated geosphere system it 1.. y not be possible to distinguish on a
macroscopic scale between the effects of uncertainty and spatial variability in flow
parameters anc. solute dispersion.

Dudley and others (1988) conceptualized dispersion using the stochastic approach which
assumes that hydraulic conductivities, among other guantities, are spatially correlated
(see Section 5.1 and Gelhar and Axness, 1983). Currently, measured data does not exist
that indicates spatial correlation of hydraulic conductivities for flow in unsaturated,
fractured tuff and this data is needed before the stochastic approach to dispersion can
be applied. One point that is not considered in any of the previous conceptual models
for transport is that, by assuming one-dimensional vertical flow in the unsaturated zone,
solute longitudinal dispersion may become relatively small.

fnvestigators assumed .hat diffusion occurs in three of the five transport conceptual
models described, as indicated in Table 8.3. Neglecting diffusion may be justified if the
rate o! transport by diffusion i significantly slower than the rate of transport by
convestion. However, neglecting diffusion means that solute movement due to a
concemriiion gradient is neglected, and this is one of the basic driving forces for solute
movemer:t. Some of the studies assumed that the diffusion process was a linear function
of water con <nt. This seems reasonable, becau-e only solutes contained in the water
w Il be available for diffusion. However, paths for diffusion can change drastically with
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The units within the physical transport stratigraphy have been defined to be the same
s the units within the hydrogeologic stratigraphy. The geochemical based stratigraphy
is identified as only one possible alternative because the units within this stratigraphy are
determined specifically by relative zeolite abundance within the rock. Alternative
geochemical stratigraphies could possibly be defined based on different or more detailed
mineralogy, or through the consideration of different geochemical transport processes.
Zeolite abundance was chosen because of the high-sorption potential possessed by
certain zeolite groups. A single stratigraphy has besn proposed for all radionuclide
species, although correlation of sorption to zeolite abundance ranges from very strong
for certain radionuclides to almost non-existent for others,

From the host rock through the upper carbonate geologic unit, at least ten geochemical-
transport stratigraphic units can be defined. The location and thickness of the
geochemical-transport units do not coincide with hydrogeologic or physical-transport
units, However, a composite layering ‘echnique for trancport modeling has been
proposed that would incorporate both the flow wnd transport stratigraphic components
and would therefore ensure consistency between flow and transport models. The
composite layering overlays the geochemical-transport units on the physical-transport
units, resulting in a more detailed stratigraphy than either of its constituents. In the
composite lavering, a new transport unit is defined when either the physical or the
chemical properties of the rock change.

Specific, previously developed, conceptual models of ground-water flow and contaminant
transport near a proposed HLW repository located in unsatus. ‘ed, fractured tuff were
reviewed. These previous conceptual models were described and the major assumptions
that were made for each model were discussed and evaluated based on the prior
discussions in this report on flow and transport processes,

This report has provided a qualitative description of a hypothetical HLW repository site
in fractured tuff;, however, no definitive, single conceptual model has been chosen.
Instead, a basis for possible conceptual models is provided based on a description of
properties and processes at the site. Given the existing data, it is recognized that
multiple conceptual models are possible. Hopefully, through further research, some of
the conceptual medel uncertainties may be reduced and the possibilities narrowed.
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