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INTRODUCTION

Groundwater flow and contaminant transport through the unsaturated zone

are receiving increased attention as options for waste disposal in

unsaturated media continue to be considered as a potential means for

resolving the nation'swaste management concerns. The ability to determine

site suitability and to evaluate the anticipatedperformance of waste

management facilities is dependent upon our ability to adequately

characterize and model the unsaturated zone and associated flow and

transport properties and conditions. Although substantial experience

exists with respect to unsaturated, near-surface porous media conditions,

our understanding and experience with thick sequences of unsaturated

alluvium or fractured rock is limited.

Yucca Mountain, located in southern Nevada onand adjacent to the

Nevada Test Site (NTS), has been considered for many years as a potential

site for a high-level radioactive waste repository. This site has several

unique characteristics that makes it attractive as a potential repository

location including an unusual combination of geology, hydrology, and

surface topography that allows for waste emplacement in the unsaturated

_one above the water table. Yucca Mountain consists primarily of

[nte_bedded welded and nonwelded ashflow ruffs. A particularly thick,

densely welded unit, the Topapah Spring member is the candidate location

for waste emplacement. The unit appears highly fractured with vertical

Joint spacings of three or more per meter and in situ saturations of about

65%. An underlying nonwelded unit, the Calico Hills member is believed to
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be generally unfractured and zeolitlzed in many locations - conditions

which may provide an excellent barrier to the downward migration of both

water and radionuclides. The Calico Hills member is considered the primary

barrier to waste migration to the accessible environment. A more complete

description of the present understanding of the nature of Yucca Mountain is

provided in the Site Characterization Plan (U.S. Department of Energy,

198_)

An experimental program is being developed to test the validity of

i

conceptual flow and transport models that arebelng formulated to predict

the long.-term performance at Yucca Mountain. This program is in the

developmental stage and will continue to evolve as information is acquired

and knowledge is improved with reference to flow and transport in

unsaturated fractured media. The general approach for directing the

valldat_.on effort entails identifying those processes which may cause the

site to fall relative to imposed regulatory requirements, evaluating the

key assumptions underlying the conceptual models used or developed to

describe these processes, and developing new conceptual models as needed.

Emphasis is currently belng placed in four general areas: (I) flow and

transport in unsaturated fractures; (2) fracture-matrlx interactions; (3)

Inf_].tration flow [nstabillty; and (4) evaluation of scale effects in

heteroge,teuus fractured media. Preliminary results and plans for each of

these areas for both the laboratory and field investigation components will

be presented in the manuscript.

2



VALIDATION OF FLOW AND TRANSPORT MODELS

Laboratory Validation Program

Flow and TransDor_ in Unsaturated Fractures: The spatial distribution of

fractures in both the saturated and unsaturated zones at Yucca Mountain

necessitate the development of an understanding of the effects of fractures

on water and solute transport. In the extreme of very low permeability

matrix, such as in highly welded, vitric tuff, or for matrix which is near

saturation, the effect of the matrix on flow and transport through a

conducting fracture will be of second Order. As a first step toward

understanding the more difficult problem where the influence of the matrix
,,

on flow through the fracture cannot be neglected, studies emphasizing

unsaturated flow within a fracture in impermeable media have been

initiated. The effects of fracture surface roughness and orientation in

the gravity field on the unsaturated fracture flow field structure and

solute transport are belngstudied systematically using both analogue and

welded tuff systems.

_ac_ure-Matrix Interactions: The development of conceptual and

mathematical models that describe the partitioning of water and solutes

between fractures and matrix in response to changing boundary conditions is

of fundamental importance in the validation program. Such an effort will

involve defining the time scale of the partitioning, the degree to which

hysteresis and initial matrix moisture content impact partitioning,

understanding processes governing the propagation of a wettlng front in a

fractured medium, and the manner solutes move between fractures and matrix

under unsaturated conditions.
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Investigations will be performed using cores in thin slabs of tuffaceous

materials and analogue systems fabricated from mated slabs (side-by-slde)

of sintered glass beads, Laboratory scale infiltration tests will be

conducted along with tests in which tuffaceous and analogue materials are

subjected to several wetting and drying cycles. The experimental program

will involve the controlled variation of system and experimental properties

in an effort to develop and bound conceptual and mathematical models for

describing fracture-matrlx interactions. A slgnlf_cant effort will he

placed on simplifying these models to allow for application to scales

exceeding the submeter scale.

_nflltrat_on_Flow _Dstabl_ity: Most conceptual models assume that

infiltration flows are essentially stable with any irregularity in the flow

field caused _y spatial variability in hydraullc propertles, initial

conditions, or boundary conditions. Additionally, gravlty-drlven

instability of an infiltration flow or "wetting front instability" can

cause the flat wetting front moving downward through an unsaturated porous

medium to break into fingers which move vertically, by-passing a large

portion of the vadose zone. Wetting front instability within porous media

has been demonstrated in both laboratory and field settings and has been

shown to have a dramatic effect on water and solute transport.

Generalizaton of the results obtained from previous studle_ suggest

many situations, such as an increase in conductivity wlth depth,

unsaturated infiltration from a boundary held at less than saturation, and

redistribution following an infiltration event, can cause a wetting front

to become unstable and form persistent fingers. Because all of these

situations potentially occur at Yucca Mountain, the process of wetting
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front instability must be understood and bounded. To accomplish this,

several complicating factors that may stabilize most situations will be

explored. The most important of these factors are pore size distribution,

contact angle (wettability), heterogeneity, and initial moisture content.

A series of experiments to investigate the effects of these factors is

currently underway in a meter-scale slab chamber using optical techniques

to follow the evolution of the moisture content fields in silica sands.

Results from these studies will be presented in the manuscript.

Evaluat_oD of Scale Effects in Hetero_eDeou$0 Fractured Med_a"

Experimentation and subsequent modeling of water movement in a small

unsaturated core of tuff have shown the macrlx properties of tuff to be

highly variable on thecentimeter scale. In addition, fractures and

microfractures are present in many tuff formations. The definition of

equivalent or effective properties on the scale of a meter to tens of

meters which embody these smaller scale heterogeneities is essential for

repository-scale calculations of water and radionuclide transport. To aid

in the formulation and testing of scaling laws for equivalent media

property models from the centimeter through the meter scale, experimental

studies in both analogue and tuff systems are being planned. These studies

will subsequently be augmented with in situ field experiments of varying

scale to extend the re]ationshlps to the field.

Field Validation Program

A field validation program that will integrate fundamental physical

experimentation with conceptual and mathematical model formulation, at the

field scale is being developed to provide basic understanding, of
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unsaturated zone water and contaminant transport processes. As part ofi

this development process, it is necessary to investigate the conditions and

properties that control or bound the system. To accomplish this goal

systematic variation of both experimental parameters (i.e., flow rate,

tracer characteristics, etc.) and system parameters (i.e., matrix

heterogeneity, fracture density, etc.) must be designed into the
i

experimental program. Such tests are not designed to include ali possible

scenarios, but only a few specially chosen cases expected to provide

insight into the range over which the process operates. This program is

currently in theplannlng stage and will be conducted in collaboration with

other participants in theYucca Mountain Project.

Flow and Transport In UDs_urated Fractures: Emphasis in the field

validation effort will focus on fracture flow and transport mechanisms and

on mechanisms governing flow and transport across various interfaces

(geologic unit boundaries, fracture surfaces, fault zones, alluvial

contacts, etc.). The initial studies are aimed primarily at developing

techniques and procedures which can be used to evaluate, and when

appropriate, validate existing conceptual models. The experiments will be

performed in locations characterized by well-deflned interface contacts

such as transition zones from welded to nonwelded tuff units or contacts

between tuff and alluvium, Blocks of tuf_ containing a single well-

developed fracture or containing a limited set of well-connected fractures

will be sought in support of the fracture flow and transport studies. The

size of the blocks will be limited by the techniques available to

systematically evaluate the fracture system following testing.



Preliminary studies will include performing small-scale infiltration

tests followed by flow field mapping and sampling efforts. The

infiltration tests will involve the controlled application of water

directly to fracture traces or in an even distribution across small (i.e.,

nomlnally a few meters) horizontal plots when evaluating interfaces. Non-

sobbing and reactive tracers will be used to delineate the resulting flow

pattern and transport fleld.

Efforts will also be made to develop techniques for monitoring the

evolution of the moisture content field through time and space. Of

particular promise are tomographic techniques that use either radio waves

or electrical resistance to track changes in the rocks moisture

characteristics. Initial conditions (i.e., moisture content and pressure)

will be established through laboratory analysi_ of small core samples

collected near the infiltration test sites. Once infiltration has stopped,

the site will be carefully excavated and the spatial structure of the dye

and tracer fields will be carefully mapped 'so delineate the lateral and

vertical distribution. Movement of the dye and tracer field from the

fractures into the matrix will be assessed through core holes drilled

normal to the open fracture surfaces. Following the mapping exercises, the

rock will be extensively sampled to obtain dye and tracer concentrations,

hy_traullc properties, mineralogy, and retardation factors.

Analysis of the information gained as a result of the fleld program

will emphasize the field validation of laboratory-based models and results

and the development of techniques to predict the effect of scale on flow

and transport through fractures or acrass lithaloglc or structural

interfaces.

7



The Effec_t of Scale on Flow and Transport Parameters: Physical properties

associated with geologic materials are rarely homogeneous, The spatial

variability of properties inherent in a rock mass directly influences the

rates of groundwater flow and contaminant transport, through natural

geologic systems. Variability may also give rise to scale effects related

to flow and transport. The recognition and subsequent description of such

natural variation is essential to the development of an effective field

research program, and ultimately, to the realistic modeling of the Yucca

Mountain repository site.

The development and subsequent evaluation of techniques for describing

such variability is the goal of this investigation. The approach to be

taken involves the assumption that the spatial variability inherent in

natural geologic systems may be described through classical or

geostatistical methods. To determine the merit of this assumption, efforts

will be made to evaluate the ability of such methods to characterize the

spatial distribution of rock properties in situations similar to that

encountered at Yucca Mountain.

This investigation involves a two phase effort. The first will

concentrate on the development of models for describing _Jariability

associated with hydrogeologic characteristics of bedded tuffs_ Once such

models have been developed, the second phase of the investigation will be

conducted which will be aimed at evaluating these models through laboratory

and field scale experimentation.
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SUMMARY

An experimental program to test the validity of flow and transport models

and consisting of both laboratory and field components is presently

underway or being planned as part of the Yucca Mountain Project. This

program is focussed on identifying and understanding these processes and

mechanisms that may result in the site to fall to meet the regulatory

requirements. At the present time emphasis is being placed on flow and

transport in unsaturated fractures, _fracture-matrix interactions,

infiltration flow in stability and scaling of heterogeneous media. Results

and plans for studies in these areas will be presented in the manuscript.
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