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AllSTRACT

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 (llLW) in
alternative geologic media. A3 part of this exercise, SNL created a conceptualization of

ground water flow and radionuclide transport in the far field (i.e., outside the disturbed
zone) of a hypothetical llLW reposi' ty site located in unsaturated, fractured tuff
formations. This study provides a tuandation for t ie development of conceptual,
mathematical, and numerical models to be used in tnis performance assessment
methodology.

This conceptualization is site specific in terms of geonictry, the regional ground water
flow system, stratigraphy, and structure in that these are based on information from
Yucca Mountain located on the Nevada Test Site, llowever, in terms of processes in
unsaturated and saturated, fractured, porous media, the model is generic. This report
also provkles a review and evaluation of previously proposed conceptual models of
unsaturated and saturated flow and solute transport.

This report provides a qualitative description of a hypothetical lil-W repositcry site in
fractured tuff. However, evrJuation of the current knowledge of flow and transport at
Yucca Mountain does not yield a single conceptual model. Instead, multiple conceptual

models are possible given the existing information.
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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 (llLW) 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,1986) by application of this methodology will require the use of conceptual
models, and the implementation of mathematical and numerical mo:lels to analyze

ground water flow 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 llLW 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 definedc 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 Concentual Model
_

For a HLW repository, the NRC (1984) defines " conceptual model" as:

A pictorial and/or narrative description of a retx>sitory system or subsystem

which represents all relevant components and simctures contained within the .

system or subsystem, the interactions between the components and stmctures,

and any intemal or e.rtemal processes which affect the overallperformance

of the subsystem.

L Essentially, a conceptual model is the set of assumptions and simplifications used to ,

understand aiid describe the system for the purpose intended. Specifically, as applied ;

to this report, a conceptual modelis a description of the processes controlling ground-
water f6w and radionuclide transport, the system geometry, the initis' nonditions for the

L system, and the boundary conditions for the systcn. A mathematical model,-on the
.

other hand, is' a set of equation., which quantitatively describe the conceptual model

L
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processes. A numerical model or code is simply the tool used to solve the mathematical

model. Although not always recognized, a conceptual model must be assumed prior to
performing any flow or transport analyses.

E 1.2 PRrme

The conceptualization described here should provide a foundation for the development
of specific conceptual models, and the development and subsequer application of
mathematical and numerical models used to predict ground-water flow and contaminant

transport in both the unsaturated and saturated zones at a hypothetical HLW repository
site located in unsaturated, fractured tuff. In doing so, th5 report reflects the current
understanding of flow and transport in unsaturated and saturated, fractured rock.

In general, a conceptual model should (1) make and recognize simplifying assumptions
i

about the physical and chemical structure of the system, (2) decide, or provide a basis
for deciding, to what degree given flow and transport processes should be included for
a given site, (3) implicitly provide direction as to which existing mathematical models are
appropriate to describe these processes, and (4) indicate those areas where new
mathematical models may need to be developed. The conceptual model itself does not

include any mathematical models or data that will be used in the application of
mathematical models. '

l.3 lladamund

This repsrt is based on relevant information available in the literature. The hypothetical
llLW repository site is referred to as the " repository site" in subsequent text. Yucca
Mountain, located on the Nevada Test Site (NTS)in Nevada, is the only tuff site that
has been studied on a regional basis. The geometry, stratigraphy, structure, and regional
ground water flow system for the conceptual model are, therefore, based on information

from Yucca Mountain. Conversely, the processes controlling ground water flow and
radionuclide transport in unsaturated and saturated, fractured tuff have been studied in

the field and laboratory on tuffs from Yucca Mountain (Nevada) the Apache Leap Tuff
Site (near Superior, Arizona), and the Bandelier Tuff (near Los Alamos, New Mexico).
All of these studies are included in the conceptual model process description so that in
terms of processes, the conceptual model is generic.

2 ..
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1.4 Snus

A conceptualization of the ground-water flow and contaminant transport systems is
described in terms of general properties, as well as specific flow and transport
mechanisms that depend upon these properties. This report idenufies 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 review and evaluation of

previously developed conceptual models for flow and transport at a repository site
located in unsaturated, fractured tuff, are discussed in this report. These previous

conceptual models were chosen for review because their purpose was perceiveo to be
that of assessing the performance of a IILW repository site. This common purpose was
the basis for evaluating the conceptual model assumptions.

The review of previously developed conceptual models includes detailed discussion of
each assumption that was implemented in the modeling study, since this is, by definition,

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.

This 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 is provided based on a
description of properties and processes in general and at the site. Although a single
hydrogeologic stratigraphy and a single geochemical transport stratigraphy 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.

3
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2.0 GENERAL DESCRIPTION

This section describes the site geometry, physiographic setting, and climate. This portion
of the conceptual modelis based on data from Yucca Mountain and the Nevada Test
Site.

2.1 Geometty

The proposed repository is located about 1200 m above sea level in a thick unsaturated

zone composed of fractured tuff. The repository is located beneath a north south

trending mountain, approximately 300 m below the land surface and approximately 200
to 300 m above the water table

In this report the repository site is described on three different scales: (1) a regional
scale,(2) a local scale, and (3) and the scale of the repository controlled arca as defined
by 40 CFR Part 191 (EPA,1985). Note that the accessible environment is defined to

begin at the repository controlled area boundary. A regional system and local system
are defined for the purpose of subsequent numerical modeling activities, while the
repository controlled area is defined here solely for the purpose of describing site
characterization results. In subsequent text, the repository controlled area is referred to

as the " repository site." Data supporting designation of the regional and local systems
is based on a compilation of hydrologic field work and ground-water flow numerical
modeling studies performed mainly by the U.S. Geological Survey (USGS) and Pacific

( Northwest 12boratory (PNL), in addition to other researchers in the Yucca Mountain
region.

The definitic-a of the regional system is based the physical ground-water flow system
characteristics primarily as interpreted by Waddell (1982). The regional system includes

4 2an area of approximately 6 x 10 km (see Figure 2.1) which contains several mountain

ranges and basins. Lateral boundaries for the regional system were determined by the |

ground-water flow system. The boundary locations were designated by physical
properties of the flow system such as ground water divides (i.e., no flow) or constant

inflow and outflow locations. Potentiometric contours were used to infer the general
ground water flow directions. .Section 6.2 describes the regional ground water flow
system in detail.

The local system boundaries do not necessarily coincide with physical boundaries of the

ground water flow system. Instead, the local system is defined to provide reasonable
boundaries for subsequent performance assessment computer modeling, because it is

4
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i

computationally inefficient to model the regional system in detail. The local system,
based on a conceptualization by Waddell and others (1984), includes Yucca Mountaia j
and adjacent basins and highlands covering approximately 1600 km (see Figure 2.2).2

The lateral b'onndary conditions for the local system are defined by the regional grcand-
water flow system. Note that the repository controlled area of approximately 100 km 2

is significantly smaller than the local system area. Using the definition of a local system
that is significantly larger than the ; spository controlled area allows for the treatment
of scenarios that may affect hydrologic conditions at the EPA accessible environment
boundary, such as faulting in the repository area.

2.2 PhningrtiphitScilhtg

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 to 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 t.early level or gently sloping basin floor surrounded by moderately j
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 Hock that bounds the western edge of Crater Flat.
East of Yucca 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).

6
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2.3 Climate
i
l

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

The precipitation distributir - . highly variable over space and time. In general, the !

amount of precipitation is t 41ated 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 local intensity
and duration (Nichols,1987). IJght 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 5 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'1W years, the regulatory time period of interest.

.
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3.0 GEOLOGi*

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.

3.1 Stratieraphy

This section provides a general description ol' 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.,>usures 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 deposits. In this region, 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 gene I subsurface
stratigraphic relationships of the geologic units is depicted in Figure 3.3.

3.1.1 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 Tuff

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).

I

Geologic Geologic Lithology Maximum

Unit Formation Thickness (m)

1

Alluvium Alluvium Alluvial fan, fluvial, 610 ;

J

fanglomerate, takebed and
Imudfkw depcsits.
i

Volcanic Tuff Timber Min Tuff Interbcdded nonwelded to densely M0

Paintbrush Tuff welded ash fkw taff, and thin

(Dva Canyon and ash.*all tuff dessets.
|

Topopah $pring Members)
|

Paintbrush Tuff Ash fall tuff and fluvial 30$

(liedded Tuff Member) reworked tuff.
i

,

Wahomic l'ormation Interbcdded ash fall tuff, $20

tuffaccous sandstone, tuff
breccia, matnx claycy and
rechtic.

Satyer l'ormation 11reccia ficw, hthic bre :14, 610

interbcdded with a;b all tuff,
sandstone, siltstone. laptone,
matris elaycy or cr ireous.

Indian Trail l'ormation Ash flow tuff, densely wclded, 70

Grouse Canyon Member

Tub Spring Member Ash-flow tuff, nonwelded to welded. 90

Informal units Ash-fall tuff, nonwelded to 610

semi welded ash flow tulf, tuffaccous
sandstone, siltstone, and claystone
all masdvely altered to rechte or c:ay
minerals.

Tuffaccous beds Nonwelded and welded ash-fkw and > 610

of Calico liills ash. fall tuff, tuff breccia, tuffaccous
sandstone, matris of tuff and sandstone
commonly claycy or rechtic.

Tuff of Crate r 11at Ash-flow tuff, nonwelded and wclded OO -

ash flow and ash fall tuff, tcff breccia,
tuffaccous sandstone, matnr of suff
and s ndstone commonly claycy or

rcolitic.

I1
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Table 3,L (continued)

Geologic Geologic Lithology Maximum
Unit Formation Thickness (m)
.

iWks of Pavits Tuffaccous sandstone and sihstone, 425
Spring claystone, fresh water hmestone and

conglomerate, minor gypsum, matrix
clayey, techtic, or calcarcous.

Volcanic Tuff Ilorse Spring Formation Fresh mater hmestone, X10
conglomerate, and tuff.

Upper Carbonate Tlppipah ljmestone 2000
Limestone

Upper Clastic f3eana Argillite, qua rttite, 2400
Formation conglomerate, and conglomeratic

limestone.

14wer Carbonate Devils Gate Limestone. dok.5*c, and > 420
ljmestone minor quartzite.

Nevada l'ormation Dolomite > 1000
Unnamed Dolomites
luy Springs Dolomite

Pogonip Group laterbedded limestone, dolomite, >MO
quartzite, and claptone.

Nopah Formation IMomite, limestone, shale. 2000
11onanza King Formation

Carrara l'ormation Interbcdded siltstone and 610
limestone.

14=ct Clastic 7abriskie Quartzite Quartzite, siltstone, and minor 2800
Wood Canyon l'ormation limestone and dolomite.
Stirling Quartzite
Johnnie Formation

ilasement Igneous-Metamorphic ?
Complex

12
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1983). These deposits are derived from volcanic activity that occurred west of the
repository site during Tertiary time. The aggregate thickness of the volcanic rocks

exceeds several thousand meters.

As previously stated, the majority of the volcanic rocks are a classic alternating welded
and nonwelded ash fall and ash Oow tuff secuence. Ash falls form a continuous deposit

over extensive areas. The deposits exhibit a distinct horizontal and vertical size
distribution that depends on fragment size and sorting. According to Smith (1960), ash
flows result from a nuce ardente composed of a basal avalanche containing the bulk of

erupted material and an overriding cloud of expanding gas and dust (Peterson,1968).
Most ash-flow tuffs are tongue-like sheets resulting from a series of magmatic pulses.

If the fragments are extruded over a short period at high temperatures, the individual
sheets effectively weld together into one sheet called a " simple cooling" unit (Scott and
others,1983). Each simple unit consists of basic zones that are based on degree of
welding: an upper and lower chilled zone of no welding, upper and lower zones of
partial welding, and an interior zone of dense welding (see Figure 3.4). Superimposed
on all but the base of the sheet are effects of devitrification in the slowly cooled interior,

and vapor-phase crystallization in the partially welded margins. Alternatively, if the
cooling periods are of sufficient duration between individual magmatic pulses, decreases
in the degree of welding within the interior of the cooling unit can occur, creating a
" compound cooling" unit (Scott and others,1983).

Heiken and Bevier (1979), Waters and Carroll (1981), Carroll and others (1981), Bish

and others (1982), Scott and others (1983), Broxton and others (1986) describe the tuff

petrology in detail.

Primary minerals in ash {ow tuffs are grouped into the groundmass phase, the
phenocryst phase, and vapor phase. The groundmass consists of pyroclastic materialless
than 4 mm in diameter (Ehlers and Blatt,1982) which often spontaneously devitrifies to

cristobalite, feldspar, and tridymite (Abeele and others,1981). Quartz, sanidine,

plagioclase, and biotite are common phenocryst minerals. Vapor phase minerals,

resulting from the presence of gases concentrated in the upper part of the cooling unit,
are zeolites, cristobalite, tridymite, and sanidine (Tien and others,1985). The base of

the cooling unit often contains lithic fragments from the country rock.

Secondary alteration of the tuff occurs by zeolitization, introduction or replacement by
a zeolite mineral; or devitrification, the conversion of a glassy texture to a crystalline

texture (Tien and others,1985). The secondary alteration results in anhydrous minerals

such as feldspar, calcite, and quartz, or hydrous phases such as smectites, zeolites, and
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|
manganese minerals (llish and others,1983). Five zeolitic zones are found in the
volcanic rock sequence (Table 3.1, Section 4.2).

The degree of welding directly affects the matrix porosity of tuff. Densely welded tuff
has up to ten times lower porosity than nonwelded tuff. The reduction in porosity often
results in prominent foliation in the rock. Gases within the densely and partially welded
zones form cavities, or lithophysea; these are roughly circular and can measure up to a
few centimeters in diameter. Lithophysea are usually unconnected or poorly connected

(Winograd and Thordarson,1975). Conversely, the bulk density is proportional to the
degree of welding: densely welded tuff is about twice as dense as nonwelded tuff.

Fractures are present in all the volcanic rocks at the repository site. These fractures
were produced by cooling, tectonism, and unloading due to removal of overburden
(Harton,1984). Based on core information, fractures occur more frequently in brittle,
welded tuff than in nonwelded tuff, in moderately to densely welded tuff, fracture

frequencies are about 10 times higher than in partially welded or nonwelded tuff (Scott
and Castellanos,1984). Subsequently, the vertical extent of fractures is often limited to

individual stratigraphic units. Cooling fracture spacing ranges from centimeters to
meters, where the highest frequency is found in densely welded tuffs (Winograd and
Thordarson, 1975). The orientaten of cooling fractures tends to be random.
Conversely, the fractures formed by tectonic stresses are oriented in a dominant
direction of strike (Scott and others,1983). The dominant tectonic fracture strikes
appear to be oriented parallel to the north northwest striking faults (Scott and others,
1983), indicating that these fractures may be due to large-scale regional extensional
faulting. In general, fracture frequency tends to decrease with depth, independent of
welding (Scott and Castellanos,1984), llelow several hundred meters in depth, the
fracture frequency decreases abruptly by up to an order of magnitude (DOE,1988).

The fracture faces are commonly covered with coatings or fillings. Spengler and others

(1984) describe the fracture coatings and fillings observed from core collected from the

northern portion of the repository site (USW G-4). The main types of fracture filling
and coating, listed in order of abundance, are (1) manganese oxides (pyrolusite),
manganates (cryptomelane and hollandite), iron oxides (hematite, maghemite) and iron
hydroxides (goethite), (2) silica (quartz, cristobalite, opaline silica, and trydimite), (3)
zeolites (mordenite and clinoptilolite), and (4) smectites (montmorillonite and illite), and

(5) carbonates (calcite and siderite) (Spengler and others,1984). In general, the
percentage of fracture surfaces coated with secondary mineralization tends to decrease

with depth.

17
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3.1.3 Upper Carb x m

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).

3.1.5 Lower Carbonates

The lower carbonate strata are up to 4500 m ihick, comprised of limestone and
dolomite, commonly interbedded 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

18



local fractures are perpendicular to bedding planes. Conversely, large scale through-

going fractures cut through many beds without changing direction or frequency. The
through going fractures are oriented parallel to associated fault sets and are located with

i

trends, within areas up to hundreds of meters in diameter with uniform spacing
;

(Winograd and Thordarson,1975).I

Fracture density is dependent on rock type. Fine grained carbonate rocks have the
highest fracture density, while coarse-grained carbonate rocks are the least fractured.
Most fractures are filled with secondary calcite, calcareous clay, or calcareous clay with

iron oxide (Winograd and Thordarson,1975). Fractures in cores are filled with breccia

or clayey gouge, slickensides, scaled with calcite, dolomite, or other minerals, or are
partially filled with calcite or dolomite.

Secondary bedding plane openings, due to sub-aerial mechanical weathering or solution
of the rock in the saturated or unsaturated zone, are not common. Drilling records do

not indicate the presence of major solution caves in the lower carbonates, but a few

major solution features, on the order of tens of meters in dimension, are present at the
land surface (Winograd and Thordarson,1975). Examples of large scale solution features
include Devils llole located along a major fault zone, Gypsum Cave, and several large

caves in the Spring Mountains.

Smallisolated spherical to rectangular caves of a few meters dimension are found in all
the lower carbonate rock formations. Locally, they tend to develop along major fault
zones. The disconnected nature of the caves suggests that they originated as weathered-

out joints or fault blocks (Winograd and Thordarson,1975).

3.1.6 Lower Clastics

The lower clastic deposits are composed of all siltstone, quartzit chale, and sandstone
of Precambrian through Early Cambrian age, forming an agg egate thickness of about

3000 m in some areas.

In outcrop, the lower clastic strata have small matrix porosity. They are highly fractured
and locally brecciated similar to the lower :arbonates. Quartzite units are more
fractured than the more porous siltstore, shale, and sandstone (Winograd and
Thordarson,1975).

19
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Clastic rocks are less soluble than carbonates. Secondary solution induced porosity
rarely develops along bedding planes of these rocks composed of quartz, mica, and clay
minerals.

Due to differences in rock strength, the mode of deformation differs significantly
according to rock type, in outcrop, siltstone, shale, and sandstone exhibit tight folding,
slaty cleavage, and shearing while carbonate rocks and quartzite are highly fractured and

tend to form relatively broad folds. When quartzites are interbedded with argillaccous
strata, open fractures in the quartzite tend to be isolated or sealed by the plastic
deformation of the weaker argillite (Winograd and Thordarson,1975).

At depth, the lower clastic rocks are highly fractured. Fractures are commonly lined
with micaceous and chloritic selvage or marked by slickensides. Most fnetures are
tightly sealed by selvage minerals or quartz or calcite veinlets.

:
i

3.2 Structuts

The Precambrian crystalline basement rocks of the region result from tectonic,
metamorphic, and intrusive activity that occurred during the Proterozoic period. The
Paleozoic was a time of slow subsidence and deposition. Mesozoic tectonic activity
resulted in low angle thrust or detachment faulting. Mesozoic deformation appears to
have been gentle, creating ductile folds of large amplitude beneath the thrusts. Early.

Tertiary activity included normal block faulting (Reynolds,1969) contemporaneous with
volcanic activity. For the last 15 million years, extensional forces have been present in

the repository area. Late Tertiary structural history was dominated by normal and major
strike slip faulting.

The repository site is located in a northwest-trending helt of right lateral faults that is

juxtaposed against the overall structural trends (Figure 3.5), Many north-trending
structures and ranges bend markedly near this belt. Faulting in this belt _may have
occurred as early as Jurassic time, with evidence of activity through Quaternary time
(Albers,1967).

Localized areas in the region contain heterogeneous and complex structures.
Comparatively, the local conceptual model study area appears relatively simple. Yucca

Mountain is bound on the east and west by major range front normal faults (see Figure
3.6). Ilowever, the mountain block is not solely uplifted along the range front faults, but
broken by several north northeast striking and westward-dipping normal faults with tens

to hundreds of meters of displacement, forming blocks that tilt 5 to 10 degrees castward
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(Scott and Bonk,1984; Scott and others,1983; Stewart,1978). Approximately 2 km east
and west of Yucca hiountain are zones of imbricate normal faults that dip west with
vertical offsets of 2 to 5 m (see Figure 3.7). Brecciated zones that are hundreds of
meters wide represent drag zones next to the major normal faults. The imbricate normal

faults decrease in displacement and density to the north. A northwest strike slip fault,
with less than 200 m of horizontal offset, is present to the north of the repository site.

The three major local fault zones transect the full thickness of the unsaturated zone
(hiontazer and Wilson,1984). In fracture zones, the ductile nonwelded tuff units
produce a sealing gouge material, as opposed to the welded, brittle units, which fracture
more readily. On a regional scale, the lower carbonate units are compartmentalized by

major structural features.

Gibbons and Guzowski(1989)* discuss the structural framework of the Yucca hiountain
region in the context of scenario probability. In addition, their report describes the
tectonics of this area in greater detail.

' Gibbons, J.F., and Guzowski, R.V.,1989. Representative Disruptive Scenarios for
Use in the Development and Demonstration of a Performance Assessment Methodology
for Unsaturated Tuff: U.S Nuclear Regulatory Comm ssion, NUREG/CR-4770,
Washington DC, and Sandia National Laboratories, SAND 86-7170, Albuquerque, NM,
Draft submitted to the U.S. Nuclear Regulatory Commission.
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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
rainfall, 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'

g 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.

L The~ potential for infiltration is high in areas of low elevation-that consist of alluvial

L valley 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 repositorv "te (Yucca Flat), according to "Cl infiltration studies.
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Flowing ephemeral stream channels are also areas where infiltration may be likely to
occur. The stream provides a hydraulic head that is the driving force for infiltration.
A saturated or partially saturated profile beneath the channel also facilitates the
infiltration process. In arid and semiarid environments, ground water mounds have been

observed beneath ephemeral stream channels, even when the ground water elevation is

disconnected from the channel by tens of meters of unsaturated zone (Cox,1988). The
observed mcunding was attributed to infiltration through the ephemeral stream channel.

In addition, at the repository site, there is a possibility that the channels may be aligned
with underlying faulted or fractured zones that provide a highly permeable zone where
infiltration could occur.

Overall, the amount of water that infiltrates the soil / rock profile in the region is highly
variable. Localized storms, variations in annual precipitation by location, and localized
soil of varying thickness covering the rock su'rface control where rapid pulses of water
are al!cwed to enter the profile. Net infiltration (water that does not remain in shallow

storage, evapotranspire, or interflow in the washes) is considered to be very small. The
rugged topography, bedrock exposed at the surface, and sparse vegetation cover enhance

surface runoff at the repository site after intense storms. Subsequent flow in ephemeral
stream channels may allow infiltration to occur.

4.2 Percolation

Percolation is the flow of net infiltration through the unsaturated zone. The percolation
rate varies according to heterogeneities in the system and within each hydrogeologic unit,

and due to movement from one hydrogeologie unit to another. In a system of
unsaturated, fractured rocks, fracture flow, matrix flow, and the interactions between the

fractures and matrix must be considered.

The unsaturated zone consists of three phases: liquid, air, and solid. The liquid phase
is subjected to capillary and adsorptive forces. The water potential ir. the unsaturated
zone is less than atmospheric. Under static conditions, the pressure head at points above

the water table is equal to the elevation above the water table, independent of the
porous medium:

Z = $/pg (1)

where Z is the elevation or vertical coordinate measured positive downward from the
water table, $ the pressure, p the density of water, and g the gravitational constant (see
Figure 4.1).
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Capillary forces determine the negative pressure head at which a given pore or fracture

will drain. As the water content decreases, the pressure head becomes smaller (i.e.,
becomes more t.egative). The relationship between the pressure head and the moisture

content, or the moisture retention curve, is dependent on rock type (see Figure 4.2).

Fracture flow may occur in the unsaturated zone as saturated fracture flow, film flow,

or slug flow. The mode of fracture flow is an important factor in determining flut
through the unsaturated zone. Saturated fracture flow is the fastest route for moisture

to move through the unsaturated zone. When a saturated fracture drains, a thin film of

water may be left along the walls of the fracture. Flow could continue through the film,
but the flux rate of the fracture flow would be reduced by orders of magnitude. Fracture

,

slug flow may occur from pulse infiltration into fractures at the land surface. If the
fracture flow moves as a slug, the flux rate would be faster than for film flow and slower

than for saturated flow.

The contrast between the fracture hydraulic conductivity and the matrix hydraulic
conductivity is an important factor in understanding the interactions between fracture
and matrix flow. The conductivity relationships are controlled by the amount of "

moisture in the fracture and matrix networks. For water to enter a fracture from the
porous rock, the pressure in the matrix must be greater than the pressure in the fracture.

Conversely, for water to flow from the fracture into the matrix, the pressure in the
matrix must be less than the pressure in the fracture. Upon drainage of a saturated
fracture and matrix system, the fractures will drain first because they have a larger
aperture than the matrix pores. Dn to variations in fracture aperture,it is possible for
" islands" of moisture to be trapped e ithin the narrow portions of a fracture. In this case,

flow could occur across the fracture from one matrix block to another instead of along
the fracture (Wang and Narasimhan,1985).

Fracture coatings may have a significant effect on flew interactions between the fracture
and matrix. Preliminary results from water uptake experiments performed in the
laboratorv indicate that the degree to which the fracture coatings affect imbibition may
vary by several orders of magnitude (Thoma imd others,1990). Thoma and others found

that the effective permeability of the composite medium (fracture coating plus matrix)
was less than the matrix permeability from a factor of three to up to seven orders of
magnitude.

Velocity effects are another concern pertaining to fracture flow. Commonly, the
momentum term is not accounted for. Depending on the size of the fracture apertures,
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however, it may be possible for high fracture flow velocities to occur under saturated
flow conditions.

Under unsaturated flow conditions, stratification of different rock types can have a strong

effect on the downward movement of water. In a layered profile, the pressure head is
continuous across textural boundaries, thereby forcing a discontinuity in moisture content

(see Figure 4.3) (Bear,1972). When a coarse layer overlies a finely textured layer,
moisture movement is controlled by the upper layer until it reaches the textural
boundary. Moisture will enter the lower layer, and, over a long time period, the layer
of least conductivity will control the process. For the opposite case of a fine layer over
a coarse layer, the moisture movement is controlled by the upper fine layer. Ilowever,
as the water reaches the interface ebove the coarse layer, the advance of the wettingt

front may be impe(';d as observed in laboratory experiments by Miller and Gardner
(1962). The pressure head at the wetting front hbove the interface is too small to permit
entry into the larger pores of the underlying coarse layer. Tne vertical advance of the
moistuu is impeded until the pressure head at the interface increases to the water entry
pressure head of the coarse material. The increased pressure head at the interface can

lead to an increase in moisture content over time. The moisture may also move laterally
above the coarse layer at this time; this was observed by Palmquist and Johnson (1962).

Alternating layers of welded and non welded tuff in the unsaturated zone at the
~

repository site may enhance the inhibition of vertical moisture movement in the manner

previously described. The extent of the capillary barrier effect depends on the contrast
in pore sizes of both the fractures and matrix, state of flux, and moisture content
distribution between units. The dipping beds may further enhance a horizontal
component of the gravitational gradient along the contacts between layers, if nearly
saturated conditions occur Due to the moisture movement impedance and lateral flow,

the existence of perched water is possible iri the stratified profile beneath the repository
site.

Inhibition of vertical moisture movement, lateral spreading, or perched water may also

be caused by a vertical fracture intersecting a horizontal fracture. Faults intersecting the
unsaturated zone similarly may impede moisture moveme t. However,it is not known

- whether the faults behave as a conduit for flow or a barrier to flow in the unsaturated
zone at the repository site.

The percolation rate is very difficult to measure directly in deep unsaturated zones that

are hundreds of meters thick. The deep percolation rate can be estimated indirectly
using geothermal flux information. However, this is complicated by movement in both
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liquid and vapor phases (Montazer and Wilson,199). Alternatively, the flux has been
estimated by applying Darcy's law, assuming that an effective unsaturated permeability
term can be applied, and that a unit gradient is present (Weeks and Wilson,1984). The
tipplicability of the unit gradient assumption will be discussed in detail in Section 8.1.

In general, the flux and diuribution of percolation through the unsaturated zone in the
'egion are not well understood. Due to the heterogeneitbs of the stratified tuff
sequence, it is highly likely that the Dow patterns are not simple.

43 }ktharge

itecharge is the process of water entering the saturated zone from the unsaturated rone.

The amount of recharge that occurs over space and time cannot L .ncasured directly,
Several different methods have been used to estimate the recharge that occurs beneath

-

the repository site,

liakin and others (1951) and Malmbetg and liakin (1962) developed a method to
estimate recharge for ground water basins based on regional relationships established
between recharge, altitude, and precipitation. The geothermal Oux method has been

used to estimate the recharge rate by assuming that the percolation rate equals the
recharge rate (Monta7er and Wilson,1984; Sass and 12chenbruch,1982). That is, the

vertical water flux, as dete mined from geothermal data, was estimated by separating the
conductive and convective components of the heat flux (Sass and others,1980) and
asuming that this flux is equal to the recharge rate. Difficulties with this method arise

because the geothermal Oux in the saturated zone is complicated by the horizontal
ground water flow component, which varies under varying hydrogeologic conditions
(Monurer and Wilson,1984). lastly, a basic water balance method can be used to

estimate the amount of recharge that occurs in a ground water flow system (Freeze and
Cherry, 1979), inaccuracies and uncertainties in measuring the water balance
components, particularly the evapotranspiration term, are major drawbacks of the first
and third methods.

It is not surprising that the recharge rates estimated by the geothermal heat.0ux meihod

and the water balance method are not similar. For a thick, unsaturated zone with long
travel times, a relatively large geologic time span is involved. The water balance method

measures present-day precipitation. while the actual water recharging the system may be

thousands of years old. Conversely, the geothermal heat Oux method provides recharge
estimates that may be the result of paleoclimatic conditions (Montazer and Wilson,
1984).
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Recharge to the saturated zone in the present Jay arid environment is not known.
llowever, based on low annual precipitation and high evaporation rates, the overall'

average recharge appears to be small, and it seems that this condition will continue until

the next major climatic change.

4.4 Yliimtattdllr_Alannont

Vapoi movement is a factor for consideration in thick, unsaturated zones where a
thermal gradient is likely to exist at depth. Convective transport of vapor is likely to
occur at shallow depths as dense vapor saturated air moves downward through the
fractures. At depth, as the vapor is subjected to higher temperatures,it would become
less dense and move upward untilit cools, it then becomes dense and moves downward

again. An equilibrium is assumed to occur between the vapor phase and Hyuid phase
adsorbed between the vapor phase and liquid adsorbed in the matrix. Due to convecdve

flow, this equilibrium may not exist and vapor flow could occur between the fractures
and the matrix (Monta7er and Wilson,1984).

Air flow at shallow depths may occur due to orogenic and topographic effects. Some
investigators have observed air to flow out of wells in unsaturated, fractured rock during
cold winter months (Weeks,1987). It is hypothesized that a column of cold dry air
extending from the valley floor to the hill crest (where the top of the borehole is
located) outweighs the warm, moist air that extends through the fractured rock into the
entire borehole. The potential pressure difference between the atmosphere and the
borehole causes air to flow from the open borehole (see 1:igure 4.4). Significant

topographically induced air flow will only occur from wells that tap highly permeable
fractured rock (Weeks,1987).

The effect of diurnal barometric pressure changes may be superimposed over
topographic effects. The transmission of an atmospheric pressure change at the land
surface through the unsaturated zone to a point at depth is delayed by resistance to flow

through the medium. Ilowever, the pres..ure change is instantaneously imposed at the
same depth in the borehole, imposing a temporary pressure difference across the
borehole face (Weeks,1987). Thus, the borehole intakes air during periods of rising

barometric pressure and exhales air during periods of falling barometric pressure (see

1 igure 4.5)(1 erris and others,1962). Although the air flows through boreholes that tap
highly fractured units, it is not understood to what degree the topographically and
barometrically induced air flow actually occurs in fractures.

(
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1.5 SA11tntled Gim!ndMukt_lh

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-
dimensional 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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5.0 TRANSPORT SYSTEM PROCESSES

Ta define a conceptual model (see Section 1.2), a 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
primary mode of radionuclide transport may be as dissolved solutes in the ground water,
the migration of radionuclides must be consistent with the ground water flow system that
will be discussed in detail in Section 6. These transport 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
Colloid transport will also be described, since there is the possibility ofzone.

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 Comection/ 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 convection. The rate of solute transport by convection alone is equal

to the average linear velocity of the flowing fluid. Therefore, to conceptualize

convective solute transport in a porous medium, information about the velocity field
must be known. Ilydrodynamic 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
of 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 to 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,

llydrodynamic dispersion includes two processes: mechanical dispersion and molecular
diffus|on (Dear,1972). Although hydrodynamic dispersion is defined N this manner,
mechanical dispersion and molecular diffusion are two distinct processes. Ilowever,

; 37

- . . - - . . - - - . - . . . - - _ _ _ - _ _ _ _ - _ _ _ _ _ - - -



- - - - - _ - - - - . - -_ - - - - - . - - - - - --- -

classical dispersion theory (Taylor,1953) maintains that the mechanical dispersive Oux
can be represented in a way that is similar to the diffusive Oux (i.e, Fick's law of
diffusion). Consequently, mechanical dispersion and molecular diffusion are typically
combined, and'ihe resultant process is called hydrodynamic dispersion. Analyses of
ground water flow systems traditionally follow classical disperdon 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 .

occurs during convection and, when viewed on the microscopic level, is caused by the
roughness of pore surfaces, the cifferences in pore sizes along the now paths, and the
branching of pore channels. Molecular diffusion is solute particle (lonic 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 trat:sverse to Dow,

the dispersion process is anisotropic, even if the porous medium through which flow
occurs is isotropic (de Marsity,198',).

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). Ilowever, more recent studies (ladlemand Barres

and Peaudecerf,1978; and Dieulin and others,1981a,19811.) have indicated that the
dispersivity may be both scale and time dependent. l2llemand 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 distancer, from the source implied a constant
dispersivity; however, for a longer time interval, they oMained a larger dispersivity value.
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Gelhar and others (1979) and Gelhar and Axness (1983) postulated that the dependence
Thisof dispersivity on scale and time can be explained by a stochastic approach.

stochastic approach assumes that the hydraulic conductivities for a porous medium are

spatially correlated. As summari7ed by de Marsity (1986), the results of this stochastic
approach are that dispersivity is a function of tinic and space, the dispersivity value
eventually approaches an asymptotic value, and the dispersivity is a function of statistical

properties of the velocity field (i.e.,'he hydraulic conductivities).

Convection is more complicated when more than one phase is present, as is the case for

radionuclide transport in the unsaturated 7one it is conceivable that convection can

transport the chemical species in both the gas and liquid phases. The bulk movement
(i.e., average linear relocity) in the pas and liquid phase is not necessarily the same.
Also, the flow paths of the two phares will be different, and this tends to complicate the

convection process for unsaturated zone transport.

Dispersion is also more complicated when more than one fluid phase is present. The
presence of each phase can deny pore space to the other phase and thus alter flow and
transport paths significantly, As saturation decreases for a phase, that phase ultimately
loses its continuity because of capillary instabilities within a complex pore structure.
Sahimi and others (1983) indicate that, for two immiscible fluids, the distribution of

phases in the pore space is dictated by the pore space morphology, the capillary and
viscous forces at the interfaces, and the stability of the shape that the interfaces assume

in response to these capillary and viscous forces. Other factors that can influence the
distribution of the two phases are the saturations, volume fractions, and the saturation

history (i.e., the way the saturations were reached).

Sahimi and others (1983) consider the case where one phase strongly wets the pore walls

(the contact angle is much less than 90 degrees) and the other is nonwetting. This may
correspond to water (wetting fluid) and air (nonwetting fluid) in the unsaturated zone,
in this case, the saturation history is important because the larger pores control flow and

transport rates during imbibition and for drainage, and the smaller pores control flow
and transport rates. Using a network model, Sahimi and others also found that in two-

phase flow, longitudinal dispersion in a given phase mercases greatly as the saturation
of that phase approaches its percolation threshold. Transverse dispersion also increases,
but increases more slowly. Smiles and others (19Si) presented laboratory evidence

indicating that, for transport in the unsaturated zone, the dispersion coefficient (both

longitudinal and transverse) is a function of water content.
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!
In general, convection in fractured, geologic media is more complicated, compared to
unfractured media. Ground water in the unsaturated zone is preferentially drawn into;

i
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 occur due
to the high matrix potential, there have been no conclusive studies involving

i 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. Ilowever, mineral layers on the
fracture surfaces can possibly impede capillary uptake into the matrix (Thoma and
others,1990), llecause dominant matrix flow cannot be established at this time, fracture
flow cannot be ruled out as a possible path for radionuclide migration,

liydrodynamic dispersion in fractured geologic media may be more complicated than it

is in unfractured 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 classical 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,1986L It 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.

5.2 Hilln511m

As indicated earlier, molecular diffusion will be the dominant transport process at
relatively low flow velocities. For unsaturated zone transport, molecular diffusion can '

occur in both the liquid and gas phase. For a fractured geologic medium, molecular

diffusion can occur within the fructures 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 occur due to the porous medium.
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Walters (1982) has investigated diffusion in a tuffaccous rock matrix and reported
tortuosity values for this type of medium, as well as effective diffusivity values.
Unfortunately, the reproducibility of the diffusion experiments is questionable and,
therefore, the resultant effective diffusivities are also questionable. This indicates how

difficult it is to predict effective diffusivity values based on physical properties (such as

tortuosity and porosity) of the tuff. Walters also concluded that coupling of the diffusive
Ouxes of all ionic species is important and should be considered in a model of diffusion

in the unfractured matrix.

Since fracture now in fractured tuff (unsaturated or saturated) is possible, diffusion from
the bulk fluid in the fracture to the matrix fluid (which is commonly called matrix
diffusion) should also be considered. This transport mechanism is often classified as a

physical retardation process. The reasoning is that when the solute diffuses into the
matrix frun the fracture, its migration to the accessible environment is delayed, in a
sense, the iock matrix acts as a storage volume; thus, the concentration of radionuclides

discharged o the accessible environment for a specified time is reduced.

The driving force for matrix diffusion is a concentration gradient and net diffusion into
the rock matrix will occur until the matrix concentration equals the fracture
concentration (at equilibrium, net diffusion equals zero). Consequently, after the solute
in the fracture passes, the solute in the matrix may diffuse back into the fracture because

the driving force is reversed.
,

When considering transport of solutes from the fracture to the porous matrix, the mass

Oux at the fracture /matiix interface must be accounted for. This is often referred to as
film type mass transfer resistance (Satterfield,1970) and a mass transfer coefficient is
needed to describe the boundary condition at the fracture / matrix interface. This
coefficient may depend on the chemical composition of the fracture wall; therefore,
fracture coating may be important when considering matrix diffusion. Because of this

film-type resistance, mass transfer of a radionuclide from bulk flow in the fracture into
the matrix becomes a two step process (i.e., film mass transfer is followed by diffusion

into the matrix). The slower of these two steps controls the overall rate of mass transfer.
The relative time-scale for each step should be estimated and compared to the time-

scale of Dow. Local equilibrium may be assumed if the time scale of a particular step

is significantly shorter than the step preceding and following it. llence, external mass
transfer resistance may be insignificant in the overall mass transfer of radionuclides to

the matrix from the fracture.
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5.3 Sarnlion

There are many chemical proccases that can result in the loss or gain of a solute in a
ground water s'y' stem. These chemical processes can occur in the liquid phase, gas phase
or both, and in both the unsaturated and saturated zones. For fractured media, the
chemical reactions can take place in the fracture system or porous matrix or both.

,

When considering solute transport, one of the most significant chemical processes that
occurs is sorption. Sorption is herein considered a general term for adsorption /
desorption reactions. Adsorption is the transfer of solute mass from the ground water
to the solid part of the geologic medium. Desorption is the opposite phenomenon.
Solute species adsorb to the solid by forming bonds with molecules on the solid surface.

The strength of these bonds and kinetics of the surface reactions depend on the size and

charge of both solute and surface species, the degree of saturation of surface bonding
sites, the acidity (pII), the oxidation / reduction potential (pE), and the temperature and
pressure of the system (Morel,1983).

Adsorption can occur by two different processes: physical adsorption and chemical

adsorption. Physical adsorption is exothermic, and the heat of adsorption is relatively
small(115 kcal/mol)(Fogler,1986). With physical adsorption, the forces of attraction

between the adsorbed atoms or molecules and the solid surface are weak (van der Waals
forces). Consequently, physical adsorption is often reversible. Physical adsorption can
also occur between the molecules adsorbed on the surface and other molecules; thus,
multilayers of adsorbed molecules can be formed. For chemical adsorption, the
adsorbed atoms or molecules are held to the surface by valence forces. These valence
forces are of the same type as those between bonded atoms in molecules and the heats

of adsorption are generally of the same magnitude,10100 kcal/mol, as the heat of a,

chemical reaction (Fogler,1986). Chemical adsorption, therefore, is often irreversible.

Chemical adsorption occurs only with surface atoms; consequently, only a monolayer of
adsorbed molecules is formed. Similar to physical adsorption, chemical adsorption is an
exothermic process.

The sorption process in a ground water system is often described by means of a

distribution coefficient (K ). A distribution coefficient relates the distribution of soluteso

between the liquid and solid phases in a porous medium. Researchers make several '

typical assumptions when using distribution coefficients. These assumptions include

instantaneous and reversible adsorption and desorption (equilibrium), linear sorption ;

isotherms, and single valued sorption isotherms (i.e., no hysteresis effect). If solute
adsorption / desorption cannot be described by equilibrium relations (K 's), then

o
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information on the rates of the sorption reactions must be known or empirical sorption

ratios may be used.

A sorption ratio is typically found from a measurement of an element's distribution
between phases under specific conditions. Different conditions (such as oxidizing,
reducing, adsorbing, desorbing) can produce different sorption ratios for the same
system. For sorption ratios, no approach to equilibrium is assumed. if equilibrium was
established, sorption ratios would be the same as distribution coefficients. Many studies

(Johnstone and Wolfsberg,1980; Tien and others,1985; and Daniels and others,1982)
report data as sorption ratios. These studies were performed on tuffaccous rock and
showed large positive values for sorption ratios. These large values indicate that the
tuffaccous roa has a potential for significantly retarding radionuclide migration to the
accessible environment. This, indicates that sorption is a mechanism that is critical in

modeling radiomalide transport in unsaturated, fractured tuff. Daniels and others also
conclude that sorption on tuff is nonlinear, that sorption ratios from desorption
experiments are higher than those from adsorption experiments, and that lack of
agreement of experimental and theoretical models suggest a more complex sorption
mechanism than simple linear sorption. Polter and others (1987) conducted field scale

transport studies in tuffaccous rock and found the presence of sorbing and nonsorbing
tracers on the tuff at some locations and not at others, suggesting preferential transport

paths.

When considering radionuclide transport in fractured, unsaturated media there are
several elements of Ko's or sorption ratios that are relevant for this type of media. For
unsaturated zone transport, Dykhuizen (1988) has postulated that the distribution
coefficient or sorption ratio will be a function of moisture content. This functional
relationship is due to the assumption that the liquid phase does not have access to all

adsorption sites because of the presence of the gas phase. The complex relationship
between sorpt on and saturation will depend on parameters such as ground wateri

chemistry, pore shape and size distribution, fracture shape and size distribution, and the
distribution of liquid and gas phases in the geologie medium.

For fractured porous media, as suggested by Burkholder (1976), it is more appropriate

to express the distribution coefficient on a per unit fracture surface area basis as
opposed to the per unit mass basis for porous media. This is reasonable because
sorption reactions are more closely related to the surface area of the medimr than the

Fracture surface areas are often approximated by assuming a planar fracturemass.
surface. Due to surface roughness and irregularities, the actual surface area with which
the radionuclides interact could be significantly larger than that representing this planar
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approximation. This assumption is not necessarily harmful in that, by assuming a planar
surface,, a conservative approach to sorption is achieved.

Another aspect of sorption that has been found to be very important in terms of
radionudide discharge (Neretnicks,1980; Bonano and others,1988) is sorption coupled
with matrix diffusion. Diffusion of the solute from the fracture to the porous matrix can

cause sorption to occur on a much larger surface area than if the solute stayed entirely
in the fracture. Therefore, when considering fracture flow, solute transport may be

nrded due to both matrix diffusion and matrix sorption. IIence, migration to thei

accessible environment may be delayed significantly.

Sorption is considered a chemical retardation process because the transport of solute to
the accessible environment is retarded due to the sorption process. This chemical
retardation by sorption is often described by a retardation equation. The retardation

equation defines a retardation factor which represents the ratio of the average velocity
of the ground water to the average solute velocity. Therefore,if sorption does not occur,
the retardation factor is equal to unity; if sorption occurs, the retardation factor is
greater than unity.

Defining a retardation factor as the ratio of the mean ground water velocity to the mean
solute velocity seems like a reasonable approximation. Ilowever, since these velocities

would have to be measured for each type of porous medium and solute, the retardation

factor is typically defined in terms of the bulk density of the porous medium, the porosity

of the porous medium, and a distribution coefficient (i.e., quantities that are relatively
easy to measure). There is some question concerning this definition of a retardation

factor. The first assumption embodied in this definition is that all chemical processes
that can retard radionuclides are represented by the sorption distribution coefficient.

This is done because many of the chemical processes associated with solute transport are

complex and difficult to model. Second, this IQbased retardation is typically assumed
to be constant for a specific radionuclide (i.e., it does not vary with time, space, or
concentration). This assumption is usually made because oflack of site specific sorption

' data. Third, the porosity is used to quantify how much surface area of the porous
medium is available for chemical retardation to occur. In doing so, a volume based
measurement, porosity, is used to represent surface area. Currently, for unsaturated
transport, researchers replace the porosity by the water content in defining the
retardation factor (to quantify how much surface area of the porous medium is available

for sorption to occur). This replacement is not based on conclusive field or laboratory
studies and, therefore, the relationship between retardation and water content cannot

be established at this time. Fourth, there is question concerning how researchers
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typically m. asure K/s. This question arises from the fact that researchers often find Ko's
by using crushed rock samples and measuring the amount adsorbed in a batch system.
This is in contrast to 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 difricult 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 ofion 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, llowever, because zeolites have a rigid

4
structure and the pare 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

tmd ions that are larger than the pore sizes are excluded from the ion exchange process.

For example, llelfferich (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.

5,4 Radioastive Decar

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 imperiant 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, wh< re the amount of radioactive element decaying is proportional to the

amount presem The proportionality constant is called the decay constant and is specific

for each radionuclide.
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Radioactive decay results in radioactive decay chains (a succession of nuclides) that
transform by radioactive disintegration each one into the next, until they form a stable
nuclide. Because a short lived radionuclide parent can decay into a long lived

,

radionuclide daughter, including radionuclide chains in the conceptual model is very 7

important for determining which radionuclides reach the accessible environmen; G a..,

assessing compliance with the EPA Standard). Also, for this same reason, the transport
of multiple species must be examined. The presence of more than one radionuclide

would affect all the transport processes that occur in the grourd water system and a
governing equation for each species would be needed. With the presence of multiple
radioactive species, multiple decay chains are likely, and need to be considered.

5.5 landdng. Dissolullenuand. Preciphallen

in a ground water system, the water comes in contact with the minerals in the rock and
leaching, dissolution, and precipitation of these minerals can occur. These chemical

processes continue until equilibrium concentrations are obtained in the ground water or

until all the minerals are consumed. The surface of the rock is altered due to these
chemical processes.1.nng term dissolution can diminish or completely remove reactive
mineral phases from the surface, and precipitation of minerals may coat the surface.
Because the surface is altered, sorption of the radionuclides onto the rock is affected and

therefore, radionuclide migration is also influenced. For tuff, when the ground water
interacts with the rock minerals, the formation of any number of zcolite phases can
occur (Apps and others,1982). Polzer and others (1987), conducted field scale transport

studies in tuff and then analyzed the tuff materials for the presence of tracers and freshly
precipitated material. The results indicated no presence of freshly precipitated material

that would retard tracer movement. in a fractured geologie system, precipitation of
minerals can occur in the fractures to the paint where the fractures become filled. As

noted earlier, this fracture coating phenomenon could effect fracture / matrix flow and
matrix diffusion as well as sorption on the fracture walls.

!

5.6 Cantplexation

Complexation involves the bonding of ligands to a metal atom or ion due to the valence
'

of the metal atom. Many metal radionuclide ionic species form very strong complexes
with materials contained in ground water (e.g., polycarhoxylic and amino carboxylle
compounds)(Apps and others,1982). Transport of radionuclides complexed with these -

"

ligands may be significantly different than transport of uncomplexed radionuclides, For
.

example, radionuclides in complex form may have different propensities for sorption
compared to uncomplexed radionuclides. Also, the mobility of the radionuclide complex
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may change depending on the solubility of the complex formed relative to its
constituents. There is also the possibility that the radionuclide species will form a

i

j complex with solid phase molecules (a form of chemisorption). The formation of
organic radionuclide complexes will depend on the concentration of organics in the
ground water. Unfortunately, the basic chemistry of complexation of radionuclides with

,

ligands and migration of these complexes is poorly understood and, therefore,
radionuclide transport by complexation cannot be evaluated at this time.

5.7 Gas Phase Tritnwnri

The presence of a gas phase in unsaturated tuff implies that radionuclides may be
transported in the gas phase to the accessible environment. This may occur in several
different ways. First, there is the possibility that dissolved radionuclides will become
volatile and will be transported in the gas phase. Second, there is the possibility that
aerosols will form due to the heat generated by the nuclear waste, and that radionuclides

will be transported as aerosols in the gas phase. Third, radionuclides that are already

in gaseous form (such as "C and "''l) may also migrate in the gas phase. In general, the
significance of gas phase transport in unsaturated, fractured rock is an important
research question that investigators need to address. For example, if there is a

continuous path for gas phase transport from the repository to the land surface (the
accessible environment), then there is also a continuous path for water infiltration. This

may prove to have a greater impact than gas phase transport. The following discussion
reviews current research on gas phase transport in unsaturated, fractured tuff.

Smith and others (1986) assessed radionuclide gas phase transport in unsaturated tuff.

They examined aerosol formation and gas phase convection / diffusion of volatile species.

For aerosol transport, they considered the formation of aerosols from the liquid phase

contained on a fracture wall. This was reasonable because aerosol formation will not
occur in the rock matrix, since a liquid film and air space overlying the liquid film is

required for acrosol production. To form an aerosol, the ground water must become
supersaturated with air components, and,if the degree of supersaturation is high enough,

gas bubbles form. These air bubbles will then migrate to the surface of the liquid film
(if the film thickness is large as compared to the air bubble size). Then, if the bubble
velocity is high enough, the bubble will collapse and aerosols will be produced.

For repository conditions,it is possible that the ground water will become supersaturated

with air during the " heat pipe" am hat may occur near the high level nuclear waste.
This effect consists of liquid film ground water movement towards the nuclear waste

where high temperatures exist, vaporization of the ground water, and movement of the
1
'
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vapoc away from the waste to a region of lower temperatures. The solubility of air
componerits in the liquid ground water will decrease as the temperature increases, and,

if the air components cannot diffuse quickly enough into the vapor phase, the liquid film
may become supersaturated with the air components as the liquid coels.

Smith and others (1986) analyzed air diffusional transport in a stagnant liquid film to
determine the degree of supersaturation in the liquid ground water film. This was a
conservative analysis in that, by assuming a stagnant liquid film and transport by
molecular diffusion only, they did not account for the effects of turbulence and other
transport mechanisms. These other processes would only increase transport in the liquid

film. From theli analysis, Smith and others concluded that the air transport rate is so
high that supersaturation does not occur, so gas bubbles are not formed and aerosols are

not produced. They reached this conclusion for all expected repository conditions.
Green and Evar .,(1987) also concluded that acrosol production from bubble formation
should not exist under expected repository conditions. Ilowever, Gey believe that
processes other than bubble formation may exist to produce aerosols. One process they

4suggest is the rupture of thin films (films of thickness 5 x 10* m to 5 x 10 m).
Unfortunately, they do not give any information on the processes involved. It is yet to
be determined whether or not this phenomenon will occur and if it does, under what
conditions does it occur.

It should be noted that Smith and otheis (1986) also point out that if gas bubbles
~

actually did form, it is unlikely that the liquid film would be of adequate thickness for
bubbles to accelerate to sufficient velocities for acrosol production. Day (1964) used a

diffusion cloud chamber to determine that aerosol particles are not ejected by gas
4bubbles that have a radius less than 1 x 10 m. Therefore, the minimum film thickness

dneeded for bubble formation to occur is 1 x 10 m, which corresponds to a minimum
fracture aperture on the order of 2 x 10 " m. Ogard and others (1983) measured
fracture apertures for six tuff samples in the range of approximately 6 x 105 m to 2.5 x

d
10 m. From these measurements, the possibility of adequate liquid film thickness is

greatly reduced. Ilowever, Green and Evans (1987) point out that the six core samples
tested by Ogard and others do not adequately characterize the entire zone of canister

placement for a high. level nuclear waste repository. They also state that the heat from

the nuclear waste could alter the fractures in such a way that the apertures are enlarged
significantly. This question of aerosol formation is primarily relevant for the near field
and not for far field radionuclide migration, llowever, if radionuclide aerosols are
formed in the near-field region then their transport in the far field region to the
accessible environment becomes relevant.
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Smith and others (1986) also analyzed the transport of volatile radionuclides in the gas

phase by con Sn/ diffusion. They performed conservative bounding calculations on
the gas flow rate relative to the liquid flow rate (mobility ratios) due to
convection / diffusion for expected repository conditions. From the magnitude of these
mobility ratios they concluded that, except for the immediate region near the canister,1

transport in the liquid phase will be dominant for radionuelides as heavy as or heavier j
|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 radionuclides (such as "C in the form of
CO or Cil , or *l) may also occur in the unsaturated zone. This is a research area

2 4

where little work has been done to ascertain its importance, although recently, some
investigators have donc preliminary studies concerning gaseous "C migration (van
Konynenburg and others,1985; Amte and others,1988; 1(oss,1988).

There are several different driving forces for gas flow. Diffusion occurs 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 can also cause
upward and downward gas movement. Itesearchers have inferred that air moves in and
out of boreholes at Yucca Mountain (Weeks,1987) and at the Apache leap Tuff Site

(IIvans and Itasmussen,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, llowever, Amter and others (1988) conclude that, for
CO migration at Yucca Mountain, transport due to the seasonal gas flow is much less

2

than migration of CO due to diffusion, and is therefore negligible. This conclusion is2

based on physical assumptions about the Yucca Mountain system under present day
conditions. These assumptions include gas transport in an 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 retnrdation factor of 70 for gaseous

"CO-
2

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 initial2

release of "C will not exceed the proposed IIPA standard, but that further research is
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needed to account for slower "C release (oxidation of the internal components of the
fuel assembly) and transport of this "CO through the geosphere.2

In addition 'o' diffusion and convection, there are several chemical processes that cant

occur with CO gas phase transport. These chemical processes include isotopic2

exchange, radioactive decay, sorption, and water carbonate mineral reactions. These

water carbonate mineral reactions may provide a sink for removal of "C from the gas
phase (Ross,1988). Due to these complicated chemical processes, analyzing gaseous
CO migration becomes very involved.2

Analyses of CO gas transport that have been done for Yucca Mountain (Amter and2

others,1988; Ross,1988) assume that gas transport occurs only in the porous matrix.
These analyses also assume an immobile liquid phase. By making this assumption it is

implied that liquid and gas phase transport are independent of each other or decoupled.

5.8 Colloids

Colloids are defined as having at least one dimension within the size range 10* to 104
m (Shaw,1970; van Olphen,1977; and Yariv and Cross,1979). A colloidal system
consists of these relatively large molecules or small part:cles suspended in a solvent.
Because of the size of the colloid particles, interfacial forecs control their behavior and

they stay in suspension by Ilrownian motion. Colloids are good adsorbents because of

their high ratio of surface area to volume, and ion exchange occurs easily because
colloids have a large electrical charge relative to their surface area. Ilesides facilitating
ion exchange, colloid particles can coalesce and may precipitate.

Natural!y occurring colloids are often found in g ound-water systems. These include clay
minerals, which are of colloidal size, and geochemical weathering products of rocks
which are often inorganic, amorphous (uncrystallized or poorly crystallized) colloids in

a metastable state. Ferric and aluminum hydroxide, and silicic acid polymers are also
frequently found suspended as colloids in ground water (Apps and others,1982).

13ecause colloid formation is possible in ground water systems, radionuclides could
adsorb onto the surface of these particles, or form colloids themselves and be
transported to the accessible environment. Chemically and physically, colloids behave
differently from dissolved species and the mechanisms controlling transport of colloids
are quite different from those controlling dissolved species. In fact,a number of
investigators (Apps and others,1982; Champ and others,1982, and Bonano and 13eyeler,

1985) hcve concluded that radionuclides in colloidal form can be transported faster than
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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 pores in the geologic medium to pass
through them. Preliminary experimental work (Smith,1988) indicates that pore sires in
welded tuff matrix are relatively small (radii ranging from 5 x 10'm to 1 x 10'7 m).
Consequently, transport of radioactive colloids will probably occur primarily in the
fractures of the tuff. This conclusion is consistent with the conclusions of Tr.ang and

Mangold (1984). Colioidal particles may also aggregate into larger particles due to
00cculation. Ily forming larger particles, the efficiency of colloid filtration increases.

The critical parameters when considering colloid transport include Dow rate, ionic
strength, particle size, and surface charge (llinnall and others,1987; llonano and Ilcycler,
1985). Unfortunately, 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 smali amount of available data, that concentrations of colloids are

very low, and, therefore, not a significant path for radionuclide transport. Ilonano and
lleyeler (1985) showed that if the rate of appearance of colloids increases along the
transport path so does their rate 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 migratian. Ilowever, for the saturated zone where fracture flow is
dominant or for unsaturated fracture flow, colloid transport becomes more significant.

This is because of the relatively higher flow rates in the fractures and the possibility of
radioactive colloids reaching the accessible environment in a relatively short time period.
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6.0 GROUND WATER Fl.OW SYSTEN!

This section defines the hydrogeologic stratigraphy, and subsequently describes the
regional and local ground water flow systems at the hypothetical repository site.

6.1 Ilutrugen!9gi StrallL'raoh)l

The movement cf fluids through rocks is fundamentally a physical process governed by
the pore geometry of the medium. It is therefore appropriate to define the
hydrogeologic stratigraphy according to physical differences in the rock which affect the

flow regime. Thus, the hydrogeologic uni s do not necessarily coincide with designatedt

geologic divisions which are generally based on mineralogy and petrology.
s

The upper 500 m of volcanic rocks in the unsaturated zone have been commonly divided
according to degree of welding. A., previously discussed, for tuff units the degree of
welding has a direct effect on the fracture frequency and density, matrix porosity, grain
density, and dry bulk density. Beneath the alluvium, one of the possible hydrogeologic
stratigraphics in the volcanic tuffs has been identified by Montazer and Wilson (1984).
Theyidentified five hydrogeologic units in the unsaturated zone; the Tiva Canyon welded
unit, the Paintbrush non-welded unit, Topopah Spring welded unit, Calico Ilills non-
welded unit, and Crater Flat unit (see Figure 6.1). Ilowever, the degree of welding is
a qualitative term. For example, the " welded" tuff and "nonwelded" tuff described by
investigators at Yucca Mountain have porosities of approximately 12% 14% and 31% -

46%, respectively (Anderson,1981; llush and others,1983; Weeks and Wilson,1984).
In contrast, the "slightly welded" tuff from the Apache Leap Tuff Site in Arizona has a
porosity of about 13% 17% (Vogt,1988), which is comparable to the " welded" tuff from

Yucca Mountain. The porosity differences may be due to secondary mineralization,
vapor phase crystallization, and formation of lithophysal cavities. Zones containing
abundant Ildmphysal cavities or gas pockets may significantly affect the physical-
properties of ash flow tuffs. Ideally, all available properties of the unsaturated rocks that

will affect flow should be utilized to designate the unsaturated zone hydrogeologie
stratigraphy. This includes hydraulic properties such as in situ moisture content, the
moisture retention curves, and saturated hydraulic conductivity.

Winograd and Thordarson (1975) defined a possible hydrogeologic stratigraphy in the
saturated zone based on the transmissivity of the rock units. The saturated rocks are

divided into the upper and lower carbonate aquifers and the upper and lower clastic
aquitards (see Figure 6.1). Again, it is desirable to include additional information about

the saturated rock units, such as effective porosity, when designating the hydrogeologic
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stratigraphy of the saturated zone.

Only one hydrogeologie stratigraphy is presented here, mainly based on work by
Montarer and Wilson (1984) and Winograd and Thordarson (1975). There are actually
an infinite number of hydropeologic stratigraphies, depending on which physical
characteristics are cliosen as the criteria for selecting the divisions. The following
discussion presenti, t'ac hydrogeologic stratigraphy in only one and two dimensional
format, recognizig that the true hydrogeologic system is not well understood 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,1984).

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,1.983;
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

20 m (Scott and Bonk,1984). The unit dips to the east at angles of 5 to 25 degrees.
These tuffs are vitric, nonwelded, highly porous, contr.in low fracture densities, and have

high matrix permeabilities (Montazer and Wilson,1984).

The Topopah 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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t;:. water table is located within the base of the Topopah Spring welded unit (Montazer
and Wilson,1984).

T' e Calico Ilills nonwelded unit varies in unsaturated zone thickness because of the
location of the water table. The thickness of the Calico Ilills nonwelded unit ranges
from 140 to 250 m (Scott and Ilonk,1984). Iloth vitric and devitrified facies occur
within the Calico Ilills nonwelded unit (Montarer 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 tuff unit consists of welded and nonwelded tuff layers. Ilowever, no
differentiation was made between the two layers because the Crater Flat tuff is located
beneath the water table within the nmjority of the repository area (Montazer and
Wilson,1984). The thickness of the Crater Flat tuff ranges from rero to 160 m (Scott
andIlonk,1984).

Ilencath the water table, the upper carbonate aquifer is more than 1000 m thick at
severallocations. The upper carbonate aquifer has 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 Yucca Flat (Waddell and others,1984). Therefore, the upper
carbonate aquifer has minar significance to the regional ground water flow system.

The upper 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 hydraulle grmilents.

The lower carbonate aquifer is widespread in the eastern portion of the region. It is the
primary transmitter of water in the saturated vone. As discussed previously (Section 3.1),

the lower carbonate aquifer is highly fractured and 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 chtstic aquitard is comprised mainly of quartzite and shales, it is up to three
orders of magnitude les'. permeable than the lower carbonate aquifer. The lower clastic

aquitard is often treated as the lower boundary of the hydrogeologic system (Winograd

and 'lhordarson,1975). The low permeability of this unit most likely has a significant
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effect on the distribution of hydraulic potentials and the location of discharge zones
(Waddell and others,1984).

6.2 Regional Flow System

The regional surface and ground water flow systems are described here. As discussed
previously, the regional flow system is defined for the purpose of subsequent numerical
modeling activities. Section 3.1 contains an explanation of the regional system geometry.

The surface water system of the region consists of topographical basins containing
,

ephemeral stream channels. Several ephemeral stream channels, such as Forty Mile
Wash and the Amargosa River, flow following significant precipitation events, but few
ephemeral stream flow data are available in the area (DOE,1988). No perennial
streams or other sources of surface water are found in the region,

in general, the flow regime at the repository site consists of infiltration and percolation
,

through a thick unsaturated zone, composed of fractured tuff. Upon reaching the water
table hundreds of meters below the ground surface, water travels through carbonate,
volcanic tuff, and alluvial aquifers according to the regional and local ground water flow

paths.

A regional ground water flow system encompasses one or more topographie basins (see
Figure 6.2). Interbasin flow is common and important with respect to the total volume
of water transported within the boundary of the system. The regionalground water flow
system in the repository area is composed of three alluvial basins; Ash Meadows, Oasis

Valley, and Alkali Flat Furnace Creek Ranch (see Figure 6.3).

The regional ground water flow system has been delineated using potentiometric data
(Walker and Eakin,1963; Nichols and Akers,1985; Waddell and others,1984; Waddell,
1984; Rice,1984; Czarnecki and Waddell,1984; Robison and others,1988) and
hydrochemical studies (Schoff and Moore,1964; Maxey and Mifflin,1966; Classen and
White,1979; Grove and others,1969; Clebsch,1961; Winograd and Friedman,1972).< 4

The regional system boundary primarily follows the outer ground water basin boundaries

(see Figure 6.3). In general, the mair recharge zones are north and west of the :

repository site, in the highlands. A constant flux boundary was designated by Waddell
(1982) on the castern side of the region to account for inflow from the adjacent valley

d

to the cast (Pahranagat Valley). All other external boundaries of the region have been
treated as no flow boundaries based on topographic and ground water divides (Waddell,

1982). Discharge occurs in springs to the south and southwest (Figure 6.3). The
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discharge areas in Ash Meadows and Alkali Flat are caused by underlying rocks oflow
hydraulic conductivity forcing water levels high enough to intersect the ground surface
(Waddell,198z).

The regional ground water flow system is controlled by the lower carbonate aquifer
where iracture flow dominates. Tritium tracer tests indicate that in localized regions up

to hundreds of meters, the fractures are hydraulically connected in the lower carbonates

(Claassen and Cordes,1975). The regional aquifer system is confined in the deepest
portions of valleys and uncoiifined beneath mountain ridges. The regional ground water
flow paths follow a general southwest direction (see Fips n.4).

Juxtaposition by faulting or folding of thick clastic strata against carbonate rocks results
in barriers to ground-water flow (Winograd and Thordarson,1968). Interbasin ground-
water flow tends to occur where the lower carbora e rocks are present (Rice,1984) and

ground water flow is significant between subbasins in the region (Claassen and White,
1979; Eakin,1966; Maxey and Mifnin,1966).

The local system of the repository site is located within the Alkal! Flat Furnace Creek
Ranch ground-water basin (see Figure 6.3). The northern part of the basin is underlain

by volcanic tuff, while the southern end of the basin is underlain by primarily alluvium
(see Figure 6.5). The depth to the water table gradually decreases from north to south
until the depth to the water table is only a few meters below the land surface in Death
Valley. Springs discharge up to several hundred meters above the floor of Death Valley
from the carbonate rocks or from alluvium which overlie the carbonate rocks (Waddell,

1982; Czarnecki and Waddell,1984; Czarnecki,1985). The origin of water discharged
from the Furnace Creek Ranch area is not certain, but the water chemistry indicates that

i

it comes from the Amargosa Desert (Winograd and Thordarson,1975). Waddell(1J82)

hypothesizes that the discharging water is a mixture from all three hydrologic basins.
Water discharges from the basin through evapotranspiration at Alkall Flat (Walker and
Eakin,1963). Ground water beneath the repository site flows toward the Ash Meadow

Spring discharge area in the Amargosa Desert (Schoff and Moore,1964).

6.3 Jocal Flow System

Local groundmater flow systems are characterized by the majority of the water
discharges within the associated hydrologic basin (see Figure 6.2). Local flow systems
in this region occur in numerous intermontane valleys and basins and in the valley-fill

aquifers composed of alluvial material. Boundary conditions for the local ground-water

flow system are controlled by the regional ground water flow system.

'
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The hydrogeologic units of the local system include saturated volcanic rocks in the

western portion. To the east volcanics overlying carbonates and the upper clastic
aquitard are found (see Figure 6.6).

The local ground water flow system at the repositary site is characterized by a steep
hydraulic gradient to the north, and a fairly flat gradient to the south (see Figure 6.7).
The steep gradient is probably indicative of a low permeability zone located in these
areas below the water table. The cause of the low permeability zone has not been
determined. Sinton (1989) suggests several causes of the low permeability zone: a fault

or fault zone; an intrusive dike; a change in lithologic facies or pinch out; a change in
fracture orientation, density, aperture, or fracture fillings; or some combination of the
above. The flat gradient is due to highly permeable tuff units located below the water
table.

There is evidence that perhaps both upward and downward flow occurs in the areas with

shallow hydraulic gradients (Blankennagel and Weir,1973). At this time, the field data
is inconclusive as to the extent and cause of the vertical movement, llowever, Czarnecki

(1989) has proposed that a multi-aquifer system exists in the repository area in which
clow occurs through two different aquifers at nearly right angles.
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7.0 TilANSPORT SYSTEM

Transport of radionuclides from the repository, through the unsaturated and saturated
zones, to the accessible environment will occur 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
ilominant transport mechanisms considered. in the following section, a possible
stratigraphic 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 (l.c., 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
stratigraphics arise primarily because the processes considered can 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 briefly discussed in this section.

7.1 J'hyhnLTautmutLStradenudu

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 velocity). As a result, the stratigraphic layering based 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 Guid in which the
species is contained. Thus, layering derived for this mechanism would be idwical to
the hydrogeologic layering. Because the mechanical dispersion component of
hydrodynamic' dispersion is caused by the now of ground water through variable now
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 a 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 because 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 matrix, 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 Geochentical Transoort Stratigraphy

Geochemical and mir,eralogical 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 chemical
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components of transport (i.e., sorption) will be reviewed. Subsequently, a 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,

see Section 5.3.

Durirg cooling, ash-flow tuffs at the repositary site have gone through a series of
crystallization stages. It is during the late stages of this crystallization that secondary
minerals, such as zeolites and clays, are formed. The secondary mineralization occurs
as the initial tuff components are altered during cooling, in the devitrified zones,
smeetites 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
alteration in the formation of hydrous minerals (e.g., transition from clinoptilollte to
analcime to albite; Bish and others,1981).

Specifically, the most sorptive minerais at the repository site are the ,open channel
zeolites (clinoptilolite, 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 smeetites are the most sorptive (Bish and
others,1984b). Although elemental compositions of clinoptilolite, heulandite, mordenite,
and smeetite are variable (Broxton and others,1986; Caporuscio and others,1982), and

sorption is variable 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. Sarption
ratios for the simple cations, cesium, strontium, and barium (used as an analogue of
radium: Daniels and others,1982), have been found to be as much as two orders of

magnitude higher in zeolitized tuffs 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 clinoptitolite 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
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as closely as the simple cations (Vine and others,1981; Wollenberg and others,1983,
Thomas,1987).

Sorption ratios for technetium, selenium, uranium, and neptunium were relatively very
low across all mineralogic variations (generally less than 20 ml/g, for all samples; '

Thomas,1987) and generally showed little correlation with mineralogy. Technetium
sorption ratios, under atmospheric and reducing conditions, were extremely low for all
samples (less than 1 ml/g; Ogard and Vaniman,1985; Thomas,1987).

Although the highest sorption ratios for plutonium were found in tuffs containing zeolites
and/or clays (Thomas,1987), ranges of values were so broad that defining a quantitative
correlation of sorption ratios with mineralogy would be difficult.

No correlation with mineralogy is evident for thorium, tin, or americium (Rundberg and
others,1985; Thomas,1987), although lanthanide and americium sorption appear to be
highest on clay containing tuffs (Johnstone and Wolfsberg,1980).

Variation in mineralogical alteration and abundance occurs both laterally and vertically
at the repository site. In order to indicate lateral location of variations, an exploration
block at Yucca Mountain (shown in Figure 7.1) has been designated. This is the sole
purpose of the exploration block in the report. It does not necessarily coincide with the

boundaries of the local or regional ground. water flow systems nor the boundary of the
controlled area. The exploration block boundary encompasses the exploratory boreholes
from which most of the following geochemical and mineralogical information have been
gathered.

Smeetite, generally found as an ubiquitous alteration, is usually in low abundance (i.e.,
q

less than 10%; Bish and others,1981; Bish,1981; Bish and others,1982); however, some 1

zones of high abundance (as high as 50%) are evident in the northern exploration block
(Daniels and others,1982; Bish and Vaniman; 1985).- Smeetite abundance has also been

found to be lower in some of the zeolitized intervals than in non zeolitized intervals
(Caporuscio and others,1982). lon concentrations and pH are too low during the
hydrous alteration of glass for zeolite formation unless the glass has already been altered

to smectite (Hay and Sheppard,1977). The inverse relationship therefore suggests that
zeolite formation replaces smectite formation after the glass has been altered. Above

the water table, primarily in the northern exploration block, zeolites are generally 1

stratified, with clinoptitolite and mordenite most abundant (Bish and others,1981). At
greater depths, alteration of clinoptitolite to analcime, and then to albite occurs. Below

the water table, within the tuffaccous aquifer, densely welded non-zeolitized tuffs and
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less densely welded zeolitized tuffs occur. Specific sorptive stratigraphy will be discussed
below.

Investigatichs by Vaniman and others (1984) affirm that mineralogical alteration to
zeolites and clays is much less in the southern part of the explomtion block at Yucca
Mountain than in the northern part. Secondary minerals were both less abundant and
of lower grade (lower temperature of formation) than in samples from the northern
block. In the southern block, both clinoptilolite and analcime were found at greater
depths than in the northern block while mordenite was evident only as an infrequent

- fracture coating. Zones of zeolite abundance were difficult to define in that zeolite

abundance was highly variable and poorly correlated with depth. Average clay
abundance in the upper part (above 1000 m) of the southern exploration block was
found to be less than 1% with very limited smectite to illite transition, whereas in the
northern block, abundances of 10% are common. At greater depths (below 1000 m),
zones of approximately 10% clay abundance become more common, but transition to

illite was still less than 20% complete even at 1500 m depth.

Many fractures throughout the unsaturated zone are coated or lined with zeolites
(mordenite and heulandite) and some smeetite (Carlos,1985). Zeolitic coatings are
frequently discontinuous and do not usually seal the Gactures. Smeetites are ofNn
scattered across fracture faces. Zeolite coated fracture locations are not restricted to
those zones adjacent to the zeolitized matrix intervals, but extend into the welded-
devitrified and glassy tuffs (Carlos,1985).

Sorptive intervals (i.e., geochemical stratigraphic units) at the repository site, based
primarily on zeolite abundance in matrix rock, have been identified (Bish and Vaniman,e

1985) and defined by a number of investigators (Wolfsberg and others,1983; Bish and

others,1984a; Bryant and Vaniman,1984; Vaniman and others,1984; Caporuscio and
others,1985). The number, location, and size of intervals defined by each investigation
are, for the most part, consistent with one another and do not coincide with formal
geologic or hydrogeologic stratigraphic definitions. Generally, most zeolite intervals are

located roughly where once vitric, non welded tuff zones existed, at the margins of q

- devitrified tuffs (Vaniman and others,1984). This is the result of many zeolites being
alterations of vitrified tuffs. Also, transition from clinoptitolite to analcime to albite with
depth has been observed (Bish and others,1981).

Drawing from the above investigations, specific matrix, sorption based intervals, which
begin at the host rock and extend ver ic..lly downward through the saturated zone, have

been defined. Defining the stratigraphy as beginning at the host rock (i.e., proposed
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repository horizon) assumes that transport occurs only downward from the repository;
(

however, by observing lateral variations in all directions within each interval, the'

transport stratigraphy is not limited to one or two dimensions, and therefore does not

preclude lateral movement of solutes. The units are as follows:

llost Rock - Greater than 98% of the host rock mineralogical content is made up of

quartz, cristobalite, tridymite, and alkali feldspars (Bryant and Vaniman,1984), this is
considered a low sorption interval. Sparse phenocrysts (less than 2 %) and fracture

fillings also exist. Many of the fillings or linings in the older fractures are composed of
silica and feldspars. The low abundance of zeolites and smectites which do occur in this

unit are found primarily as relatively sparse, often discontinuous, fracture linings in more

recently formed fractures (Carlos,1985).

Zeolite Intervall This thin interval (between 1 and 5 m thick) contains primarily

clinoptilolite and heulandite, and some smeetite. This interval exists above the water
table at all boreholes sampled and is unique because it does occur within densely welded

tuff of a compound cooling unit. 7colite abundances are highest toward the north of the

exploration block (as high as 15%) and decrease to trace amounts to the south and at

the crest of Yucca Mountain where little alteration has occurred.

Vitronhvre/ Vitric Zone - Although this unit is composed of upper (vitrophyre) and lower

(vitric) portions, it considered a single interval because of the relatively low sorption
properties throughout. The upper portion of the unit is vitrophyrc primarily composed
of glass (40 to 90%) with thickness ranging from 10 to 30 m. The upper portion is
thickest to the south of the exploration block and along the crest of Yucca Mountain,

where relatively little alteration has taken place, and is thinner to the north and east, as

more alteration has occurred in these areas. Trace amounts of smectite line fractures
throughout the vitrophyre, whereas zeolites can be found lining fractures at the top of
the vitrophyre. The lower portion of the interval is composed of partially welded and
non-welded vitric tuffs, ranging in thickness from tens of meters toward the south of the

exploration block to negligible thickness in the north and cast. Alteration to clay is rare
and zeolites are found in highly variable abundance (0 to 80%) at the bottom of the

interval.

Z,colite Interval 11 - This high sorption interval is highly variable in mineralogical
composition and thickness across the exploration block. In the zeolitized portions of the
interval, clinoptilolite predominates (50 to 70%), with variable occurrences of mordenite

(0 to 20%). The occurrence of zeolites in this interval range from very thick (as high
as 140 m) toward the east and north of the exploration block to nonexistent in vitric
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nonzeolitized zones toward the south along the crest of Yucca Mountain. Smeetite

abundance is generally low, but can reach as high as 15% in thin, interbedded layers
within the interval.

&

Central Prow Pass hiember. Crater Flat Tuff Ranging in thickness from 45 to 90 m,

{' this relatively low sorption interval is composed of moderately to partially welded tuffs
containing mostly alkall feldspars with some silica minerals, and silicate and oxide
phenocrysts. Abundances of smectite as high as 3% can be found in this interval.

; Zeolite Interval III - This hign-sorption interval occurs within poorly welded and bedded

tuffs. The interval is continuous across the entire exploration block, although it does
I vary in thickness, being thickest along the eastern margin of the exploration block

(approximately 80 to 100 m) and thinnest along the crest of Yucca hiountain
(approximately 30 to 60 m). As it down dips to the east, much of the interval lies below

the static water level. Clinoptilolite predominates in the eastern part of the interval,
with some mordenite occurring in lesser amounts. Only clinoptitolite exists along the

i Yucca hiountain crest. Alteration to smeetite is scarce.

Central Bullfrog Niember. Crater Flat Tuff This relatively low-sorption unit is located
in partially to densely welded tuffs, ranging in thickness from 60 to 170 m. Slight
amounts of smeetite (less than 1%) exist within the interval composed primarily of alkali
feldspars with quartz, cristobalite, and silicate and oxide phenocrysts.

Zeolite Interval IV - This high-sorption interval, lying above the static water level only
toward the southern part of the exploration block,is continuous across the exploration
block and is relatively constant in thickness (range from 27 to 44 m). Zeolite
composition varies across the exploration block, ranging from being predominantly
mordenite to being clinoptilolite only. Smeetite abundance may reach as high as 20%
in some areas of this interval.

Older Tuffs - Iligher degrees of alteration occur with depth within this unit, which is
continuous across the exploration block and lies completely below the static water level.
Clinoptitolite and mordenite are altered to analcime between 400 and 500 m below the'

static water level and then to albite with further increase in depth.

Lheper Petrologic Zones The carbonate rocks of the saturated zone vary from
dolomite to limestone, having poorly defined sorption properties. The upper ciastic rock

unit (Eleana formation), an argillite, does contain more clay minerals than overlying
carbonates or tuffs. The lower clastic units are composed of siltstone, shale and

-
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sandstone, llowever, 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 mineralogy and/or
chemical processes could result in alternative stratigraphies.

For a detailed summary of sorption data as a function of lithology and stratigraphic

position, see 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 Slutligraphic Comnarlson

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 graphically 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 transpod 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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TABLE 7.1
DLPIll A.ND 11tICKNESS OF SORPIlON-BASED STRA11GRAPilY BENEAT11 EXPLORATION BLOCK AT YUCCA MOUNTAIN

Ulk25a#1 USW GU-3
USW G-1 UIL256#1 USW G-4 USW II-4 USW II-5 USW II-3 USW G 3

Unit SWL=577 m SWL=471 m SWL=541 m SWL=519 m SWL=704 m SWL=754 m SWLg754 m

1)llost Rocto Itase: 392 m Ilase: 385 m Base: 396 m 11ase 357 m ' Base- 485 m Base: 367 m Base- 360 m

2) Zeo!ite z = 392-393 m z = 385-388 m z = 396-401 m z = 357-361 m z = 485 m ' z = 367-371 m z = 360-364 m
In:crval I (1 m thick) (3 m thick) (5 m thick) (4 m thick) (thickness (4 m thick) (4 m thick)

unknown)

3) Vitrophyre/ z = 393-425 m z = 388404 m z = 401-120 m z = 361-800 m z = 485-584 m z = 371-505 m z = 364-495 m

Vitric Zone (33 m thick) (16 m thick) (19 m thick) - (39 m thick) (99 m thick) (134 m thick) (131 m Il kk)

4) Zeohte z = 425-565 m -z = 448-556 n. z = 420-545 m- z = 400-504 m z = %t-5'M m Vitric Vitric
Intervat II (140 m thick) (152 m thick) (125 m thick) (tot m thick) (10 m thick) (nonrechtired) (rumrechtized)

-J
4

5) Central Psow -z = 565-622 m-- r = 556436 m z = 545400 m - z = 504-596 m- z = 594-665 m z = 505-549 m z = 495-557 m

Pass Member (57 m thick) (80 m thick) (55 m thick) (92 m thick) (71 m thick) (44 m thick) (62 m thick)

6) Zechte z = 622-706 m z = 636-710 m z = 60%82 m z = 596698 m z = 665-689 m z = 549-610 m r = 557-613 m

IntervatIll (84 m thick) (74 m thick) (82 m thick) (102 m thick) (34 m thick) (61 m thick) (56 m thick)

7) Central z = 706-779 m z = 710-863 m z = 682428 m z = 698-765 m -z = 689400 m- 2 = 610-732 m -r = 613-776 m

Iluf! frog Member (73 m thick) (153 m thick) (146 m thick) (67 m thick) (111 m thsch) (122 m thick) (163 m thick)

8) Zeolite z = 779-823 m z = 86M90 m z = 828460 m z = 765-774 m no samples - r = 732-760 m- z = 776 822 m

Interval IV (48 m thicky (27 m thick) (32 m thick) (9 m thick) (28 m thick) (46 m thick)

9) Older Tuffs Top: 823 m Tcy 890 m Tcy 860 m Top- 774 m T(y 830 m Toy 760 m T(y 822 m

10) Deeper Upper Carbonate Aquifer and bekyw.
Petrologic

Sources Bryant and Vaniman (19%4). Vaniman and others (19%)
SWL = static water level (-); z = depth from surface
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Hydrogeologic/ Geochemical Combined
Physical Transport Transport Transport

Stratigraphy Stratigraphy S.tra tigraphy
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Figure 7.3. Hypothetical Example of Combined Transport Layering System
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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 necessarily
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. Ilowever, the respective

stratigraphies should not be considered as alternatives, but rather as compicments
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 laterallocation of each of the units should decrease as

more pertinent data become available.

7A Ilydrochemistry Relitted to Radinmielide Tratupst

Ground water chemistry at the repository site can impact significantly the transport of
radionuclides from the reposbory 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 tuffaccous aquifers adjacent to and below

the exploration block at Yucca Mountain has been characterized to be primarily a
NaHCO water with relatively low total elemental concentration (less than 400 mg/l) for

3

all samples (Benson and others,1983; Ogard and Kerrisk,1984). Water taken from
deeper formations (i.e., carbonate aquifer) has much higher dissolved solids

2 2concentrations (greater than 1000 mg/l). Generally, Na', Ca *, K', and Mg + are the
dominant cations present,while HCOi, Cl', SO/, F, and NOf are the dominant unions.
Ground water pH -is controlled (i.e., buffered) primarily by CO concentration in the2

water and should remain in the range of 6 to 8 (Ogard and Kerrisk,1984). 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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phase. Naturally occurring colloid and particulate concentrations, as well as organic
content have been found to be very low (Apps and others,1982; Ogard and Kerrisk,
1984).

Spatially, ground water composition for the local system at Yucca Mountain is relatively
constant. Nevertheless, four extremes in composition have been defined based on
samples taken to date (White and others,1980; Claassen,1983; Ogard and Kerrisk,
1984). These extremes (and their locations) are defined as follows (Ogard and Kerrisk,

1984):

. water very high in NaHCO content (directly below Yucca mountain, caused3

by CO reacting with vitric tuffs)2

water with higher Mg and Ca content, and lower Na content (eastern slopes
and washes, aquifer surrounding Yucca Mountain, caused by CO reacting with2

devitrified or crystalline tuffs)

water with high dissolved solids content (carbonate rocks of paleozoic aquifer,
caused by water equilibrating with carbonate rocks)

. rain water or snow melt.

The existence of ionic species in the ground water is importarit because the ionic species

can compete with radionuclides for sorption sites on rock surfaces (assuming physical
adsorption). Crowe and Vaniman (1985) have shown that sorption ratios for the
radionuclides which sorb by lon exchange mechanisms (e.g., Sr, Cs, and Ba) are
consistently lower in less concentrated waters (natural ion concentration) or distilled
waters than in higher concentrated waters in both zeolitized and vitric tuffs. This is

probably the consequence of a decrease of available sorption sites which are taken by
the naturally occurring ionic species.

Ogard and Kerrisk (1984) have demonstrated that both radionuclide speciation and
solubility are strong functions of ground water composition. Particularly important are
Eh, pil, and the availability of complexing anions such as hydroxyl, carbonate, sulfate,

and fluoride in the ground water. For example, Ti and Eu exhibited higher apparent
sorption ratios in the higher ionic strength waters. This is thought to happen because
these are forming sulfate or fluoride precipitates.

Ground water composition has been included as part of this conceptualization for the
purpose of assisting in describing the transport system at the site. Ground water
composition warrants consideration because of the pronounced effect it may have on
certain transport processes. Specific details of supporting investigations concerning
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| ground-water chemistry and its effect on radionuclide transport can be found elsewhere
(Daniels and others,1982; Ogard and Kerrisk,1984; Crowe and Vaniman,1985;
Rundberg and others,1985).

!
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8.0 PREVIOUS CONCEPTUAL MODELS FOR FRACTURED TUFF

Currently, there are several conceptual models that describe the flow and transport
systems in fractured tuff. None of the conceptual models to date describe flow through
both the unsaturated and saturated zones. Ilowever, most of the transport system
conceptual models described here consider both the saturated and unsaturated zones.
Consequently, the following discussion has been divided into three sections: unsaturated

ground water flow conceptual models, saturated ground water flow conceptual models,
and transport conceptual models.

The previous conceptual models are described to illustrate the assumptions that have
been made in their development. The emphasis is on the description of the conceptual
model assumptions, and not on the purpose or the results of each study.

Within each section listed above, the assumptions made in each conceptual model are
evaluated. This evaluation is based on .the use of the model in a performance
assessment of a 1-ILW repository located in unsaturated, fractured tuff; the perceived
purpose of each of these previous conceptual models.

8.1 Unsaturated Ground Water Flow

Researchers have taken several different approaches to the conceptualization of the
unsaturated flow system at Yucca Mountain. This section describes several conceptual
models for unsaturated ground water flow. The descriptions are followed by a discussion

of the common assumptions and the appropriateness of these assumptions.

8.1.1 -Montazer and Wilson (1984)

Montazer and Wilson (1984) developed a qualitative conceptual model of flow through -

the unsaturated, fractured tuff at Yucca Mountain based on their_ knowledge of the
hydrogeological framework, application of the principles of unsaturated flow, and an
interpretation of preliminary data collected in the unsaturated zone at Yucca Mountain.

-Montazer and Wilson' describe a two-dimensional vertical cross section through the
repository site over a lateral distance of approximately 2.5 km.

Montazer and Wilson designated six different hydrogeologic units that partially control
water movement in the unsaturated zone: alluvium and five layers of welded and
nonwelded tuff._ The tuff layers were designated according to the degree of welding.
Geometrically, the central block is structurally bound to the west by the Solitario Canyon
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Fault, a major north striking normal fault with more than 100 m of offset. To the east
is a zont of imbricate normal faults with vertical offsets of 2 to 5 m. The tuff layers are

laterally continuous with an overall eastward dip of 5 to 10 degrees (see Figure 8.1).

The flow system is bound at the top by the land surface, at the bottom by the water table
(located 500 to 750 m below the land surface), and on the sides by either no Gow or
constant flux boundaries. Water enters the system as precipitation from moderately
intense storms which last a few days. Infiltration is spatially and temporally variable.

In attempting to estimate the spatially averaged flux at these defined upper and lower
houndaries, the magnitude of flux across the upper and lower boundaries is assumed to

be constant. Deep percolation and recharge occur under steady state conditions. The
lateral boundaries are no-flow in the welded units (assuming that vertical flow
predominates in welded tuff), while the nonwelded units are treated as a source or sink,
allowing lateral flow to occur in nonwelded tuff,

Montazer and Wilson proposed several important processes that will control the liquid
movement through the unsaturated zone including flow through fractured rocks (through
the fractures and/or matrix), capillary barrier effects, lateral and vertical liquid flow
components (which may create zones of perched water), and vapor movement due to
convective and dispersive processes in the unsaturated zone. All of these processes are

controlled by the amount of water present in and flowing through the system.

8.1.2 Peters and others (1986)

Peters and others (1986) developed a conceptual model to study the influence of the
percolation rate (i.e., the water flux at depth) on the mechanism and rate of water
movement in a fractured, porous medium. They calculated the water travel times using

upper and lower bounds for the percolation rate.

A composite porous medium model was assumed. The model nilows only one-
dimensional vertical steady state flow to occur from the land surface to the water table.
Peters and others assumed that the percolation rate is the same in all hydrogeologic
units and that no lateral movement occurs at the interfaces between layers. If the
percolation rate is greater than the matrix saturated hydraulic conductivity, then flow will
occur through the both the fractures and matrix.

Peters and others used the five hydrogeologic units that were designated from the land
surface to the water table (based on the stratigraphy of drillhole USW G-4 located at

the eastern edge of the repository location) by Ortiz and others (1985) (see Figure 8.2).

81 !

l



YL

.

)f TivA CANYON WELDED UNIT

%

} LAND SURF A
^

~

y
TO ^ 4 spRtNG

D O UNIT pAtNTBRUSH
NO. FLOW NONWELDED

eOUNDARY NO-FLOWV CAltCO HIL /
BOUNDARY

/ NONWELDED UNIT::s::-
M :iW: .. s::.. ;w :::s

.

^ 9:-:
'*o :i:

Tii||:::|:::i. ::sii . . ::ig:
$$..if' '

;\ ::ti%
Y:".. 'il?:' *;. '' L ~ av:-_ .

,

.::::f!!5 s }.i?.S ^ f!.*: Mi::.. .-
'5- -

.. , i
5' .'

'z...g::
-:

_
,

'

.C:i'. - .:'n:;:e.;q:y jE.f"
2:5.:;;p|i. If __

'!:~E'
,

.

:(E:b-

. jjijy ,"#~ , &

CgATEg FLAT UM
M y

s7

/ NOTTOsCALE
WATER TABLE

Figure g 1 Conceptu j godel Framework Assumed t,y Montazer and WilS0" (19

_ _____-

-



__ - . . _ _ .- _ _. .__ __ . - _ - . . _ _ - _ . .

530.2 m (LAND SURFACE)

TCw

503.4 m

PTn

465.3 m

TSw1

335.2 m

KEY

TCw = TiVA CANYON WELDED

PTn = PAINTBRUSH TUFF NONWELDED

TSw2-3 TSW1 = TOPOPAH SPRING WELDED 1

TSw2 3 = TOPOPAH SPRING WELDED 2-3

CHn = CALICO HILLS NONWELDED

129.5 m

CHn

0.0 m (WATER TABLE)

.

Figure 8.2. One Dimensional Column Used in Travel Time Calculations (from
Peters and others,1986)
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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 Ilills nonwelded unit.
The Calico Ilills unit is assumed to be either vitric with a high conductivity, or zeolitic
with a relatively low 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 hundreds 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 occur,

the travel time results include the entire repository area.

Lin and others used an eqt'ivalent 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 byJraulic 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 assumption

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 Narasimhan (1985)

Wang and Naresimhan (1985) developed a model to describe flow in unsaturated,
fractured media on a spatial scale on the order of centimeters. Their conceptual model
describes now along and across fractures that separate unsaturated matrix blocks. Wang
and Narasimhan simulated vertical drainage through a uniform column of densely
welded tuff containing discrete vertical and horizontal fractures. They applied two
different conceptual models to the drainage process: a discrete fracture / porous medium

model, and a porous medium only model.

Wang and Narasimhan's discrete fracture / porous medium conceptual model treats the
fractures in a discrete fashion. The model assumes that the fracture apertures are
variable, and that the matrix pore size is several orders of magnitude less than the
fracture apertures. Thus, the fractures will desaturate first upon drainage. In partially
drained fractures, a relatively continuous air phase or isolated air pockets create barriers

to liquid flow nlaiig the fracture. During drainage, the effective hydraulic conductivity
of the fractures quickly becomes less than the effective hydraulle conductivity of the
matrix. The asperities in the natural fractures may cause " islands" of water films held
by capillary forces near contact points of the fracture. Therefore, water can now across

the fracture from one matrix block to another where water films in the fracture are
present (see Figure 8.5).

For saturated flow along fractures, Wang and Narasimhan assumed that the cubic law

applies. Tortuosity of the fractures is not taken into account.

For unsaturated now along fractures, Wang and Narasimhan assumed that the distortion

of now paths caused by the contact areas is smaller than the flow path distortions
created by air pockets. Due to capillary forces, there is a saturation cutoff aperture
controlling whether the fracture can retain water or not. As desaturation of a fracture
occurs, the segments of the fracture with apertures greater than the saturation cutoff

aperture will become desaturated. The fracture segments with an aperture less than the
saturation cutoff aperture remain saturated and centribute to flow under unsaturated

flow conditions.

Under unsaturated flow conditions, the model will allow flow to occur only from the

matrix to the fracture and from the fracture into the next matrix block at the zones of
fracture saturation and the fracture contact points. The fracture aperture distribution
was used to determine the fracture relative permeability, saturation, and effective
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fracture matrix flow area. The fracture apertures were assumed to fit a gamma

|
distribution. Using the gamma distribution functional relationship, analytic expressions

j for the fracture properties were derived.

I

! Wang and Narasimhan's modelignores film flow in the fracture, vapor flow, evaporation
of isolated liquid pockets surrounded by gaseous phases, the solubility of air in water,
and fracture coating effects.

8.1.5 Wang and Narasimhan (1986)

Wang and Narasimhan (1986) cxtended their analysis to study infiltration through a one-
dimensional column of alternating welded and nonwelded tuff. They discuss the results
of two different conceptual models. Wang and Narasimhan assumed a steady state
infiltration rate in the first model and a pulse infiltration rate in the second niodel. They

assumed a composite porous medium model for the steady-state case with a low
infiltration rate so that enly matrix flow occurs. For the steady state case, infiltration
occurs from the land surface to the water table through five hydrogeologie units (based

on work by Montazer and Wilson,1984; Ortiz and others,1985t Sinnock, Lin, and
Brannen,1984; Rulon and others,1986t Klavetter and Peters,1985) (see Figure 8.6).

The transient case investigates situations where short-term pulses of infiltration occur at

rates larger or smaller than the saturated hydraulic conductivity of the matrix Wang and
Narasimhan (1986) assume both a discrete fracture / porous-matrix model and a
composite medium model for the transient analyses. For vertical infiltration, Wang and
Narasimhan (1986) designate two orthogonal vertical fracture rets in the discrete-
fracture / porous-matrix model so that the geometry of the grid system is actually three-
dimensional. The composite m<c fium model grid is strictly one-dimensional. Transient

infiltration occurs through the upper three hydrogeologic units from the land surface to

the upper portion of the Topopah Spring welded unit (above the top of the repository)

(see Figure 8.6).

Wang and Narasimhan (1986) allow lateral movement to occur in the nonwelded units
in both the steady state and transient flow analyses. They assumed the stratigraphic
units are tilted slight y such that a gravity gradient caused by the tilt may divert somel

water laterally, This modelignores the effects of high conductivity fault zones and the

possibility of perched zones that may occur between hydrogeologic layers. The model
also does not account for lateral saturation gradient, but it estimates the lateral flow

component using a constant fixed gradient approximation. The fixed-gradient

approximation was set for each node in the nonwelded units for all the steady state

89

. _ _ - _ _ _ _ _ _ _ _ _ _ _



UNIT

600 -

TCw
500 - p7n

KEY
400 -

TCw = TIVA CANYON WELDED

} PTn = PAINTBRUSH TUFF NONWELDED

$ TSw = TOPOPAH SPRING NONWELDED
;- 300 - TSw

g CHn v = CALICO HILLS NONWELDED VITRIC

$ CHn z = CALICO HILLS NONWELDED ZEOLITIC
|

200 -

CHnv
.

100 -

CHnZ

0

Figure 8.6. Vertical Grid of the One Dimensional Conceptual Models Assumed by
Wang and Narasimhan (1986)
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;

simulations and the low flux cases of the transient pulse simulations. Ilecause 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 two dimensional
system t!.at extends up to 10(X) m latera!|y and is composed of slightly dipping welded
and nonwelded tuff units bound on each side by vertical faults (Wang and Narasimhan,
1988) (see Figure 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. The1

researchers assumed that there are nine hydrogeologic units of uniform thickness and
constant dip (SNL, Interactive Graphics information Services). Ilecause the hydraulici

properties of the faults are unknown, the face of the faults were treated as seepage
boundaries open to the atmosphere 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 (1984a,b) was to examine the effect of
lithology and the presence of fractures on water flow and radionuclide transport at the
Yucca 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 velocity 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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I

forces continually draw some of the water into the mattir. The matrix is considered for

its storage capacity only and is assumed to be, initially, uniformly partially saturated.
Once water has entered the matrix, it is assumed that the water does not re enter the

fracture or flotv in a vertical direction. By definition, Travis and othsrs have assumed
a dual porosity system for their flow analysis.

The conceptual medel developed by Travis and others for the flow analysis is not
consistent with the transport analysis conceptual modelin one respect. For the transport
analysis, it was assumed that there is no capillary force which induces the flow into the

matrix (see Section 8.3.2).

S.1.8 Ross (1984)

Ross (1984) developed a conceptual model for a hydrologie system that consists of an

unsaturated zone hundreds of meters thick in an area of very low recharge. The purpose
of the analysis was to estimate how low infiltration rates may become before additional

processes (e.g., vapor movement) must be considered in a conceptual model of water
flow in the unsaturated zone.

Ross conceptualized a thick section of uniform unfractured, unsaturated rocks and

assumed that zero recharge occurs. There is a uniform temperature gradient at depth
due to the geothermal conditions. For the water vapor analysis, Ross assumed that the
gas and liquid phases are in local thermodynamic equilibrium. Ross reasoned that if

conduction is the primary mode of heat transport, then a uniform temperature gradient
can be assumed for a homogeneous rock mass under steady state conditions.

The system is assumed to be under steady-state conditions. For zero net recharge, there

is downward liquid movement (due to gravity) that is balanced by upward vapor,

movement (due to the geothermal gradient). Areally uniform steady infiltration occurs
at the land surface. The model is one dimensional and allows only vertical water and/or
water vapor movement. The assumption of a unit hydraulic gradient follows from the
steady state assumption.

8.1.9 Discussion of Unsaturated Gmund Wuter Flow Assumptions

The major characteristics of each of the previously discussed unsaturated flow conceptual
models and the main assumptions made by each model are summarized in Table 8.1,
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Table 8.1. Conceptual hiodel Assumptions for Unsaturated Flow at a llLW
Repository in Fractured Tuff

Assumptions Previous Conceptual hiodels
1 2 3 4 5 6 7 8 9

Porous hiedium X X
(hiatrix flow only)

Composite Porous X X X X
hiedium

Dual Porosity X

Discrete Fracture / X X X
Porous hiedium

hiatrix Only or X
Fracture Only

Darcy's I;tw Assumed X X X X X X X X X

Scale km m m em m m m m m

Ilydrogeologic 6 5 7' 1 5 3" 9 1 1

Units

Empirical Unsaturated X X X' X X X X X'
Relationships for
Conductivity of
Fracture and hiatrix

Steady infiltration X X X X X
Rate

Pulse Infiltratiou X X X
Rate

Spatially Variable X
Infiltration Rate
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h

Table 8.1. (continued)

Assumptions Previous Conceptual Models
1 2 3 4 5 6 7 8 9

Steady-State X X X X X X

Transient X X X

d dDimensions 2 1 1 3 1 1/3 2 l' 1

Capillary Effects X X
Negligible
(i.e , Unit Gradient)

Vapor Flow X X

INVESTIGATOR (S)

1. 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 Narasimhan (1986, Casel) Calculated infiltration (layered)
6. Wang and Narasimhan (1986, Case 2) 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

.

a - From bottom of disturbed zone to water table
b - From ground surface to upper portion of unit where repository is located
c 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 can occur)
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Several approaches have been used to account for fracture and m='t now in an

i unsaturated, fractured tuff. A continuum approach was used in cam of the co, ceptual
,

models discussed previously. The first and simplest continuum a; proach is to tr tat the
fracture / matrix system as a porous medium. As defined here, a i orous mediun model

neglects fracture flow, so that only matrix Gow is allowed. Sun 9 simpliraation is
appropriate if fracture flow is negligible.

The second continuum model applied to this system is described as a composite porous

medium (Peters and others,1986; Wang and Narasimhan, 1985, 1986, 1988). Several

major assumptions are inherent in the application of a composite porous medium model.

One assumption is that the fractures and the matrix both behave as an equivalent porous

medium. The separate fracture and matrix hydraulic conductivity curves are combined

together into what is called a composite curve (Klavetter and Peters,1985). The result
is that the system is conceptualized as an equivalent porous media, where the fracture
and matrix effects have been grouped together. The pressure head (or level of
saturation) then controls whether the fracture or matrix dominated portion of the
composite conductivity curve is used in the flow analysis.

For the composite porous medium model, the researchers assumed that the pressure
heads in the fractures and the matrix are identical in a direction perpendicular to flow.

Steady state or very slow transient flow conditions are required to make the equivalent

pressure head assumption. That is, the system must either reach equilibrium very
quickly following a perturbation (such as a pulse of infiltration), or it must change very
slowly, if saturated fracture flow is induced, flow through the fractures would dominate.
The matrix may or may not be saturated, depending on the hydraulic properties of the
fracture and matrix. If the portion of the matrix adjacent to the fractures becomes
saturated, it is possible to assume an equal pressure head at the fracture and matrix
interface. The same assumption could be applied if film flow occurs along the sides of

partially saturated fractures and the matrix is saturated near the fracture face.

Under certain conditions, however, an equilibrium between the fracture and matrix

system may not be a physically appropriate assumption. Under matrix dominated flow
conditions, the fractures would be almost entirely filled with air; the edge of a fracture

would have a high tension while simultaneously the pressure head in the matrix may be
several orders of magnitude larger (less negative) than in the fractures. Also, fracture

coatings on the fracture face may impede the flow from the matrix into the fracture, in
this case, a gradient could exist across the fracture and matrix interface so that the
pressure head in the fracture is not equal to the pressure head in the matrix.
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A dual porosity model is the third type of continuum approach which has been used at
the repository site (Travis and others,1984a,b). The dual porosity model allows How to

occur only through the fractures. Although water may now into the matrix, it is not
allowed to re enter the fracture. Thus, the matrix is utilized for storage and
simultaneous matrix flow does not occur. The dual porosity approach may be valid for
the saturated slug flow bounding calculations performed by Travis and others (1984a,b).

The fourth continuum approach used in modeling unsaturated zone now is a discrete-
fracture / porous medium model as conceptualized by Wang and Narasimhan (1985,1986,
1988). This is the only unsaturated flow model that allows flow to occur in both the i

fractures and the matrix, or across a fracture. Consequently, the model includes one set

of equations to describe fracture flow and another set of equations to account for matrix
flow. Such processes are very likely to occur at the repository site. The fiacture
hydraulle properties (e.g., relative permeability, saturation, and effective fracture matrix
flow area) are determined by a statistical model that accounts for variations in fracture

aperture (see Sections 8.1.4,8.1.5, and 8.1.6 for a description of the assumptions inherent

in the model). The discrete fractures are assumed to be spaced uniformly in the model |

when the application is on the scale of kilometers (Wang and Narasimhan,1988). The
application of a discrete fracture / porous medium modelwhere the fractures are oriented

in a realistic manner over this scale would not be feasible.

The fifth and last continuum approach applied to flow in the unsaturated zone is a
matrix orny or fracture only model (Lin and others,1986). This model allows flow to
occur in either the fracture or in the matrix, depending upon the hydraulle propertks of

the matrix and the infiltration rate (see Section 8.1.3).

None of the previous conceptual models describing unsaturated, fracture flow have used

a dual continuum approach which would allow flow to occur in both the fractures and
matrix simultaneously with a variable redstance transfer coefficient term between the

matrix and fracture. There is no substantial field or laboratory evidence to indicate that

only matrix or fracture flow will occur in the unsaturated, fractured tuff at the repository
site. The fact that fracture mineral coatings are present on the fracture faces at depth
(Sykes and others,1979; Spengler and others,1984; Carlos,1985; Crowe and Vaniman,

1985; Carlos,1987) may suggest that fracture flow occurred at some point in time. Our

current lack of knowledge indicates that we need a more robust approach to the
unsaturated flow problem.

I

If a continuum approach is assumed, then it has been inherently assumed that Darcy's
law in the form of Richard's equation may be applied to flow in the matrix and fractures.

98

i



_ - - - _ _ _ _ - _ _

The validity of Darcy's law depends upon two main assumptions. First, Darcy's law
assumes that the flux is linearly proportional to the hydraulle gradient. The constant ofI

proportionality is dictated by the properties of the medium. The constant is allowed to
be a function of position and pressure head, and may be a tensor. it is generally
accepted that this relationship between the flux and gradient may be applied to most
porous media given that the velocities do not produce turbulent now (i.e., assume
laminar now). The second inherent assumption in applying Darcy's law is that a
representative elemental volume (REV) exists (Bear,1979). That is, for a given volume,
it is appropriate to treat the system as a continuum. To date, it has not been proven
that an REV exists for unsaturated, fractured media. The scale of the problem partially
determines whether an REV could exist. On a large scale,it may be appropriate to treat

the fractures and matrix together as a porous medium or a composite porous medium.

Conversch, single discrete fractures could create discontinuities in the now pattern so
that assuming a continuum would not be valid unless the discontinuities occur on a scale
smaller than the characteristic sire of the averaging volume (REV).

If fracture flow dominates, the fracture network must be interconnected to assume a

continuum approach. Within the unsaturated zone hydrogeologic framework at the
repository site, the highly fractured welded units alternate with nonwelded units that
contain very few fractures. It appears that few fractures continue vertically from one
hydrogeologie unit to another. Thus, the scale over which a continuum based on fracture
dominated now could be applied may be limited to the individual highly fractured
hydrogeologic units, if the fracture network is not predominantly connected from the
land surface to the water table,it is not appropriate to assume a continuum for fractere

dominated flow over that large a scale, llowever, several large faults are present at the

repository site that are continuous across welded and nonwelded hydrogeologic units.

it is not known at this time whether the faults behave as conduits or barriers to flow.

According to Table 8.1, the conceptual models for flow in unsaturated, fractured porous

medm differ in purpore and, therefore, differ in scale. The conceptual models described

previous!y rauge from field scales (on the order of kilometers), to laboratory scales (on
the order of contimeters). The scale differences necessitate varying degrees of detail

in the conceptual model development and direct comparisons are not reasonable
between all nine of the previously described conceptual models. The only large-scale
models that extend from one to several kilometers laterally include the models of
Montarer and Wilson (1984) and Wang and Narasimhan (1988). Five of the unsaturated

now conceptual models were developed for vertical sections that are hundreds of meters

thick (Peters and others,1986; Lin and others,1986; Wang and Narasimhan,1986; Travis

:
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and others,1984a,b; and lloss,1984). The analysis of Wang and Narasimhan (1985) is
the only small scale conceptual model discussed.

The number of hydrogeological units represented in the unsaturated zone conceptual
models (see Table 8.1) varies. The tmsaturated zone conceptual models are generally
based on layers of welded and nonwelded tuff. Different hydrogeologic units with
varying hydraulic properties have an important effect on flow through the unsaturated
zone (see Section 4.2). Although the individual hydrogeologic units have been assumed
to be homogeneous, the system is actually heterogeneous with lateral and vertical
variations in hydrologic properties. The unsaturated zone conceptual models discussed

_

,

[ previously include from one to nine hydrogeologic layers (see Table 8.1). The models

that account for one hydrogeologic layer are justified by the purpose of their analysis
(Wang and Narasimhan,1985; Travis and others,1984a,b; Itoss,1984). The investigators
who designated more than one hydrogeologie unit in the unsaturated zone divided the

system into layers, according to either the degree of welding (Montazer and Wilson,

1984) or the porosity and grain density (Ortiz and others,1985). When designating the
hydrogeologic stratigraphy, it may also be appropriate to incorporate additional
hydrogeologie data to assist in delineating the unsaturated zone flow paths. For
example, drilling characteristics, detailed lithology, fracture density, properties of
lithophysac, geophysical logs (e.g., resistivity and density), in situ moisture content, bulk

density, saturated hydraulic conductivity, and moisture characteristic curves may be
useful. The various number of layers in the d:fferent models is primarily because the

flow was considered either from the land surface to the water table or from the bottom

of the disturbed zone to the water table (see Table 8.1).

With the exception of Montazer and Wilson (1984), all the hydrogeologic stratigraphics

for the unsaturated zone neglect the alluvium at the land surface. Neglecting the
alluvium may be acceptable for the analyses that calculate the ground water travel time

from the repository to the water table, but it may not be appropriate when investigating
the effects of infiltration. If the alluvium is neglected, episodic precipitation events are
the sole mechanism by which water can enter the fractures exposed at the land surface

in the uppermost welded unit. Alluvium may provide a primary sourc: for water storage
at the land surface (see Section 4.1) and a more constant source of recharge in time (but
not in space) than the episodic precipitation events.

Given the assumptions of Darcian flow, the relationship between hydraulic conductivity
and pressure head is necessary, llowever, the unsaturated hydraulic conductivity of the
fractured tuff as a function of the pressure head has not been directly measured in the
laboratory or the fic!d Instead, empirical relationships have been assumed to estimate
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1
4

3

) (ne pressure head versus hydraulle conductivity curves for most of the unsaturated zone

) conceptual models (see Table 8.1). Peters and others (n. atrix 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 otherri(mutrix only,1986) used the empirical power

j equation of 11 rooks and Corey (1966), which is also based on the moisture retention
curve. Montarer and Wilson (1984) present hypothetical fracture and matrix hydraulici

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 soll physics theory. Ilowever, the validity of applying soil physics

principles to unsaturated, fractured rock has not been verified by field or laboratory
tests. It is likely that the soil physics relationships are applicable to the matrix of the'

porous medium, but it may not be as reasonable 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 are based on the hypothetical sand moisture retention

cwve 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. liowever, many of the unsaturated zone

conceptual models 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 surface (e.g. vegetation, soil
cover, slope, etc). Only Montazer and Wilson (1984) account for spatial variability in
the infiltration rate 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 unsaturated
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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investigators hypothesize that any pulses of infiltration near the surface will be quickly
damped out due to capillary forces pulling the water from the fractures into the matrix
and that at depth the water Oux is a slowly varying function of time. Ilowever, the
validity of the' steady state flow assumptions should be further quantified in the
unsaturated zone prior to simplifying the system to this extent. At this time, unsaturated

zone field data do not support or refute the steady state condition. As stated previously,
the steady state assumption is not supported by field evidence (i.e.,in situ pressure head
measurements in the unsaturated zone). Only one borehole has been instrumented in
the unsaturated zone to measure the in situ pressure head and moisture content
(Montazer and Wilson,1985), hiontazer and Wilson state that there appears to be a
uniform pressure head distribution in the fractured Topopah Spring unit, approximately
120 to 240 m (400 to 800 ft) below the land surface; however, the system may not have j
reached equilibrium after 2 years. The in situ pressure head field data do not suggest
steady state conditions at shallower depths to 120 m (400 ft) below the land surface
(Montazer and Wilson,1985).

Previous investigators have also made assumptions for the rate of water movement

through the unsaturated zone (e.g., the percolation rate). Although several of the
models do account for pulses of infiltration, all the unsaturated zone models that
assumed steady state flow conditions implicitly assumed that the percolation rate is
constant within each hydrogeologie unit (see Table 8.1).

Dimensionality is an important assumption that governs many other simplifications of
the unsaturated flow system. Flow through the unsaturated zone is conceptualized as
one dimensional in the vertical direction by most of the conceptual models discussed

(Table 8.1), The vertical flow assumption implies that gravitational force dominates, any
pertinent layers are situated horizontally, and capillary effects are negligible. The
conceptual models presented by Montazer ard Wilson (1984) and Wang and Narasimhan
(1985, 1988) are two or three dimensional, thus allowing lateral flow to occur in the

unsaturated zone. The one dimensional model of Wang and Narasimhan (1986) uses
a fixed gradient approximation at each node located in nonwelded tuff units which allows

lateral flow to occur in those units (see Section 8.1.5). Their approach, however,s

neglects capillary forces. In reality, the tilted layered stratigraphy of the repository site
may enhance lateral moisture movement and inhibit the vertical downward movement,
particularly at an imerface between a finer grained unit overlying a coarser grained unit
(see Section 4.2). Additionally, the relatively high in situ tension of the tuff units
(Montazer and Wilson,1985) may cause capillary forces to have a strong effect on
moisture movement within the same hydropcologic unit. Lim!!!ng flow to the vertical
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direction in the unsaturated zone is an oversimplification that neglects many processes

that may be significant for determlaing the unsaturated now paths.

The lack of spatial data is a practical factor which has been used by previous authors to

explain the constrained 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 repositorylocation.
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 hydraulle

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
now 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).
Montarer and Wilson (1984) discuss the possibility that vapor Dow may occur due to
convective and dispersive processes, but they do not state whether vapor now is an

important process for the movement of water through the unsaturated zone. Ross (1984)
contends that for Dux 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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of the assumptions made by the conceptual models.

I

8.2.1 1(Ice (1984)

Rice (1984) developed a conceptual model for the regional saturated ground water flow

system in the Yucca Mountain area with the purpose of establishing boundary conditions
for a future local model of the site. Rice modeled flow through the saturated rone over

an area of approximately 230 km by 270 km. Rice stated that the conceptualization of
the flow system was highly simplified because of the large area of the model and the lack

of detailed data.

The multilayered saturated system composed of alluvium, volcanic tuffs, and carbonate
rocks was combined into one hydrogeologic unit. The lack of spatially arying hydraulic
data, such as transmissivity, was given as the reason for this simplification in the
geometry. At a particular location, the most transmissive unit was assumed to control
the flow, and therefore, the hydraulic properties of the most transmissive unit were used

for that zone. The aquifer was assumed to be homogeneous and isotropic within one

of these zones.

An equivalent porous medium model was assumed to account for flow through this
fractured carbonate and volcanic rock sequence. If the highly fractured units are
fracture flow dominated, the fracture flow was only implicitly accounted for by using the

effective transmissivity of an equivalent porous medium which include the fractures and

the matrix.

Rice conceptualized the flow system as a one layer aquifcc with only two dimensional
steady state horizontal flow. Also assumed was that the hydraulic parameters (e.g.,
transmissivity, hydraulle head) did not change with time and the measured hydraulic

- head distribution (as interpreted by the USGS,1982) was under steady state conditions.

The measured hydraulic head distribution was used to calibrate the transmissivities so
that a minimum difference occurred between the model predicted hydraulic head and

the measured hydraulic head values.

Rice assumed constant head boundaries along the northern and southern edges of the

region. The remainder of the lateral boundaries were set as no flow boundaries
corresponding to topographical divides (see Figure 8.10). The assumption was made that

the recharge rate was constant over time. Spatial variation of recharge was accounted
for in the model. The variation in recharge was assumed to result from the spatial

variability of precipitation, runoff, actual evapotranspiration, and soil storage. Possible

'
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flow entering the system as underflow from the mountains to the north and east was
i

! unaccounted for in the recharge boundary condition and was predicted by the model.
Discharge from the system was assumed to occur through springs, evapotranspiration,

and pumping. Rice designated the net discharge areas as boundary conditions according

to the appropriate geographic location, and the model predicted the underflow leaving
the region along the southern boundary (see Figure 8.11).

8.2.2 Waddell (1982)

Waddell (1982) modeled the ground-water flow of the regional saturated zone flow
system in the Yucca Mountain area to estimate ground water fluxes. These estimates
would be used in future radionuclide transport predictions and investigations of the
effects of uncertainty in model parameters. The conceptual model was developed for
an area of approximately 150 km by 170 km.

The Waddell model also conceptualized the aquifer as a horizontal one layer system that

only allows two dimensional steadv state horizontal flow. Four main hydrogeologie units,

based on work by Winograd and Thordarson (1975), were assumed to control the
regional ground water flow. Therefore, the plan view area was divided into several
zones of varying transmissivity, according to the dominant lithology of each zone
(carbonate, tuffaccous, clastic, or alluvial). The measured transmissivities vary by several

orders of magnitude within each litbology type. The geometric mean of the measured
transmissivities within each zone was assumed to be representative of the transmissivity

for a particular lithology. This approach results in mean representative values that are
applicable only for contrasting transmissivities of different groups, since no weighting on

the size of the zones was performed. Each zone was assumed to behave in a
homogeneous, isotropic manner. Some fault zones were assumed to be restrictions to
flow and were assigned porous media characteristics (i.e., low values of transmissivity).

Waddell's regional model includes three ground water subhasins which have their own
recharge and discharge areas. The basin boundaries were defined by available
potentiometric data, precipitation distribution, and geology. The external boundaries of
the region were designated as constant flux (in and out), no flow, and one node of
constant head. Internal flux boundaries were used to represent areas of recharge or
discharge in seven zones. The remaining 22 zones were assigned a zero recharge or
discharge (see Figure 8.12).
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j N.2.3 Czarnecki and Waddell (1984)
i

Czarnecki and }Vaddell (1984) analyzed the effect of varying lateral flux boundaries;

within a subregional 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: tuffaccous, volcanic,
carbonate, and alluvial rocks. The hydrogeologic units were also designated according
to the regional framework described by Winograd and Thordarson (1975) liydraulle!

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 hydrogeologie 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 head, or no flow (see Figure 8.14). The areal recharge and discharge
dlstribution 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 Alkall 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 hydrogeologie 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 hydraulle 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 hydraulle conductivity would be less than the average hydtpulle
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 hydraulle conductivity (Czarnecki and Waddell,1984).

8.2.5 llarr and Miller (1987)

Ilarr and Miller (1987) evaluated alternative interpretations of how geologic structures
control the local flow system below the repository site. They assumed a two dimensional

local system over an area of approximately 8 km by 20 km,11arr and Miller constrained

their conceptual models to be consistent with the regional ground water flow system
interpretation of Czarnecki(1985)(see Figure 8.15).

13arr 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
compo:,cd of saturated porous media. The stratigraphy was simplified into one
hydrogeologic unit. A calibrated distribution of hydraulic conducovity 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 hydraulle 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.

I
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The same boundary conditions were applied to both the smooth and fault controlled
models (sce Figure 8.16). Barr and Miller specified constant head boundaries along the
external boundary of the local system which were consistent w'ib the subregional model
results of Czarnecki(1985). Although not explicitly stated,it appears that areal recharge

is neglected in these conceptual models.

Barr and Miller also studied the effect of possible future catar. trophic changes to the

local ground water now system. They allowed the flow system to experience two
different types of gross changes: alteratian of the hydraulic conductivity around and
along faults zones, and connection of the aquifer to new sources or sinks. Several
scenarios were studied using both the smooth and fault-controlled conceptual models.

8.2.6 Discussion of Saturated Groun AWater Flow Assumptions

Several porous medium models have been developed based on the continuum approach
for flow in the saturated zone. The simplest approach is to treat the fracture / matrix

system as a porous medium. For the saturated porous medium model, the fracture and
matrix flow is combined together and represented by a bulk averaged conductivity. Such

a simplification is appropriate if the assumed REV is so large that the fracture /nr

system bel. aves as an equivalent porous medium, or for any assumed REV, the saturt

fracture flow is negligible.

In all of the previously discussed saturated zone conceptual models, the researchers
assume a porous medium model (see Table 8.2). Although significant fracture now is
r.nown to occur in the saturated zone, the available hydraulic data for the saturated zone

is derived primarily from aquifer tests (Bentley,1984; Waddell,1985; Thordarson and
others,1984). Thus, the transmissivity values determined in the field by aquifer tests
measure flow through a combination of the fractures and matrix. The saturated zone
models neglect fracture flow explicitly, but the models have ire.plicitly accounted for
fracmre flow through the assigned hydraulic properties.

Under saturated now conditions in a fractured medium, tav ..actures generally dominate

the water movement. If the fracture network is relatively connected,it may be possible
for one to assume that a continuum exists. On a scale of centimeters, laboratory

experiments have demonstrated that the cubic law can be assumed for saturated fracture
now through a discrete fracture, llowever, some investigators have observed that
preferential now paths (and therefore possible discontinuities in the now field)
commonly are present within a single fracture (Chuang,1988). On a larger scale,
preferential now paths have been observed within a fracture network. That is, the
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Table 8.2. Conceptual Model Ast "nptions for Saturated Flow at a llLW Repository
'

in Fractured Tuff
. - - - -

Assumptions Previous Conceptual Models
1 2 3 4 5

_

Porous Medium X X X X X

Composite Porous
Medium

Dual Porosity

Discrete Fracture / X
Porous Medium

Matrix Only or
Fracture Only

Darcy's Law Assumed X X X X X

Scale km km km km km

llydrogeologic 1 1 1 1 1

Units

llomogeneous and X X X X
lsotropic

Steady Recharge X X X X X
Rate

Pulse Recharge Rate

Spatially Variable X X X X
Areal Recharge Rate

.
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Table 8.2. (continued)
1

.

Assumptions Previous Conceptual hiodels
1 2 3 4 5

Steady State X X X X X

Transient

Dimensions 2 2 2 2 2'

INVESTIGATOR (S)

1, Rice (1984) - Calculated regional ground water flow system flux
2. Waddell (1982) - Calculated regional ground water flow system flux
3. Czarnecki and Waddell (1984) - Evaluated sensitivity to boundary flux changes
4. Czarnecki (1985) Estimated variations in water table elevation
5 Barr and hiiller (1987) - Evaluated structural control on hydraulic gradient

a Pseudo three-dimensional system (verticalleakage through fault zone is allowed in
some cases)
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majority of the flow paths may be located within a minacity 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 forces (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 occur in large fractures and solution cavitics, 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'

2 2km (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 Thordarson (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. Ilowever, the multilayered system
of alluvium, volcanic 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 :one determining the designated transmissivity of that

zone. 'Diis 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. Tnere 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 km2

(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 hau 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 ofinvestigating
the effects of geologic structure on the saturated flow field in their local ground water
Dow system. In an arid climate, their assumption is justified because the volume of
water that enters the saturated flow system as through flow is substantially larger than
the 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. Ilowever, 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

4
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 violated 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 '.iydraulic-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
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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 violated 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. Ilowever, 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 SphtLLTr_mimnti

The following sections summarize and discuss 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 perceived 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 postclosure 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.

Sinne 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 coefficient 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 smootht therefore, the ratio of surface

area to void volume was equal to two divided by the fracture aperture.

In assigning retardation values to each radionuclide, Sinnock and others considered two

trmisport paths through the unsaturated zone. The first path was through the vitric
Calico IIllis unit to the water table, and the second path was through the zeolitic Calico

llills' unit (these units were next to each other beneath the repository). Transport
throup the unsaturated zone was only considered through the Calico Hills unit because
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the investigators assumed that the disturbed zone extended to the edge of the Topopah

Spring unit and that the Calico Ilills unit extended to the water table.

Sinnock and others assigned retardation factor values to each radionuclide for matrix
transport and fracture transport. Because they assumed a continuum within each unit
for either matrix or fracture transport, the only difference between transport in the
matrix or fractures was the value of the retardation factor. They based the
determination of whether or not transport occurred through the matrix or fractures on
the assumed ground water flux. For the vitric Calico Ilills unit and for all considered
ranges of flux, they assumed that transport occurs only in the matrix, so they
implemented the matrix retardation values. For a flux of less than 1 mm/yr, they
assumed that only matrix transport occurred in the zeolitic Calico Ilills unit and also
used the matrix retardation values. Sinnock and others postulate that this relatively low

flux (1 mm/yr) is the likely threshold value for matrix flow based on studies done by
Wang and Narasimhan (1985) and Travis and others (1984a,b). See Section 8.1 for a
discussion of each of these studies. For flux values greater than 1 mm/yr, they assumed

that transport occurs only in the fractures and they used fracture retardation factors for
the zeolitic Calico Ilills unit. For transport in the saturated zone, Sinnock and others
assumed that transport occurred only in the fractures and that there was no retardation
of solutes (i.e., the retardation factor for each radionuclide was equal to one).

Sinnock and others also assumed that radioactive decay occurs for contaminant

transport, and considered up to five members in each decay chain. Also, for radioactive

decay, they assumed that all fission products are single member chains.

8.3.2 Travis and others (1984a,b)

The Travis and others (1984a,b) study examined the effect of lithology and the presence
of fractures on water flow and radionuclide transport through fractured tuff. They
accomplished this by conducting a sensitivity analysis using analytical and numerical

techniques.

There are several assumptions that Travis and others made in developing their transport

conceptual model. The radionuclide transport path that Travis and others assumed is
similar to that used by Sinnock and others (1984). Travis and others assumed that the
radionuclides dissolve in the ground water at the repository and travel in one dimension

vertically downward through the unsaturated zone. The dissolved radionuclides then
flow horizontally through the saturated zone. Ilowever, the hydrogeologic units that they

considered differ somewhat from Sinnock and others. Travis and others considered
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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 liills unit

(undifferentiated tuff) in the unsaturated zone, and the Prow Pass unit (older volcanics)
in the satura'tet! zone.

Travis and others considered transient radionuclide transport in either a porous medium

or in a porous medium containing a set of parallel, 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 :he 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 units. 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 Ilills 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 Yucca 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 Ilills 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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analysis. Travis and others included the process of radioactive decay in their conceptual
model but only considered single member chains.

8.3.3 Lin and others (1986)

The study performed by Lin and others (1986) documented analyses of ground water
travel time and radionuclide transport in support of the Environmental Assessment (EA)

document of the Nevada Nuclear Waste Storage Investigations (NNWSI) Project. The
ground water travel time analysis that Lin and others conducted is dis' cussed in Section
8.1.3.

For the radionuclide transport analysis, Lin and others incorporated all the assumptions
from the ground water travel time (Dow) analysis. These assumptions included one-
dimensional steady state ground water flow through the unsaturated zone to the water

table. For solute migration, they assumed that time-dependent transport occurred along

this same ground-water now path starting at the repository to the water table (see Figure
8.20). Their conceptual model did not consider gas phase transport in the unsaturated

zone nor transpor' in the saturated zone. As discussed in Section 8.1.3, they assumed
that now occurs in the matrix only if the flux is less than the saturated hydraulic
conductivity, and flow occurs in the fractures if the flux is greater than the matrix
saturated hydraulic conductivity. This is consistent with the transport model, where they
assumed a continuum in both systems; the only difference between matrix transport and
fracture transport is the ground-water travel times that are used.

Lin and others neglected diffusion because they assumed it to be small in compared to

the rates of mass transport by convection. They also did not include dispersion in the
traditior}al convective dispersion governing equation for transport. Instead, they assumed
that the physical transport process of dispers:an could be represented with a distribution

of groond-water 1:avel times. Conceptually, this involves dividing the area for transport
into parallel st: cam tubes, and then assigning each stream tube a travel time. This gives
the et of tubes a distribution of ground-water travel times. They originally performed
a flow analysis (see Section 8.1.3) to determine this distribution of ground water travel

times based on the uncertainty in flew paiameters. From this distribution they inferred

a mean and variance. They then used this mean and variance for the transport analysis
assuming a normal distribution of ground water travel times. Consequently, an
inconsistency between flow and transport is apparent. Lin and others explicitly noted
tne approximation of the empirical ground-water travel time distribution by a normal
distribution and discussed the effects of this approximation on discharge at the accessible
environment.
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In their conceptual model, Lin and others limited their transport analysis to three
radionuclides (yC, *l, and *fc) that are single member decay chains, and assumed that

'

these radionuclides did not sorb onto the porous medium Consequently, they did not
include retardation and multi membered decay chains in their transport conceptual
model. They neglected multiple member chain elements under the assumption that
these elements do not have significant contributions to the mass release on a time scale
of 10' years or less.

The source term for transport that Lin and others used was an upper-bound
approximation of the radionuclide release rate from a single reference canister.
Therefore, to obtain the total release rate from the nuclear waste inventory, the release
rate from the single canister was multiplied by the number of waste canisters in the
repository (estimated to be 21000). The failure of the canister to contain and isolate

radioactive material was assumed to occur after 1000 years. Consequently, no release

from the repository occurred before 1000 years. Lin and others determined the upper-
bound approximation by estimating a maximum rate at which water could steadily enter
and leave a breached canister, and then multiplying this rate by a solubility limit and the

ratio of mass of the radionuclide to the mass of the spent fuel waste matrix for any given
time. They assumed that the maximum water flow rate equals the percolation flux at

the repository level multiplied by an effective water intercept area for the canister. They
assumed that this area is the projected area of the canister la a plane perpendicular to
the direction of flow, ignoring the protective eifects of the spent-fuel cladding and
canister materials. The solubility limit was either the solubility limit for the radionuclide
or the solubility limit of the spent fuel matrix (uranium dioxide), whichever was smaller.

They assumed that the mass of the radionuclide as a function of time is dependent on
the decay rate of the radionuclide. Lin and others also assumed that the mass of the

spent-fuel matrix et any time is constant and equal to the mass present at closure.

8.3A Dudley and others (1988)

"

The study performed by Dudley and others presented the basic physical model used by
TOSPAC (Total System Performance Assessment Code) for calculation of radionuclide

transport within ground water flowing through an unsaturated, fractured porous medium.
,

After describing the basic physical models, Dudley and otheu (as an example) applied
the model to a repository located in a planar horizon at Yucca Mountain. Consequently,

they presented a transport conceptual model of Yucca Mountain. The corresponding
flow conceptual model (Peters and others,1986) is discussed in Section 8.~1.2.
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The conceptual model for transport described by Dudley and others is similar in many J
respects to the transport conceptual models discussed previously. They considered only i

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 Ilills !

nonwelded unit (Clin) 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 Ciln, 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. j

Consequently, they assumed a continuum for the matrix and for the fractures. According 1

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- ;

Iwater 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.

Dudley and others estimated hydrodynamic dispersion with a dispersion coefficient for
the fractures and a dispersion coefficient for the matrix. This coefficient included the
effects 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 is 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 velocity 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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flow velocity, the flux was divided by an effective moisture content. Dudley and others
assumed that this effective moisture content is the total moisture content minus the
residual moisture content. in effect, they assumed that the residual moisture content
represented stagnant water that was not available for flow. For transport, Dudley and
others assumed that this stagnant water was available because solute can diffuse into the

stagnant water. Ilowever, they only used this velocity to represent mechanical dispersion
which does not influence diffusion; therefore, this assumption seems inconsistent.

Dudley and others assumed that they could infer dispersivity values needed in their
conceptual model of dispersion by using the stochastic approach to dispersion (see
Section 5.1 and de Marsity,1986, for a discussion of this approach). This approach
assumes that hydraulic conductivities are spatially correlated, and this correlation results

in dispersivities that increase over space and time. To infer dispersivity values, the
conceptual model presented by Dudley and others requires statistical information (i.e.,
average velocity, standard deviation, correlation length) about the velocity field.
Currently, the nature of dispersion in unsaturated and fractured tuff has not been
addressed, and data are not available to support the stochastic approach to dispersion
in unsaturated, fractured tuff.

In applying the stochastic approach, Dudley and others assumed that,within a geological
unit, the dispersivity was only a function of properties of that unit; however, between two
units, the dispersivity was assumed to be a weighted average. For Yucca Mountain,
Dudley and others assumed correlation lengths for both the fracture and matrix system,
because data needed to determine these lengths does not exist. The asymptotie values

of dispersivity for each system were assumed to be 10% of the flow path length.

Dudley and others accounted for sorption in a manner similar to the sorption conceptual

models discussed previously. They also assumed that the retardation factor is based on
a distribution coefficient; however,instead of using porosity, they used moisture content.

They assumed that the moisture content accounted for the unsaturated nature of the
geologic mealum. For th.e Yucca Mountain fractures, Dudley and others assumed that

all distribution coefficients are zero and that no retardation of solutes occurs.

Dudley and others assumed that precipitation will occur if the solubility limit for the
corresponding radionuclide is exceeded locally. This precipitate then becomes available
for re dissolution if the solution concentration falls below the solubility limit. This
results in nonzero source contributions external to the actual repository.
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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, Mc,
mi, mTh, SU,2"U,2ePu). They estimated the source term from the repository by
assuming that the fractional release rate of radionuclides from the spent fuelinventory
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 to 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 assumed 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 that the boundary concentration is equal to the matrix concentration.

The hydrodynamic dispersive component of the coupling term assumes that only
diffusion occurs 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 factor, 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 diffusive transfer between the matrix and fractures is
strong (i.e., there is hardly 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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Consequently, the two governing equations for transport in the matrix and transport in
the fractures were represented by one equation. This one governing equation was
similar to and consistent with the corresponding flow conceptual model of a composite

porous medium (see Sectior 5.1). However, Dudley and others also estimated this
diffusive transfer factor to be four orders of magnitude lower than the initial estimate.
In doing so, they assumed that there was resistance to diffusion (i.e., possibly fracture
coating), and that the concentration in the matrix and in the fractures are not equal.
There is no experimental data available upon which to base this diffusive transfer factor,

and any value used is questionable.

]
8.3.5 Ross (1988)

The study by Ross preset 'ed a canceptual and mathematical model of the migration of
gas-phase "C from spent fuel buried at Yucca Mountain, Nevada to the land surface
(i.e., accessible environment), but no analyses were conducted. Ross made several
assumptions to form this conceptual model.

For the physical transport system, Ross assumed that the fractured, unsaturated tuff was

a homogeneous porous medium (i.e., the fractures and matrix can be represented by a
single continuum). He also assumed that gas-phase "C moved upward towards the land

surface in one dimension through air-filled pores. The proposed boundary conditions
for gas phase transport were the water table and the base of the root zone. Ross
indicated that models of the flux at either boundary may not be possible and it is more
likely that the concentrations at these boundaries will have to be set to measured values.

For his conceptual model, Ross assumed that from a model of CO transport a model2

of the transport of "C can be found. This is based on Ross assuming isotopic
equilibrium between gas phase CO and dissolved bicarbonate, and that no "C will be2

released from the dissolving calcite (i.e., the carbon atoms in the solid calcite have no
"C content). Because of these assumptions, subsequent discussion about the conceptual

model formulated by Ross will be for CO transport.2

The transport processes that Ross assumed to contribute to gas movement were diffusion
and convection, lie assumed that the driving force for diffusion was a concentration
gradient and, for convection, he assumed that gas flow was density driven. Ross assumed

that the gas density was dependent on temperature and the partial pressure of water
vapor. Ile did not assume that the density was dependent on the partial pressure of
CO ; consequently, air-flow and CO transport were de-coupled and independent of each2 2

other,
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Ross assurned 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 the2

liquid phase (i.e., dissolved bicarbonate) are immobile relative to the mobile species in
the gas phase.

Ross assumed that several chemical 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 , liquid2

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 only2

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 SoluteTransport Conceptual Models

Table 8.3 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,

g it is evident from Table 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 scales on the order

5of 10 years) this simplification may be advantageous, llowever, 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. Conceptual Model Assumptions for Solute Transport at a llLW
Repository in Fractured Tuff

Assumptions Previous Conceptual Models
1 2 3 4 5

Dimensions 1 1 1 1 1

Steady-State Flow X X X X

Gas Phase Transport X

Saturated Zone X X
Transport

Matrix Transport X X X X X

Fracture Transport X X X X

Simultaneous X
Matrix and Fracture
Transport

Continuum assumed X X X X X

Convection X X X X X

Dispersion
Travel Time llased X
Dispersion Coefficient X

Diffusion
f(moisture content) X X X
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Table 8.3. (continued)

Assumptions Previous Conceptual Models
1 2 3 4 5

.

Retardation
Ko based X X X
f(moisture content) X

Radioactive Decay
single membered chains X Xi

n. membered chains X X

INVESTIGATOR (S):

1. Sinnock and others (1984) - Set preliminary bounds
2. Travis and others (1984)- Investigated the effect of fractures
3. Lin and others (1986)- Analysis in support of the Environmental Ateessment

document
4. Dudley and others (1988) - Presented model used by TOSPAC,

I 5. Ross (1988) Presented conceptual model for "CO migration2

|
i

!

-

1.

|

|

|

|

|

|
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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 1

considered in these conceptual models, researchers assume that the flow field, as
indicated in Table 83, is in steady state. This assumption of steady-state flow is
discussed in Section 8.1.

Only one conceptual model (Ross,1988, see Table 23) 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 unsaturated, fractured
tuff. However, it is apparent that gas phase transport will only be important for a few |

radionuclides (see Section 3.7). 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 83; 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 retardation. 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 continuu a for each transport

system. The only difference between fracture and matrix transport is the numerical
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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continuum approach is appropriate for transport in fractured, porous media. When
assuming a continuum, one is assuming that there are no discontinuities in the system;
however the presence of fractures may constitute discontinuities. One way to
conceptualize transport in fractured porous media (which none of the studies have done)
is to assume that transpon occurs in each discrete fracture. However, a discrete fracture

model is cumbersome on large scales, and would require data that probably cannot be
attained. The question that needs to be addressed is on what scale can a continuum be
assumed for unsaturated, fractured media.

Dudley and others (1988) presented the only conceptual model that considers transport

in the matrix and fractures simultaneously (i.e, coupled matrix and fracture transport).
Again, they assumed a continuum for the fractures and for the matrix-(i.e., dual
continuum model). When they applied their conceptual model to Yucca Mountain for
their first example, they assumed that there is strong t. 'nsport coupling between the
matrix and fractures. Conceptually, this is equivalent to n omposite porous medium
where the concentration of solute is equal in both the matrix and fractures (i.e., there
is 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. Ilowever, there is no experimental data to support this conceptual model
of the fractured rock as a composite porous nedium. In another example, Dudley and
others assumed weaker transport coupling between the matrix and fractures, and,
therefore, a dual continuum model was 1.npLa ented (i.e., simultaneous matrix and
fracture transport occurred). However, the flow t esults that were utilized were obtained
from a equivalent porous medium model of the e .em. For steady-state flow this may
acceptable; however,it is not clear that results from an equivalent porous medium model

for flow can be used as input for a dual continuum transport model.

As indicated in Table 8.3, convection is a transport process that researchers assume to

occur in each of the conceptual models that were discussed previously. This signifies
that assumptions about ground water flow are an integral part of conceptual models for

radionuclide transport. For some of the studies reviewed, a flow conceptual model was
not presented; instead researchers assumed values for flow properties to be applied to
the transport conceptual model.

For dispersion, which is coupled with convection, different investigarers made several i,

h different assumptions (see Table 8.3). Some studies assumed that dispersion did not
occur. This may be not make a difference in assessing compliance with the EPA
Containment Requirement because the requirement is based on integrated discharge to
the accessible environment. When the total amount of radionuclid'es that have reached
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the accessible environmer't is added over time for a specified time period, information
concerning the dbtribution 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 GWTPs.
For transport, this GW'IT 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 7 on would still occur on some scale.i

IIowever, in a complicated geosphere system it r..-y not be possible to distinguish on a

macroscopic scale between the effects of uncertainty and spatial variability in flow
parameters an6 solute dispersion.

Dudley and others (1988) conceptualized dispersion using the stochastic approach which

assumes that hydraulic conductivities, among other quantities, 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.

Investigators assumed that diffusion occurs in three of the five transport conceptual
modeis described, as indicated in Table 8.3. Neglecting diffusion may be justified if the

rate of transport by diffusion i: significantly slower than the rate of transport by
comection. Ilowever, neglecting diffusion means that solute movement due to a
concemrn:lon 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 ant. This seems reasonable, becaure only solutes contained in the water

will be available for diffusion. Ilowever, paths for diffusion can change drastically with
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changes in water content, and the relationship between diffusion and moisture content
has not been established at this time.

Table 8.3 indicates that when conceptual models assumed that retardation occurs, it was

based on a retardation factor. As discussed in Section 5.3, there is some question
concerning the traditional definition of a retardation factor, and there is also a question
about the measurement technique used to determine distribution coefficients. Some of

the studies that were reviewed (see Table 8.3) assumed that the retardation factor is a
function of moisture content. Conceivably, the surface area for sorption is related to the
amount of water in the porous medium. Ilowever, experimental data do not exist that
can confirm this relationship, and it is possible that two different rock samples that have
the same water content may have different areas for sorption.

All of the conceptual models presented in Table 8.3, except the gas phase conceptual
'

model presented by Ross (1988), assume that the process of radioactive decay occurs.

Some of the conceptual models considered only single membered decay chains, while the
other models considered multiple member chains. To some extent, this was based on

'
which radionuclides are assumed to be transported, and the validity of this assumption
depends on the inventory of the nuclear waste and the relative axicity of each
radionuclide. Ilowever, for a complete description of radioactive decay, multiple.
member chains and multiple chains should be included in a transport conceptual model.

.

-.h.
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9.0 SUMMARY AND CONCI.USIONSi

As part of the development oi' a llLW performance assessment methodology, a
conceptualization of the geologic properties, and the ground water now and radionuclide
transport processes at a hypothetical, llLW repository site located in unsaturated,
fractured tuff has been conducted, in doing so, this report provides a foundation for the

development of specific coneytual, mathematical, and numerical models that may be
used in the implementation of t is methodology. By evaluating and summarizing existingh

studies, this report reflects the current knowledge of flow and transport processes in both
unsaturated and saturated, fractured tuff.

The geometry, stratigraphy, structure, and regional ground water Gow system for this
conceptualization are site specific in that they are based on information from Yucca
Mountain in Nevada. This was done because Yucca Mountain is the only unsaturated

tuff site that has been extensively studied. Ilowever, the processes controlling ground-
water flow and radionuclide transport in unsaturated and saturated, fractured tuff have
been studied in the field and laboratory on tuffs from a number of different sites;
therefore, in terms of process description, this conceptualization is generic.

The important processes that control the movement of ground water through the
conceptualized system are described for the repository site as they apply to this
topography, climate, and s.ratigraphy. For example, the unsaturated rone now processes

(including infiltration, percolation, recharge, and vapor / air movement), that may occur
in a thick unsaturated zone consisting of fractured tuff have been discussed. A dominant

flow process in the saturated zone includes saturated fracture Dow,

important mechanisms of radionuclide transport in unsaturated and saturated, fractured
tuff have been identified. The primary transport processes in both the saturated and
unsaturated zones are convection, dispersion, diffusion, sorption and radioactive decay.

These processes were discussed for radionuclide transport as dissolved solutes in ground

water through unsaturated, fractured tuff. Additional transport processes (e.g.,

dissolution, precipitation, complexation) were discussed in the context of their effect on

the primary processes. Gas phase transport was discussed because it is a possible
migration path because of the presence of the gas phase in the unsaturated zone.
Colloid transport was also described because there is the possibility of radionuclide
colloid transport in a ground-water now system.

The discussion of these ground water flow and transport processes was qualitative and

no attempt was made to apply mathematical models of these processes for transport in
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unsaturated, fractured tuff because this was not the objective of this report. The
discussion consisted of defining the process and identifying complexities associated with
these processes for unsaturated, fractured tuff. It is evident from the discussion that

there are many research questions concerning transport in unsaturated, fractured tuff
that need to be addressed.

,

The movement of fluids throu",h porous media is fundamentally a physical process
'

governed by the p are geometry of the media. Therefore, the hydrogeologic stratigraphy
should be defined according to physical differences in the media which affect the flow
regime. Depending ott which criteria are selected for defining the hydrogeologic
stratigraphy, there ar9 an infinite number possibilities for defining different layers. A
possible hydrogeoltgic stratigraphy including the unsaturated and saturated zones was
presented. The designated hydrogeologic units do not necessarily coincide with
designated geolog!c units based on petrology and mineralogy. A three dimensional
conceptualization is highly complex due to heterogeneities, spatial variability, lack of
information, and data uncertainty. Ilowever, due to the site heterogeneity, it is very
important to the evaluate the performance of a three dimensional hydrogeologic system.

The described possible hydrogeologic stratigraphy includes alluvium and five units of

welded and nonweided tuff in the unsaturated zone. The saturated zone includes an
upper and lower carbonate aquifer system. The carbonate aquifers are separated by an

upper clastic aquitard in see localities. The base of the hydrologic system is comprised
of a lower clastic aquitard.

.

A regional and local ground water flow system were defined. The regional system was
delineated according to physical boundaries using potentiometrie data and the results of
hydrochemical studies. The regional ground water flow system includes three
topographic basins. In general, recharge occurs to the north while discharge occurs in
the south. The regional ground water now path is directed mainly to the sc.ithwest,

^ controlled by the lower carbonate aquifer where fracture flow dominates. The local

| ground water flow system is located within the regional sy!. tem. The local boundaryi

'

conditions are controlled by the regional ground water flow system. The local ground-
*

water flow system at the repository site is characterized by a steep hydraulic gradient in
the north and a fairly flat gradient in the south, it has been propo>ed that there is a
multi aqu!f" system beneath the repository site in which now occurs through two
different a ifers at nearly right angles (Czarnecki,1989).v

-

To define a transport system, a general stratigraphic representation of the hypothetical
repository site based on geochemical and physical transport processes has been proposed.
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}
The units within the physical transport stratigraphy have been defined to be the same
as 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 stratigraphics 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
certala zeolite groups. A single stratigraphy has been proposed for all radionuclide
species, although correlation of sorption to realite abundance ranges from very strong,

for certain radionuclides to almost non existent for others.

i

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. Ilowever, a composite layering technique for transport modeling has been
proposed that would incorporate both the flow und transport stratigraphic components
and would therefore ensure consistency between flow and transport models. The
composite layering overlays the geochemical transport units on the physical transport4

units, resulting in a more detailed stratigraphy than either of its constituents, in the
composite layering, 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 llLW repository located in unsatuu.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 pr!or

discussions in this report on flow and transport processes.

This report has provided a qualitative description of a hypothetical llLW 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. llopefully, through further research, some of
the conceptual medel uncertainties may be reduced and the possibilities narrowed.
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